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Summary

A carotid atherosclerotic plaque represents a nidus of inflammation mere centimetres
below the blood-brain barrier. This inflammation, along with associated regions of
microcalcification, are histopathological features of atheroma at risk of rupture (so-
called “vulnerable plaques™) that trigger thromboembolic stroke. While conventional
clinical imaging simply measures the degree of vessel stenosis, it is a crude measure

that reveals little of the metabolic processes affecting plaque vulnerability.

Our research demonstrates the utility of positron emission tomography (PET) using
F_fluorodeoxyglucose (FDG) and '*F-sodium fluoride (NaF), measuring
inflammation and microcalcification respectively, to identify culprit carotid atheroma

in vivo, and establish how these processes influence plaque vulnerability.

Furthermore, for stroke care it is the downstream thromboembolic effects upon the
brain that are key. While proinflammatory conditions may increase the risk of stroke,
the relationship between atheroma inflammation and the peri-infarct inflammatory
response following a stroke remains poorly defined. Our work demonstrates how
inflammatory activity in symptomatic carotid atheroma, measured using PET,
influences both chronic small vessel disease and the evolution of lesion volume in the

post-stroke period.

Using metabolic imaging we can both identify vulnerable atheroma in vivo and
demonstrate how these processes affect infarct evolution. We show that whilst
inflammation is a generalised process, microcalcification is a focal process that may
represent a point of maximum vulnerability. These results also reveal the complexity
of the atheroma-brain interaction that may simultaneously trigger events while also
influencing stroke evolution in the early recovery period. This has important
implications for understanding pathophysiology of both atherosclerosis and stroke
evolution, advancing drug-discovery, and potential clinical applications to minimise

the impact from this devastating disease.
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Chapter One:
Carotid Atherosclerosis: Clinical Context, Pathophysiology, and Imaging

1.1 Carotid atherosclerosis: clinical context, pathophysiology, and imaging

1.1.1 Clinical aspects of large-vessel aetiology stroke

Ischaemic stroke is a heterogeneous disease in both its presentation and aetiology.
Large artery atherosclerosis — literally, “hardening of arteries” — is estimated to
underlie between 15% to 25% of ischaemic strokes (Lanfranconi and Markus, 2013,
Chung et al., 2014), and consequently the carotid arteries represent one of the most
dangerous few centimetres in the human body. Atherosclerosis involves the
development of lipid-rich atheroma (also termed “plaques™) in response to vascular
risk factors, including age, male sex, ethnicity, hyperlipidaemia, hypertension,
smoking, and diabetes mellitus (Arboix, 2015). Carotid atherosclerosis will typically
occur on the background of systemic atherosclerosis, with concomitant disease within
the coronary arteries estimated to occur in 28-58% of asymptomatic individuals

(Baber et al., 2015, Sillesen et al., 2012, Bjerrum et al., 2013).

Unlike coronary artery disease where angina may precede an infarct, strokes may
have few ischaemic warning symptoms. However, when such transient warning
symptoms do occur in a cerebrovascular setting they are often a harbinger of
imminent infarcts. The risk of stroke following a transient ischaemic attack (TIA) is
highest in the immediate period; a systematic review by Rothwell et al. including the
Oxford Vascular Study (OXVASC), Oxfordshire Community Stroke Project (OCSP),
UK TIA Aspirin Trial (UK-TIA), and European Carotid Surgery Trial (ECST)
showed a close temporal relationship between a TIA and first stroke, with 48% of
harbinger TIAs occurring within the seven days preceding stroke (Rothwell and
Warlow, 2005). Whilst this has underpinned the target for early surgical intervention,
a number of studies have suggested that features of the atherosclerotic plaque other
than the degree of stenosis influence recurrence in large artery atherosclerotic stroke.
In a pooled analysis from retrospective registry data and a prospective Dublin study,
the recurrence rate of ischaemic events in individuals with symptomatic carotid

atherosclerosis was 11.5% within two weeks, rising to 18.8% by 90 days. While the
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risk of recurrence was associated with age and location of ischaemia, the degree of
stenosis and vascular risk factors were not significantly associated with recurrence on

multivariable analysis (Johansson et al., 2016).

Prognostic modeling of the ECST data showed that simply using the degree of carotid
stenosis overlooks other important considerations required for risk stratification,
where Rothwell et al. considered plaque characteristics in deriving a risk stratification
score for subsequent stroke events. Whilst a strong determinant for future events, the
degree of carotid stenosis counted only for a maximum score of two, with a score of
four being the cut-off for a high risk plaque. Plaque characteristics, including plaque
surface irregularity, were independently associated with risk in this model and mean
that factors other than the degree of stenosis heavily influence the incidence of

recurrent cerebrovascular events (Figure 1.1) (Rothwell and Warlow, 1999).
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Figure 1.1: Plaque morphology and recurrent events. Effect on endarterectomy on
risk of ipsilateral carotid territory major ischaemic stroke and operative major stroke
or death in patients with 70-99% carotid stenosis, censoring non-stroke death,
according to low risk (left) versus high-risk plaque features (right). Reproduced with
permission from (Rothwell and Warlow, 1999).

The role of carotid atherosclerosis in stroke aetiology makes it an important risk
factor for screening after a stroke. However, the relationship between the
pathophysiological characteristics of the plaque and their effects on the pattern of
stroke is poorly understood. Considerations other than the degree of stenosis are likely

to play a role in the pathogenesis of an infarct. Subsequent sections will consider the
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shortcomings of solely anatomical carotid artery criteria when considering the
atherosclerotic process, and this and future chapters will discuss how the

pathophysiology of the atheroma may influence stroke severity and recovery.

1.1.2 Anatomical criteria in the management of carotid stenosis

Current clinical management of symptomatic carotid atherosclerosis (atherosclerosis
that is the causative pathology for an ischaemic stroke or TIA) is determined by
anatomical criteria. Symptomatic carotid atheroma may be removed surgically by a
carotid endarterectomy (CEA). Two large studies have investigated how the degree of
stenosis affects stroke recurrence and how this risk is modified by CEA. The North
American Symptomatic Carotid Endarterectomy Trial (NASCET) demonstrated that
CEA for symptomatic stenosis of 70-99% was strongly associated with a reduced rate
of major or non-fatal stroke by 2 years compared with best medical therapy (North
American Symptomatic Carotid Endarterectomy Trial Collaborators, 1991). CEA for
moderate stenosis of 50-69% also resulted in a significant reduction in the risk of
further cerebrovascular events compared to best medical therapy, though this risk
reduction was less than for severe stenosis, and there was no benefit for surgery
versus best medical therapy for stenosis of <50% (Barnett et al., 1998). The ECST,
whilst using a different method to calculate stenosis, also found a significant risk
reduction in future cerebrovascular events following CEA (European Carotid Surgery
Trialists' Collaborative Group, 1998). In contrast, the Asymptomatic Carotid
Atherosclerosis Study (ACAS) investigated asymptomatic carotid stenosis and
discovered that CEA for stenosis of >60% offered a moderate but significant
reduction in the aggregate risk over five years for ipsilateral stroke compared to
aspirin (Executive Committee for the Asymptomatic Carotid Atherosclerosis Study,
1995). However, it is important to note that in each study the best medical therapy
used in the control groups has now been superseded by improved pharmacological

therapy.

The prevalence of asymptomatic carotid stenosis is hard to estimate and has not been
studied in detail. A meta-analysis of 23,706 participants from four epidemiological
studies estimated that the prevalence of asymptomatic moderate (50-69%) stenosis

varied between 0.2% for men below 50 years and 7.5% for men aged over 80 years.
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In women, the prevalence was 0% and 5% respectively. Severe asymptomatic carotid
(70-99%) stenosis was 0.1% in men aged under 50 years and 3.1% in men aged 80
years and over. The prevalence in women was 0% and 0.9% in those aged under 50
and over 80 years respectively (de Weerd et al., 2010). The 11% 5-year risk of further
stroke for those receiving best medical therapy in the ACAS trial means that the
majority of the estimated prevalence of asymptomatic carotid stenosis will remain
asymptomatic (Executive Committee for the Asymptomatic Carotid Atherosclerosis
Study, 1995). Therefore, factors other than the degree of stenosis need to be

considered for the pathogenesis of ischaemic stroke with carotid atheroma.

1.1.3 Vascular remodeling in the presence of atheroma

Factors other than the degree of stenosis have been demonstrated to influence the
stability of coronary plaques. Mann et al. showed that there was no relationship
between the atheroma core volume and either the absolute size of the atheroma or the
degree of stenosis of the symptomatic coronary arteries from post-mortem studies,
where only 34.4% of plaques were predicted to be detectable on angiography (Mann
and Davies, 1996). The presence of atheroma in angiographically normal coronary
arteries suggests vascular remodeling to accommodate the plaque burden whilst
maintaining a normal luminal diameter. Evidence to support this compensatory
enlargement has been provided by intravascular ultrasound demonstrating increased
total arterial area and internal elastic lamina area in the presence of atheroma and
vascular risk factors, suggesting that the coronary arteries adapt to atheroma burden
by outwards expansion rather than narrowing of the lumen (Nakamura et al., 1996,
Hausmann et al., 1996). In a large study by Mintz et al. only 60 out of 884
symptomatic, but angiographically normal coronary arteries, were found to be normal
using intravascular ultrasound (Mintz et al., 1995). Importantly, these results suggest
that considering ischaemia entirely as a product of impaired flow misses an intrinsic
pathophysiological process within the atheroma and it is this process that triggers
rupture and thrombus formation that accounts for ischaemia in vessels with no

significant observed stenosis.

Whether the same process of expansion occurs within the carotid artery remains a

subject of debate. Magnetic resonance imaging (MRI) of symptomatic carotid stenosis
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of 50-99% and asymptomatic stenosis of 70-99% has shown that expansive
remodeling, the enlargement of the artery due to outward plaque growth, is
significantly higher with symptomatic than asymptomatic disease (Yoshida et al.,
2015). Furthermore, it is important to note that in this study the mean stenosis (using
NASCET criteria) was significantly less in the symptomatic group (mean
symptomatic stenosis was 68.5% +21.3%, mean asymptomatic stenosis was 79.4%
+8.85%, p=0.0011), suggesting that a similar process to that occurring in the coronary
arteries also occurs in the carotid arteries. Such results also suggest that the burden of
atheroma in the carotid artery is not necessarily related to the degree of stenosis.
However, in this study the authors did not comment upon the type and constituency of
the atheroma (such as the degree of calcification) and whether this affected expansive

remodeling or presence of symptoms.

Similar results to Yoshida et al. have also been seen using computed tomography
angiograms (CTA). Symptomatic carotid arteries were found to have significantly
higher expansive remodeling than asymptomatic carotid arteries, though there was no
difference in either the degree of stenosis or maximum vessel thickness between

symptomatic and asymptomatic groups (Hardie et al., 2007).

Expansive remodeling of the carotid artery has been linked with different patterns of
atheroma. In a combined CTA and MRI study, stroke symptoms had a significantly
higher prevalence in carotid arteries with positive (expansive) remodeling than
negative (vessel shrinking) remodeling with the same degree of stenosis, whilst
expansive remodeling was associated with higher signal intensities indicating lipid-

rich cores or haemorrhage (Miura et al., 2011).

A further study using CTA to image symptomatic carotid arteries showed only a
moderate correlation between plaque volume and the degree of luminal stenosis
(Rozie et al., 2009). Therefore, the degree of luminal stenosis in the carotid artery and
its use as an anatomical criterion for vascular surgery may overlook culprit atheroma.
As the plaque burden may not be flow-limiting in its mechanism for causing a stroke
it is necessary further consider how biological processes in the atheroma may trigger

and affect cerebrovascular events.
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1.1.4 The cellular and molecular basis of atherogenesis

Atheroma formation is a gradual process whereby the formation of small fatty streaks
(initiation) progresses via vertical and lateral growth resulting in coalescence
(expansion). In turn, these coalescing areas begin to demonstrate intimal smooth
muscle cell recruitment, collagen deposition, and formation of a fibrous cap
(progression). Circulating monocytes are recruited during initiation and expansion
phases, maturing into macrophages and endocytosing low density lipoprotein
cholesterol (LDL-C), thereby transforming into “foam cells” that accumulate to form

the necrotic core of fatty streaks and atheromatous plaques (Ross, 1999) (Figure 1.2).
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Figure 1.2: Initiation of atherosclerosis. Mechanisms regulating monocyte
recruitment, accumulation, and maturation in plaques. Reproduced with permission

from (Moore et al., 2013).

Key to the initiation of atherosclerosis is dysfunctional endothelial nitric oxide
synthase (eNOS). In addition to its vasodilative effects, the anti-atherosclerotic effects
of nitric oxide (NO) are numerous; inhibition of platelet aggregation and release of
pro-atherogenic platelet-derived growth factors (Radomski et al., 1987, Alheid et al.,
1987, Busse et al., 1987), downregulation of gene expression of chemoattractant

proteins and adhesion proteins to reduce monocyte recruitment (Zeiher et al., 1995,
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Tsao et al.,, 1997, Arndt et al., 1993, Kubes et al., 1991, Davenpeck et al., 1994,
Gauthier et al., 1995, De Caterina et al., 1995, Tsao et al., 1996), and reduction in the
proliferation of vascular smooth muscle cells (Garg and Hassid, 1989, Nakaki et al.,
1990, Cayatte et al., 1994). Increased production of reactive oxygen species (ROS) in
the presence of vascular risk factors leads to oxidative stress and the uncoupling of
eNOS and inactivation of NO, thereby reducing the anti-atherosclerotic effects of NO
and promoting leukocyte and platelet recruitment and activation (Forstermann, 2008,

Lietal., 2014).

Reduced NO levels and endothelial dysfunction promotes the recruitment of
monocytes into the atheroma through the upregulation of adhesion proteins located on
the luminal side of vascular endothelium, notably vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), that are cytokine-
inducible members of the immunoglobulin gene superfamily that bind leukocytes
(Springer, 1994). VCAM-1 is particularly associated with atheroma formation as its
expression is largely restricted to atheroma and atheroma-prone lesions, in contrast to
the widespread arterial distribution of ICAM-1, and has been shown to be upregulated
over the developing plaque in hypercholesterolaemic animal models (Iiyama et al.,
1999). This was supported by the work of Cybulsky et al. that demonstrated
hypercholesterolaemic diets prompted upregulation of leukocyte adhesion molecules
homologous to human VCAM-1 over early foam cell lesions in rabbit aortic
endothelium (Cybulsky and Gimbrone, 1991). In mice models, atheroma formation
was reduced in a VCAM-1 domain 4 knockout mouse model compared to wild type at

the same lipid concentrations (Cybulsky et al., 2001).

VCAM-1 expression is regulated through the transcription factor NF-kB, which is
found only in areas of atheroma (Brand et al., 1996). NF-kB increases in relation to
LDL-C in endothelial cells (Khan et al., 1995) and decreases in the presence of NO
(De Caterina et al., 1995) and anti-oxidants (Erl et al., 1997). NF-kB also contributes
to atherogenesis by upregulating gene expression of genes promoting resistance to

apoptosis (Wang et al., 1998).
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Atheroma formation typically occurs at arterial branches and curvatures where the
flow of blood is disturbed. Areas away from branches and curvatures, which do not
normally show atherosclerosis, usually experience laminar blood flow resulting in
shear stress. In vitro laminar flow modeling demonstrated that disturbed blood flow
causes increased NF-kB and a consequent increase in endothelial cell entry into the
cell cycle (Nagel et al., 1999, Gimbrone et al., 2000). Regions of hypoxia tend to co-
localise with areas of abnormal shear stress patterns and this abnormal flow may form
an effective mechanical barrier contributing to the hypoxia detectable within plaques
and its correlation with the presence of plaque macrophages (Sluimer et al., 2008,

Mayr et al., 2008).

As the core expands with increasing number of foam cells, the increasing distance
from the vessel lumen means areas of the core become vulnerable to hypoxia. In
mouse models, plaques with cores greater than 500 um thick were characterised by
adenosine triphosphate (ATP) depletion, decreased glucose concentrations, and
increased lactate concentrations with ATP depletion contributing to the death of
macrophages and the formation of a necrotic core, predominantly deep within the core
than close to the lumen (Leppanen et al., 2006). In the presence of significant hypoxia
within the core, there is induction of hypoxia-inducible transcription factor 1 (HIF-1)
in macrophages, that promotes the transcription of vascular endothelial growth factor
(VEGF), and hexokinase-1 and -2 (HK-1 and -2) (Sluimer et al., 2008), which in turn
promotes macrophage activity (Folco et al., 2011). VEGF, HK-1 and HK-2 are
implicated in angiogenesis within the atheroma and increased levels are correlated

with increased microvessel density (Sluimer et al., 2008).

VCAM-1 expression is upregulated by the presence of pro-inflammatory cytokines
(such as IL-la, TNF-a, IL-4, and IFN-y) and Gram negative Dbacteria
lipopolysaccharide, all of which were associated with increased VCAM-1 expression
in rabbit aorta within seven days of starting an atherogenic diet, preceding the

accumulation of macrophages within the intima by three weeks (Li et al., 1993).

NF-kB upregulates monocyte chemoattractant protein-1 (MCP-1) chemoattractant

chemokine that acts upon the C-C chemokine receptor-2 (CCR2) receptor on
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macrophages in order to aid initiation of fatty streaks, the absence of which leads to
decreased atheroma formation in mouse models (Boring et al., 1998). Once the
macrophages have been recruited to the tissues then they take up LDL-C via
scavenger receptors. Smith et al. demonstrated that in hypercholesterolaemic
apolipoprotein E (ApoE) knock out mice, the absence of macrophage colony-
stimulating factor (through a frame shift mutation in the encoding gene) resulted in an
almost 3-fold increase in plasma cholesterol but a significant decrease in the atheroma
formation, thereby showing LDL-C uptake by macrophages to be important in fatty
streak and atheroma core formation (Smith et al., 1995). Furthermore, in human
patients there was an attenuation of NF-kB signaling, neutrophil (but not macrophage)
activation, and increased collagen deposition following statin therapy (Lenglet et al.,

2014).

Other plaque features may have a similar propagating effect in plaque inflammation
and development. The accumulation of cholesterol, and its morphological changes,
within the plaque may contribute to both plaque inflammation and instability. Crystal
build-up occurs as a consequence of the disruption of cholesterol homeostasis,
resulting in the accumulation of free cholesterol rather than esterified LDL. Typically
cholesterol ester hydrolase enzymes convert esterified cholesterol to free cholesterol
whilst acyl-coenzyme A cholesterol acyltransferase 1 results in the opposite
conversion (Janoudi et al., 2016). Inhibition of the latter has been shown to increase
cholesterol crystal formation in macrophages (Kellner-Weibel et al., 1999).
Endothelial cells have also been implicated in the uptake and metabolism of LDL
resulting in the formation of cholesterol crystals, a consequence that in turn
compromises endothelial function (Baumer et al., 2017). The crystallisation of
cholesterol from liquid to solid form within the plaque also results in volume
expansion and the perforation of the fibrous cap by sharp-tipped cholesterol crystals
(Abela and Aziz, 2006, Abela et al., 2009, Liu et al., 2011, Janoudi et al., 2016). The
combination of these processes result in a pro-atherogenic environment, and one that
ultimately predisposes to plaque disruption. Statins have been found to decrease the
peak volume expansion of cholesterol crystals in a dose-dependent fashion, blunt the

crystal structure, and decrease cholesterol crystal density (Abela et al.,, 2011).
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Ezetimibe has also been found to reduce cholesterol crystallisation and inflammation

(Patel et al., 2011).

Ultimately, the vascular wall injury provoked by mechanical and chemical factors
(sheer stress, hypertension, diabetes mellitus, hypercholesterolaemia, smoking)
triggers cellular (particularly monocyte) recruitment. The ongoing accumulation of a
lipid-rich and macrophage-rich core eventually outgrows its blood supply, becoming
necrotic and triggering further cytokine release. This change signifies a transition

from a previously stable atheroma to one vulnerable to rupture (Figure 1.3).

Figure 1.3: Macrophage accumulation in the atherosclerotic plaque. CD68
staining showing the presence of macrophages in an excised symptomatic carotid

atheroma. Reproduced with permission from (Fifer et al., 2011).

1.1.5 The ‘vulnerable plaque’ hypothesis

The recognition that factors other than the degree of luminal stenosis determine the
risk of clinical events has led to the creation of the ‘vulnerable plaque’ hypothesis.
Whilst the necrotic core of the atheroma was previously viewed as little more than
cellular debris, it is increasingly recognised that the atheroma core is metabolically
active, acting as an inflammatory nidus to promote the production of cytokines by

foam cells and consequently leading to atheroma destabilisation.
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The inflammatory nidus represented by an atherosclerotic plaque contains a range of
cellular infiltrates. Recruited monocytes differentiate into macrophages; expressing
scavenger receptors (scavenger receptor A and CD36) that lead to the internalisation
of cholesteryl esters. Internalisation of these modified lipoproteins results in the
transformation of intimal macrophages into foam cells. These foam cells contribute to
the core of the atheroma, release pro-inflammatory cytokines and matrix
metalloproteinases (MMPs), and apoptose as the size of the core increases and they

receive insufficient oxygen (Figure 1.4) (Libby, 2002).
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Figure 1.4: Recruitment of circulating monocytes. Recruitment of circulating
monocytes and maturation into intimal macrophages and foam cells. Reproduced with

permission from (Libby, 2002).

The development of the necrotic core may involve several pathophysiological
components. Phagocytosis of oxidised LDL is toxic to tissue macrophages/foam cells
and triggers apoptosis, though foam cell death in large quantities may overwhelm
clearance mechanisms, resulting in cellular detritus that may provoke further
inflammation (Mallat and Tedgui, 2000, Libby et al., 2014). Programmed cell death
and necroptosis may also contribute to the pool of dead macrophages, and likely
promotes a greater pro-inflammatory state than that seen with cellular apoptosis

(Karunakaran et al.,, 2016, Vandenabeele et al., 2010). Finally, increasing

38



inflammation within the plaque may promote neo-angiogenesis, where fragile
capillary-like vessels may result in intraplaque haemorrhage and the release of free
cholesterol to further exacerbate intra-plaque inflammation and plaque vulnerability

(Kolodgie et al., 2003, Moreno et al., 2004, Virmani et al., 2005, Michel et al., 2011).

Monocytes/macrophages are not the only inflammatory cell infiltrating the atheroma.
Different subsets of T-lymphocytes are found within the atheroma and have a range of
functions, both protective and destructive. Atheroprotective regulatory T-cells (Tregs)
that produce anti-inflammatory cytokines have been shown to reduce in mouse
models in response to high cholesterol diets, resulting in an increased atherosclerotic
burden (Maganto-Garcia et al., 2011). In contrast, pro-inflammatory activated CD4
Thl T-cells are found in higher numbers in hypercholesterolaemic mouse models
(Wilhelm et al., 2009). T-lymphocytes then interact directly or via cytokine-mediated

signals to upregulate foam cell activity (Figure 1.5).
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Figure 1.5: Recruitment of T lymphocytes. Recruitment of T lymphocytes and their
release of cytokines and interaction with macrophages/foam cells. Reproduced with

permission from (Libby, 2002).

The polarisation of CD4+ effector cells within atheroma from an anti-inflammatory
Th2 T-cells towards pro-inflammatory Thl T-cells is accompanied by other
lymphocytes. Dendritic cells (DCs) have both been shown to induce Thl T-cell
proliferation in response to oxidised LDL (Liu et al., 2015a). Though less is known

about their role and mechanisms in atherosclerosis, natural killer (NK) cells and

39



natural killer T-cells (NKTs) have both been shown to be pro-atherogenic through
release of IFN-y and stimulation of Thl T-cell differentiation (Nakai et al., 2004,
Selathurai et al., 2014).

Atherogenesis is completed by the formation of a fibrous cap composed of triple-
helical collagen, where collagen formation is promoted by vascular smooth muscle
cells (VSMCs) in a dynamic process in response to cytokine signaling (Libby, 2002,
Libby, 2008). Atheromatous plaques have been found to be associated with increased
levels of metalloproteinases MMP-1 and MMP-13 (Sukhova et al., 1999), MMP-8
(Herman et al., 2001) and MMP-1, MMP-2 and MMP-3 (Galis et al., 1994). In these
studies, increased MMP levels were associated with increased collagenolysis and
thinner fibrous caps. In particular, MMP-8 was shown to be produced from in vitro
differentiated peripheral blood monocyte-derived macrophages stimulated with CD40
ligand (Herman et al., 2001). Increased production of MMPs may also be upregulated
by CD40 positive T-cells that accumulate at atheroma or by the direct interaction
between macrophages and smooth muscle cells, both of which express MMPs (Lee et
al.,, 1995, Schonbeck et al., 1997). The increased levels of MMPs have been co-
localised to plaque “shoulders,” the most vulnerable regions of the atheroma to

rupture, and around the lipid core itself (Galis et al., 1994, Sukhova et al., 1999).

The destabilisation of the fibrous cap occurs as a result of several inflammatory-
mediated processes. IFN-y induces apoptosis in vascular smooth muscle cells, the
main producer of collagen in the cap (Rosner et al., 2006). Consequently, the presence
of this pro-inflammatory cytokine reduces the collagen component of the cap,
weakening it as a result. This effect is compounded by the direct effect of MMP
interstitial collagenases (MMP-1, -8, and -13) causing initial proteolytic damage in
the collagen that is then exacerbated by MMP gelatinases (MMP-2 and MMP-9) for
further collagen catabolism (Galis et al., 1994, Sukhova et al., 1999, Herman et al.,
2001). Higher inflammatory responses resulting in increased levels of these MMPs
mean that tissue inhibitors of metalloproteinases (TIMPs) are overwhelmed in

atherosclerotic plaques (Sukhova et al., 1999).

The extent to which the fibrous cap has to thin in order to become “vulnerable”

remains a matter of debate. Until recently only small studies had been conducted that
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demonstrated thin fibrous caps were more prevalent in ruptured plaques, though the
difference in modalities and methodologies made it hard to compare and devise a
critical cap thickness threshold for vulnerability (Carr et al., 1996, Devuyst et al.,
2005). However, in the Oxford Plaque Study, either a minimum cap thickness <200
pm and/or an average plaque thickness of <500 um were found to be associated with
rupture (Redgrave et al., 2008). These features of a vulnerable plaque were also seen
to have a strong association with other high-risk plaque characteristics, particularly a
large lipid core, intraplaque haemorrhage, fibrous cap macrophage infiltration, and

plaque macrophage infiltration.

By combining samples from the Oxford Plaque Study and the Athero-Express study,
Howard et al. analysed a pooled sample of 1,640 symptomatic plaques. From this
pooled data they showed that plaque thrombus, fibrous content, macrophage
infiltration, high microvessel density and overall plaque instability were each
significantly associated with predicted stroke risk (Howard et al., 2015). Of these,
plaque inflammation and a large lipid core were more prevalent in those plaques
removed within 30-days of the event compared to those removed after 30-days.
Interestingly, in contrast to their previous study, fibrous cap thickness was not

significantly associated with calculated stroke risk.

The role of inflammation in the vulnerable plaque has been a target of interest in a
number of studies that aim to reduce cardiovascular events using anti-inflammatory
strategies. In the Canakinumab Anti-inflammatory Thrombosis Outcomes Study
(CANTOS) — a randomised double-blind trial of a monoclonal antibody targeting IL-
1B — recently reported a dose-dependent reduction in high-sensitivity C-reactive
protein (hsCRP), though no reduction in lipid levels, and a reduction in the primary
efficacy endpoint (a combination of non-fatal myocardial infarction, non-fatal stroke,
or cardiovascular death) in the 150 mg dose subgroup (Ridker et al., 2017). This
indicates a beneficial effect of anti-inflammatory therapy, independent of any lipid-
lowering effect. However, it is important to note that there was an associated higher
incidence of fatal infection than with placebo, a finding that is likely to limit adoption
in routine clinical practice. Studies considering other specific anti-inflammatory

treatments, such as methotrexate (Everett et al., 2013, Moreira et al., 2013), are
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ongoing. Finally, other anti-inflammatory studies that have utilised PET imaging

endpoints, such as the dal-PLAQUE study, are discussed later in this chapter.

The key event in the pathophysiology underlying stroke in large vessel disease is the
rupture of the atherosclerotic plaque. This exposes procoagulant factors, particularly
the expression of tissue factor, which initiate thrombogenesis. The role that

inflammation plays in procoagulant factor expression is discussed in later chapters.

Whilst this section has considered the enzymatic (MMP-mediated) destabilisation of
the plaque, other inter-dependent mechanisms may also contribute to plaque rupture
through mechanical destabilisation. Microcalcium deposits — calcium deposits smaller
than 50 pm as detected by ex vivo CT (Maldonado et al., 2012) — frequently represent
both a consequence and precipitant of inflammation, and may either contribute to
plaque rupture or coalesce to form protective macrocalcification (Figure 1.6) (Chen
and Dilsizian, 2013). The mechanisms of microcalcification and macrocalcification

are explored in greater detail in subsequent sections.
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Figure 1.6: The natural history of atherosclerosis. Schema of the relationship of

inflammation and microcalcification in the natural history of atherogenesis.
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1.1.6 Microcalcification in atherosclerosis

Vascular calcification may occur through active and passive mechanisms. ‘Passive’
calcification occurs secondary to debris from apoptotic and necrotic cells within the
atheroma necrotic core, the release of matrix vesicles that serve as sites for calcium
complex crystallisation, and reduced local expression of mineralisation inhibitors,
while ‘active’ calcification is an active cellular calcification process that is similar to
that seen in bone formation (Nakahara et al., 2017, Panizo et al., 2009).
Atherosclerosis in peripheral arteries is frequently associated with both intimal and
medial calcification, and the cellular mechanisms for calcification may differ between
them: intimal calcification may be promoted by a range of cell types and
inflammatory cytokines, with propagation by chondrocyte-like cells, while medial
calcification is believed to be under the action of osteoblast-like cells (Otsuka et al.,

2014, Nakahara et al., 2017).

Proinflammatory macrophages release matrix vesicles (small membranous structures
30-300 nm in diameter surrounded by a lipid biolayer) that are implicated in the
initiation of the calcification process (New et al., 2013, New and Aikawa, 2013).
These matrix vesicles are rich in calcium-binding proteins annexins and
phosphatidylserine (Kapustin et al., 2011). The higher concentration of annexin,
particularly annexin II and VI, is associated with greater uptake of calcium (Chen et
al., 2008). The high concentrations of alkaline phosphatase in matrix vesicles also
contributes to the calcification process by increasing the hydrolysis of organic
phosphate substances, resulting in increased availability of free phosphate ions for
apatite crystallisation, and through removal of inhibitors of mineralisation such as

pyrophosphate (Chen et al., 2008, Anderson and Reynolds, 1973).

Apoptotic bodies, as well as matrix vesicles, may serve as acellular nucleation sites
for hydroxyapatite (Doherty et al., 2003, Nakahara et al., 2017). Hydroxyapatite is
believed to constitute the majority of calcium deposits within arteries (Luo et al.,
1997), and the majority of ruptured plaques contain hydroxyapatite deposits (Jono et
al., 2000, Doherty et al., 2003, Johnson et al., 2006) (Figure 1.7).
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Figure 1.7: Microcalcification in the fibrous cap. High-resolution uCT images of
human coronary atheroma at 2.1 um resolution with microcalcification deposits
within the fibrous cap (inset). Scale bar: 100 um. Reproduced with permission from

(Kelly-Arnold et al., 2013).

In bone, in order for mineralisation to progress the matrix vesicle requires collagen.
Not only does collagen provide a scaffold for calcification propagation, it also appears
important for promoting calcium uptake by the microvesicle (Wu et al., 1991, Kirsch
and Wuthier, 1994). Arterial mineralisation by matrix vesicles requires type I
collagen, which is upregulated in atherosclerotic plaques (Rekhter et al., 1993, Chen
et al., 2008).

The inflammatory focus within the necrotic core promotes an osteogenic environment

that affects cellular transdifferentiation. VSMCs are derived from the same

pluripotent mesenchymal cell as osteoblasts and can undergo osteogenic
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transformation. Receptor activator of nuclear factor-kB ligand (RANKL), a member
of the tumour necrosis factor super-family (Lacey et al., 1998), and bone
morphogenetic proteins (BMPs), may tip the balance of VSMC differentiation
towards an osteoblastic phenotype (Panizo et al., 2009, Callegari et al., 2014, Hayashi
et al., 2006, Mikhaylova et al., 2007, Hruska et al., 2005, Dhore et al., 2001). This
differentiation into osteoblast-like cells results in an increase in the cellular expression
of the transcription factor core binding factor alpha 1 (Cbfal) that upregulates
osteopontin and osteocalcin expression (Steitz et al., 2001, Engelse et al., 2001).
These, and other osteogenic-associated proteins (bone sialoprotein (BSP), BMPs, and
matrix Gla protein (MGP)), are secreted into the extracellular matrix and bind
calcium salts with high affinity and have been found within atherosclerotic plaques
(Tyson et al., 2003, Vattikuti and Towler, 2004, Engelse et al., 2001, Dhore et al.,
2001).

1.1.7 Arterial macrocalcification

As illustrated in Figure 1.6, microcalcium deposits may aggregate to form spotty
calcification and macrocalcification (Otsuka et al., 2014). Spotty calcification was
observed to be associated with plaques in individuals with acute myocardial infarction
while extensive calcification was more commonly associated with stable angina in
one intravascular ultrasound (IVUS) study of the coronary arteries (Ehara et al.,
2004), suggesting increasing macrocalcification confers plaque stability. Furthermore,
plaques with more extensive macrocalcification appear to be more resistant to
undergoing changes in size in response to systemic interventions (Nicholls et al.,

2007).

The role of macrocalcification within carotid atherosclerosis has received less
attention than that within coronary atherosclerosis, and the conflicting findings are

explored further in chapter three.

1.1.8 Atherothrombosis in carotid atherosclerosis

As well as affecting plaque stability, the pathophysiological processes described

above also have implications for the consequences of plaque rupture. Thrombus
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formation has been shown to have complex interactions with the immune system in a
process termed ‘thromboinflammation.” At the site of arterial occlusion, inflammation
contributes to a sequence of prothrombotic events. Damage at these sites triggers
deposition of fibrin and activation of endothelial cells, platelets, and complement
(Peerschke et al., 2010, del Zoppo et al., 1991, Hyman et al., 2009). There is
accompanying upregulation of P-selectin on endothelial cells and platelets, and
decreased NO production that will increase platelet aggregation and leukocyte

adhesion (Yilmaz and Granger, 2010, ladecola and Anrather, 2011).

Lymphocytes play an important role in the formation of microvascular thrombosis
with evidence in mouse models that lymphocyte depletion reduces both thrombus
formation and infarct size (Kraft et al., 2013). In the myeloid lineage, macrophages
express procoagulant tissue factor (TF) antigen with high levels of this antigen being
found in the intravascular “gruel” (the atheroma contents spilling into the systemic
circulation following atheroma rupture) that correlated strongly with the atheroma
macrophage content of ruptured coronary plaques (Leatham et al., 1995, Lo et al.,

1995, Ott et al., 2001, Moreno et al., 1996).

Atorvastatin treatment in mouse models of venous thromboinflammation reduced the
macrophage content and overall volume of thrombus (Kessinger et al., 2015).
However, it is not possible to attribute the reduction in thrombus volume entirely to a
statin-induced reduction of macrophages as statin therapy was also associated with a
reduction of TF, reduced expression of NF-kB, and reduced platelet aggregation in the
same study. The direct role of monocyte/macrophages upon thrombus formation was
demonstrated through the inhibition of platelet-monocyte interaction in humans
treated with rosuvastatin following myocardial infarction, with the rosuvastatin group
having significantly lower levels of hsCRP and cardiac necrosis markers compared to
controls after 24 hours (Sexton et al., 2015). Simvastatin has also been shown to
reduce monocyte TF and was associated with a normalisation of thrombin-

antithrombin complex and D-dimer compared to controls (Holschermann et al., 2000).

Rutten et al. observed that platelet reactivity was significantly associated with a high
concentration of macrophages in excised symptomatic carotid atherosclerotic plaques

(Rutten et al., 2014). No significant difference between TF levels in symptomatic and
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asymptomatic carotid plaques was found by Migdalski et al., though the sample sizes
were small and carotid samples were homogenised (Migdalski et al., 2005).
Developing this further, Krupinski et al. supported the findings that there was no
difference in TF expression between symptomatic and asymptomatic atheroma but
found that there was a difference in expression of TF between active (macrophage-
rich) plaques and non-active plaques whilst it was blood-borne TF concentration,
rather than local atheroma TF expression, that correlated with recurrent
cerebrovascular events at one year after CEA (Krupinski et al., 2008). One possible
explanation for this may be that arterial regions neighbouring the carotid may also
have actively inflamed atheroma that becomes unstable, though is overlooked as
conventional clinical imaging looks in detail only at the anatomical stenosis of the
carotid and imaging for atheroma in the arch of the aorta is rarely performed. '*F-
fluorodeoxyglucose-positron emission tomography (FDG-PET) has shown the strong
association between uptake of FDG in neighbouring arterial territories (Rudd et al.,
2009). Hence, an inflamed carotid atheroma may not occur in isolation but rather as
part of a systemically inflamed arterial system. This would also provide an

explanation for why recurrent strokes may occur despite CEA.

It has been suggested that the level of TF expression in the atheroma varies according
to the morphology of the plaque. In contrast to the above, symptomatic calcified
atheroma were found to have a lower expression of TF than symptomatic lipid-rich
plaques by a factor of 2.5 (Basavaraj et al.,, 2012). Lipid-rich plaques encourage
macrophage TF expression in response to oxidised low-density lipoprotein (oxLDL)
levels and increased expression of TF promoting molecules, whilst calcified plaques
also have a higher expression of inhibitors of TF (Sovershaev et al., 2010, Egorina et

al., 2011, Owens and Mackman, 2012).

Finally, in the large Tromse Study, increased carotid plaque area was associated with
increased red cell distribution width, which in turn was independently associated with
stroke risk (after adjustment for conventional atherosclerotic risk factors) and other
thromboembolic events (Lappegard et al., 2015, Lappegard et al., 2016, Skjelbakken
et al., 2014, Ellingsen et al., 2015, Zoller et al., 2014).
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1.1.9 Morphological imaging using Magnetic Resonance Imaging

Conventional clinical carotid imaging modalities, Doppler ultrasonography and CTA,
are limited in the amount of morphological information they can provide. MRI, using
either contrast-enhancement or black-blood imaging, has proven to be an effective
non-invasive imaging modality for assessing and quantifying plaque morphological
features whilst also avoiding radiation exposure. Morphology including a thin fibrous
cap, large lipid core volume and a greater mean wall thickness (MWT) are associated
with a greater risk of stroke. These different plaque characteristics demonstrate
different relaxation properties and signal intensities depending upon the weighting
between T1 and T2 sequences. Exploiting the differences in relaxation times allows

different morphological aspects to be imaged (Usman et al., 2015, Singh et al., 2015).

1.5T MRI has been shown to have good accuracy for in vivo measurement of
maximum wall thickness when compared to excised ex vivo samples (Yuan et al.,
1998). In a follow-up study, Yuan et al were able to demonstrate the difference in
fibrous cap appearance on MRI was associated with symptomatic plaques, with the
appearance of a thin cap or rupture being more likely to be associated with symptoms
compared to thick fibrous caps (Yuan et al., 2002). Similar results were seen in a two-
year longitudinal study by Sadat et al that showed there was a higher risk of
subsequent cerebrovascular events seen in plaques with fibrous cap rupture, plaque
haemorrhage, or higher structural stress (Sadat et al., 2010). Advances in field
strength has shown 3T MRI to be superior to 1.5T MRI in imaging the vessel wall,
with significantly increased wall signal-to-noise and contrast-to-noise ratios, whilst
having good agreement of luminal size and MWT between the field strengths
(Yarnykh et al., 2006). A similar improvement in signal-to-noise ratio using 3T was

also shown by Young et al (Young et al., 2012).

T1-weighted sequences have been shown to have a strong agreement in detecting
intraplaque hemorrhage (IPH) compared to histology (Bitar et al., 2008, Ota et al.,
2010b, Narumi et al., 2014). Albuquerque et al demonstrate a strong association
between T1-weighted hyperintensities and IPH on histology, as well as significantly
higher hsCRP levels in those with T1-weighted hyperintensities (Albuquerque et al.,
2007). In a large cohort of patients, van Dijk et al found the prevalence of IPH to be
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significantly higher in symptomatic plaques than for asymptomatic plaques and that
IPH was independently associated with disruption to the fibrous cap after adjustment

for age, sex, diabetes mellitus, and the degree of stenosis (van Dijk et al., 2015).

Contrast-enhancement has been particularly effective in the assessment of fibrous cap
thickness and lipid core volume, where the former is enhanced while there is no
enhancement in the latter (Cai et al., 2005). Multicontrast-weighted MRI has been
used in surveillance of asymptomatic plaques and demonstrated larger lipid cores,
thicker MWT, thin/ruptured fibrous caps, and IPH to each have significantly
increased hazard ratios for subsequent symptomatic events (Takaya et al., 2006).
Finally, contrast-enhancement has also been shown to have superior accuracy relative
to time of flight (TOF) imaging for estimating the degree of luminal stenosis (Platzek
etal., 2014).

However, whilst MRI offers an effective method for imaging morphological features
associated with plaque vulnerability, it remains highly user-dependent on accurate
coil placement and reproducibility of technical sequences and image generation.
Furthermore, evidence that non-stenotic lesions may be vulnerable to rupture means
that simple anatomical quantification of morphology may overlook these underlying
biological processes. Whilst measuring anatomical hallmarks of vulnerability, such
imaging measures serve only to measure the outcome of the biological processes at
work within the atheroma. These considerations, along with a call for imaging
biological processes that cannot be seen on high-resolution MRI (such as hypoxia,
microcalcification, and neovascularisation) and the ability to measure dynamic
changes in plaque biological processes in response to therapy, has led to other

imaging modalities being sought to identify the vulnerable plaque.

1.1.10 Pathophysiological imaging using Positron Emission Tomography

Positron emission tomography (PET) utilises positron-emitting radioligands that
target different metabolic targets or processes (from inflammation, through hypoxia
and apoptosis, to microcalcification) and accumulate at regions of interest (ROI)
where these processes occur. In the ROIs, the positrons quickly encounter electrons in

neighbouring tissue, leading to an annihilation reaction whereby gamma photons are
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emitted that can be detected by scintillation detectors and used to quantify the
biological processes of interest. PET does not provide structural information, and
consequently requires co-registration with CT (PET/CT) or MRI (PET/MRI) to

provide anatomical co-localisation for tracer uptake.

A range of radioligands have been used in PET imaging across different facets of
cerebrovascular disease, including large artery atherosclerosis, acute infarction,
neuroinflammation, and chronic small vessel disease (Evans et al., 2017) (Table 1.1).
Specific radioligands can be used in PET imaging to target the metabolic processes
involved in atherogenesis and plaque disruption. Broadly, the main
pathophysiological processes associated with plaque vulnerability can be split into
inflammation, microcalcification, and hypoxia. The work in this thesis will
concentrate PET imaging of two related processes affecting plaque vulnerability —
inflammation and microcalcification — using '*F-fluorodeoxyglucose (FDG) and '*F-

sodium fluoride (NaF) that target these processes respectively (Figure 1.8).
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Table 1.1: Radiotracers used in cerebrovascular PET studies.
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Figure 1.8: Radioligand targeting of plaque pathophysiology. The natural history
of atherosclerosis and the targeting of inflammation and microcalcification using

radioligands. FDG = "*F-fluorodeoxyglucose; NaF = "*F-sodium fluoride.

FDG has become the mainstay PET tracer in vascular imaging over the last 15 years
after early studies by Rudd et al. identified its utility for identifying culprit atheroma
in vivo (Rudd et al., 2002). The tracer has been validated in both pre-clinical and
clinical settings. In rabbit models of atherosclerosis, FDG uptake was higher in
atherosclerotic plaques compared to normal arterial wall, and that subsequent
positron-sensitive probe counts correlated with the intima:media ratio (Lederman et
al., 2001). Furthermore, FDG uptake was found to correlate with macrophage burden
in aortic atherosclerotic plaques in rabbit models (r=0.93, p<0.0001), and FDG uptake
was approximately 19-fold higher in pro-atherogenic rabbits compared to controls
(Tawakol et al., 2005). Later rabbit models have confirmed these earlier findings;
Davies et al. found that atherosclerotic plaques of rabbits fed a high-cholesterol diet
had significantly higher levels of macrophage density than plaques in rabbits fed a

high-cholesterol diet followed by a low-cholesterol diet and statin, and that there was
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a high correlation between macrophage density and FDG uptake in the plaque on ex
vivo p PET (r=0.95, p<0.001), though interestingly this relationship was not
significant using in vivo puPET (r=0.16, p=0.57) (Davies et al., 2010). This latter result

may be a result of partial volume error and/or spill-over from neighbouring structures.

In humans, an exploratory ex vivo analysis of carotid endarterectomy specimens
incubated with tritiated deoxyglucose (an analogue of FDG) found uptake in
macrophage-rich areas of the plaque, predominantly at the lipid core/fibrous cap
border of the lesions, but little or no uptake in other areas of the plaque seen on
autoradiography (Rudd et al., 2002). In the clinical setting, histological analysis of
carotid endarterectomy specimens found a strong correlation between pre-operative
carotid FDG uptake and the burden of CD68-positive macrophages in the plaque
(Tawakol et al., 2006). It is worth noting that the same study found no correlation
between FDG uptake and plaque area, plaque thickness, or area of smooth muscle cell
staining, strengthening the argument that inflammatory activity and FDG uptake is not

necessarily influenced by the size of plaque or degree of luminal stenosis.

Despite the utility of FDG-PET to detect physiological processes in vivo, the
technique has several limitations worth noting at the outset. Firstly, despite its
sensitivity, FDG has a low specificity for inflammation given its ubiquitous uptake in
highly metabolically active tissues. This is demonstrated by extensive uptake seen in
tissues such as the myocardium, which also generates substantial signal that ‘spills
over’ into the neighbouring coronary arteries, making it extremely difficult to detect
uptake in coronary artery atherosclerosis amongst the adverse signal-to-noise ratio.
Furthermore, even when FDG uptake is related to the atherosclerotic plaque, it cannot
provide information on other processes key to plaque destabilisation, such as

microcalcification.

In our study, as well as considering the enzymatic destabilisation caused by
inflammation, we also set out to study the contribution of microcalcification in the
mechanical destabilisation of the plaque in vivo. NaF-PET has only recently been
used in imaging vascular microcalcification, primarily within the coronary arteries

(Joshi et al., 2014). Our study aims to investigate NaF as an alternative radioligand in
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carotid atherosclerosis imaging that provides complementary information to FDG
about plaque pathophysiology. How tracer uptake — and the different processes they
represent — varies within the plaque is likely to provide us with a vital understanding
of how plaque vulnerability may occur. Furthermore, NaF also has the advantage over
FDG in that it is less commonly affected by spill-over from neighbouring structures

due to its higher specificity.

The pharmacodynamics and historical context of the use of both NaF and FDG
radiotracers, along with their use in vascular imaging to date, are discussed in more
detail in Chapters Three and Four respectively. Previous work using NaF has also
demonstrated the close relationship  between  microcalcification  and
macrocalcification in carotid atherosclerosis (Derlin et al., 2011c), and hence it is
important to consider how carotid macrocalcification influences tracer (both NaF and
FDG) uptake in our study. As demonstrated above, there is progression through the
natural history of the atheroma (from inflammation to the development of
microcalcification and then macrocalcification) and any consideration of plaque
stability and its relation to clinical events should consider all three of these facets.
Despite it being a common finding on carotid investigations, to date the role of
macrocalcification in carotid atherosclerosis in clinical events remains poorly
understood. Consequently, this thesis will consider each of these complementary

processes and how they relate to each other and to plaque stability.

As well as the use of these radiotracers for helping elucidate pathophysiological
processes in plaque destabilisation, PET/CT has started to be used for sensitive
surrogate endpoints in clinical trials, further demonstrating its utility in assessing

vascular disease.

1.1.11 PET/CT applications in atherosclerosis drug development trials

As well as its utility for understanding the pathophysiology of atherosclerosis,
PET/CT has an important application for measuring the effects of drug treatment.
FDG-PET has also offered key insights into mechanisms of atheroma stabilisation

with statins, in particular their observed anti-inflammatory effects upon the atheroma

54



in addition to their effect on lipid profiles (Tahara et al., 2006, Tawakol et al., 2013,
Wu et al., 2012).

The capacity to measure atherosclerotic metabolic processes non-invasively in vivo
has been shown to provide a useful endpoint for drug discovery and efficacy trials.
The dal-PLAQUE phase 2b randomised clinical trial of dalcetrapib (a modulator of
cholesteryl ester transfer protein that raises high-density lipoprotein cholesterol) used
FDG uptake as its primary endpoint, demonstrating that there were no safety concerns
over the six months whilst on dalcetrapib. In this study, dalcetrapib failed to reduce
carotid FDG uptake when compared to placebo, which was consistent with the later
randomised placebo-controlled clinical outcome study (Fayad et al., 2011a, Schwartz
et al., 2012). FDG-PET endpoints have also been used by Emami et al. who used it to
compare the therapeutic effects of BMS-582949 (a p38 mitogen-activated protein
kinase inhibitor) against placebo, but again no significant difference was seen
between these two cohorts (Emami et al., 2015b). This study did reinforce the finding
that statin treatment leads to a reduction in FDG uptake in the control group and this
may contribute to the lack of significance between cohorts. Importantly, these studies
serve as an important proof of principle for the use of PET endpoints in randomised

clinical trials.

1.1.12 Atherosclerosis and its effects on the brain

As will be discussed in more detail in Chapter Four, inflammation within
atherosclerosis is a systemic process, and the extent of this inflammation appears to be
associated with the severity of cardiovascular disease, with aortic FDG uptake found
to be higher in those with recent ST-elevation myocardial infarction than those with
non-ST elevation myocardial infarction, and higher carotid uptake observed for those
with acute coronary syndromes than those with chronic stable angina (Joshi et al.,
2015, Rudd et al., 2009, Kim et al., 2015). While the heart represents an important
end-organ for cardiologists, the brain as the equivalent for the stroke physician or
neurologist has received less attention. Little comparable work has been undertaken
considering the extent of inflammation within carotid atherosclerosis and how it

affects neurological pathology and outcomes.
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In this thesis I will consider the impact of inflammation and microcalcification on
both chronic and acute cerebrovascular disease. Given the proximity of the carotid
atheroma to the blood-brain barrier it is feasible that plaque inflammation may disrupt
the integrity of the neurovascular interface, resulting in the development of
leukoaraiosis and affecting the severity and evolution of acute infarcts. There are a
number of mechanisms by which this may occur, and these will be explored in further
detail in Chapters Five (chronic small vessel disease) and Six (acute ischaemic

stroke).

Aside from its potential role in the development of ischaemic lesions and
leukoaraiosis, inflammation has also been implicated in a range of clinical brain
diseases, including depression, schizophrenia, and dementia (Howren et al., 2009,
Valkanova et al., 2013, Singh and Chaudhuri, 2014, Frodl and Amico, 2014, Kuo et
al., 2005, Ershler and Keller, 2000). Hence, it is conceivable that vascular
inflammation in symptomatic atherosclerosis may also contribute to a decline in
clinical function and/or cognition. Hence, as well as considering the neuroimaging
repercussions, I will also consider the effect upon the individual in an exploratory

analysis of the effect upon participant outcomes (Chapter Seven).
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1.2 Objectives of the thesis

This thesis aims to address the following research questions:

11.

1il.

1v.

Can NaF-PET differentiate between culprit and non-culprit carotid
atherosclerotic plaques non-invasively in vivo? (Chapter Three).

How does the spatial distribution of inflammation and microcalcification
within carotid atherosclerotic plaques compare? (Chapter Four).

Is inflammation within carotid atheroma associated with the presence of
chronic cerebral small vessel disease? (Chapter Five).

Does inflammation within carotid atheroma influence the size and evolution
of the acute infarct? (Chapter Six).

How do these processes relate to the clinical presentation, progression, and

recovery following acute stroke? (Chapter Seven).

The primary hypothesis of the thesis is:

NaF-PET will be able to differentiate between culprit and non-culprit carotid

atherosclerotic plaques in vivo.

The secondary hypotheses of the thesis are:

1.

2.

Increased inflammation within carotid atherosclerosis (as measured by

FDG TBR) will be associated with larger infarcts at baseline.
Increased inflammation within carotid atherosclerosis (as measured by

FDG TBR) will be associated with expansion of the infarct (FLAIR

lesion).
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Chapter Two:
Study Participants and General Methods

2.1 The ICARUSS Study approvals and support

The Imaging Carotid Atherosclerosis in the Recovery and Understanding of Stroke
Severity (ICARUSS) Study ran between June 2014 and November 2016. It was
approved by the Nottingham 1 Research Ethics Committee (14/EM/0128). The review
by the Research Ethics Committee included approval for ongoing participation in the
study by participants who lost capacity following initial consent and baseline
investigations (unless felt inappropriate by the research or clinical teams decided in
conjunction with the participant’s next-of-kin and primary care team). Approval was
also granted by the Administration of Radioactive Substances Advisory Committee
(999/9000/31328). The study was supported by the National Institute Health Research

through inclusion in its Clinical Research Network Portfolio.

The study was funded by a Research Training Fellowship to NRE from The Dunbhill
Medical Trust (RTF44/0114). The funders did not have any input into study design,

data collection, or interpretation of the results.

2.2 Study eligibility and recruitment

Participants were recruited from individuals who had an ischaemic stroke as a result
of carotid disease. In order to achieve this clinical model of large vessel disease

stroke, recruitment to the study included a number of strict inclusion and exclusion

criteria (Table 2.1).
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INCLUSION

EXCLUSION

Able to give informed consent.
Aged 40 years or above.

Ischaemic stroke in the last seven
days confirmed to be due to
atheroma in the carotid/vertebral
artery.

Evidence of at least 50% stenosis
in the ipsilateral artery (either on
Doppler, CTA or MRA).

Haemorrhagic stroke.

Women of childbearing potential.
Atrial fibrillation.

Complete occlusion of vessel.

Other
condition.

chronic neurological

Limited life expectancy.

* Contra-indication to MRI.

* Unable to give informed consent.

¢ eGFR <30 ml/min/1.73m”.

* Medical history or clinical
examination finding deeming

subject ineligible for inclusion.

* Already participating in two other
research studies.

Table 2.1: Inclusion and exclusion criteria for study population.

Individuals experiencing a TIA were not recruited as the secondary aim of the study
considers the evolution of the infarct and recovery. Hence, only individuals with
clinical symptoms persisting for longer than 24-hours (or with evidence of acute
infarction on diffusion-weighted imaging (DWI)), were approached for recruitment.
Furthermore, we also wished to consider an individual’s clinical recovery and, using
the a clinical definition of TIA returning to baseline status within 24 hours, decided
that longitudinal assessments in individuals already back at their functional baseline

would not be applicable.
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The sample size for the study was discussed with Dr Simon Bond (Senior Statistician,
NIHR Research Development Service East of England, and Cambridge Clinical Trials
Unit Lead for Statistics). Given the study was observational in nature, rather than a
randomised control study, it was felt that a sample size calculation to detect
significance between two groups was not necessary. Instead, a pragmatic recruitment
target of 30 participants was adopted. This sample size was consistent with
recruitment to previous studies at our centre and was felt to be sufficiently large to

allow robust statistical analysis as described later in this chapter.

Participants were recruited either from the Acute Stroke Unit or Cerebrovascular
Clinics at Cambridge University Hospitals NHS Foundation Trust. Individuals with
ischaemic strokes underwent Doppler ultrasound or CTA for assessment of large
vessel atherosclerosis as part of routine clinical care. These individuals were
subsequently screened by clinical and research teams and any individual identified
with >50% stenosis of the ipsilateral common or internal carotid artery (measured
using the NASCET method (North American Symptomatic Carotid Endarterectomy
Trial Collaborators, 1991)) was approached for further screening and discussion for
inclusion in the study. A flow diagram of participant recruitment is shown in Figure

2.1
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596 individuals screened for study
participation

563 individuals not eligible.
Main exclusions: stenosis <50%,
atrial fibrillation.

33 individuals approached for study
participation

2 individuals chose not to
participate

31 participants recruited to study and
completed clinical assessments

4 participants had incomplete
baseline investigations:
3 had MRI only
1 had FDG-PET only

27 participants completed all baseline
investigations

2 deaths prior to 3-month
follow-up

25 participants had follow-up 3 month
MRI and clinical follow-up

25 participants had 6 month clinical
follow-up

Figure 2.1: Flow diagram of participant recruitment.
Upon enrolment to the study, participants were allocated a four-digit randomly-
generated participant number. All imaging, biochemical, and clinical/functional data

was identified using this participant number.

Clinical information for the study participants is shown in Table 2.2.
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3455 80 Male Ex No Yes No No No No Yes
2547 54 Female Yes No Yes No No No No No
1483 81 Female No No Yes Yes Yes Yes No No
3914 68 Male Ex Yes Yes Yes Yes Yes No No
5505 71 Male No No No No No No No Yes
7346 62 Male Yes No No No No No No Yes
4549 89 Male Ex No Yes Yes Yes No No No
7968 62 Male No Yes Yes No No No No No
2441 62 Female Yes No No No No Yes No No
9508 84 Female No No Yes No No Yes Yes Yes
5341 76 Male No No Yes Yes Yes Yes No No
3612 86 Female No Yes No No No No No No
6995 75 Male Ex No Yes No No No No No
1735 69 Male Yes Yes Yes Yes Yes Yes No No
3399 86 Male No Yes Yes Yes Yes Yes No No
2812 78 Male Ex No Yes No No No No No
7119 65 Male Yes No Yes No No No No No
9681 80 Male No No Yes Yes No No No Yes
6996 66 Male Yes No No No No No Yes No
9391 73 Male Yes No Yes Yes Yes Yes No No
3488 72 Male Ex Yes No No No No Yes Yes
3356 65 Male Ex No No No No No Yes Yes
5936 68 Male No No No No No No Yes Yes
8584 70 Female Yes No Yes Yes Yes Yes No No
1133 78 Female Yes No Yes Yes No No No Yes
7622 69 Female Yes No No No No No No No
8904 94 Female Ex No Yes No Yes Yes No No
5377 63 Male Yes No Yes No No No No No
4307 74 Male Yes Yes Yes Yes Yes No No No
4187 88 Female No No No No No No No No
5048 74 Male Ex No Yes Yes Yes Yes Yes No

Table 2.2: Summary of participant clinical characteristics.
Individuals were classified as having a history of hypertension if they had received
either a previous diagnosis, were on treatment for hypertension, or were diagnosed

with hypertension during the admission. The same approach was adopted for diabetes.

The degree of stenosis for each carotid artery is shown in Appendix B.
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2.3 Study investigations

Individuals participating in the study underwent the following investigations:

Baseline

Imaging: FDG-PET/CT, NaF-PET/CT, Carotid CTA, MRI brain, and carotid
MRA (TOF and contrast-enhanced).

Clinical: Medical and drug history, modified Rankin scale (mRS), Barthel index
(BI), National Institutes of Health Stroke Scale (NIHSS), Montreal
cognitive assessment (MoCA).

Biomarker:  hsCRP

Three month follow-up

Imaging: MRI brain and carotid MRA (TOF and contrast-enhanced).
Clinical: Medical and drug history, mRS, BI, NIHSS, MoCA, HADS, SIS.

Six month follow-up

Clinical: Medical and drug history, mRS, BI, NIHSS, MoCA, HADS, SIS.

An example schedule for study participation is shown in Figure 2.2.
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Stroke symptom onset and review either as an in-patient on the Stroke Unit or as an out-
patient in the Stroke/Neurology/Neurovascular clinic

¢ Interval: Within 7 days of onset

Initial approach

w Interval: 24 hours (Study Day 1)

Consent

* Interval: 24 hours (Study Day 2)

Visit 1, morning:
MRI of brain and carotid/vertebral arteries
hsCRP blood test

w Interval: 6 hours (Study Day 2)

Visit 1, afternoon:
PET with FDG radiotracer

* Interval: 24 hours (Study Day 3)

Visit 2:
Combined PET with NaF radiotracer & CT carotid/vertebral angiography
Clinical assessments (NIHSS, Bl, mRS, MoCA)

¢ Interval: 87 days (Study Day 90)

Visit 3:
Repeat MRI of brain and carotid/vertebral arteries.
Clinical assessments (NIHSS, Bl, mRS, MoCA, HADS, SIS)

¢ Interval: 90 days (Study Day 180)

Visit 4:
Clinical assessments (NIHSS, Bl, mRS, MoCA, HADS, SIS)

End of study

Figure 2.2: Flow chart of study procedures.
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2.4 PET/CT technical and methodological information

2.4.1 NaF-PET/CT scanning parameters

NaF-PET/CT scans were performed using a GE Discovery 690 (GE Medical Systems
Ltd, Hatfield, UK) with 64-slice computed tomography in the PET/CT Department of
Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation Trust

within 14 days of ischaemic stroke.

Unlike FDG-PET/CT, NaF-PET/CT scans do not require a pre-scan fast or to be
below a blood glucose threshold. Participants were injected intravenously with a
target of 125 MBq of NaF (sourced from Erigal Ltd, Keele, UK) followed by a 60
minute uptake time (dose and uptake time as per previous work (Dweck et al., 2012)).
After this uptake period, participants were positioned supine on the scanning table,

with the head and neck supported in a hard trauma collar and head holder.

After AP and lateral scouts (voltage 120 kV, tube current 10 mA), an unenhanced
low-dose CT scan was performed to cover one bed position from the arch of the aorta
to the external auditory meatus. CT acquisition parameters: tube voltage 120kV, tube
current 40mA, rotation time 0.5 seconds, pitch 1.375, direct field of view 50cm,

section thickness 3.75mm reconstructed to 3.27mm.

PET data was acquired in 3-dimensional (3D) mode over 15 minutes, covering the
carotid arteries in one bed position, during which time the patient was encouraged to
breathe gently. Acquisition parameters used were: matrix 256 x 256 x 47, filter
6.4mm, pixel size 2.73 x 2.73 x 3.27 mm, direct field of view 70 cm, with
reconstruction using VUE Point FX™ time-of-flight reconstructions with corrections

for attenuation, dead time, random coincidences, and scatter.

2.4.2 Carotid CT angiography

A contrast-enhanced CTA of the carotid arteries was also performed immediately

after the NaF-PET/CT scan on the same GE 690 PET/CT.
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70ml Niopam 300 (Bracco UK Ltd, High Wycombe, UK) radiocontrast was injected
at 5 ml/second, followed by a 50ml sodium chloride chaser. The scan was bolus-
triggered once the signal in the aortic arch reached 100 HU with a 7 second
monitoring delay. The CTA covered the arch of the aorta to the circle of Willis.
Acquisition parameters: tube voltage 120kV, maximum tube current 200mA (with
SmartPrep™ on), rotation time of 0.8 seconds, pitch 0.969:1, slice thickness 0.625mm

reconstructed at 0.4mm.

2.4.3 FDG-PET/CT scanning parameters

FDG-PET/CT scans were performed using a GE Discovery 690 (GE Medical Systems
Ltd, Hatfield, UK) with 64-slice computed tomography in the PET/CT Department of
Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation Trust

within 14 days of ischaemic stroke.

Dietary restriction has been shown to reduce myocardial FDG uptake, with SUVs of
3.2 £ 23 and 6.7 + 4.2 in those with and without dietary restriction respectively
(p<0.001) (Dweck et al., 2012). In this study we adopted a six-hour fast prior to
injection as per previous studies (Rudd et al., 2009).

In participants without diabetes, blood glucose concentrations were confirmed as <7.0
mmol/LL prior to tracer injection, as recommended by a position paper for
cardiovascular imaging published by the European Association of Nuclear Medicine
(Bucerius et al., 2015). Participants with diabetes mellitus were instructed to take their
usual oral antidiabetic medications as normal, but insulin was omitted within the four
hours prior to imaging, in line with the clinical protocols in our centre and previous
methodology (Tarkin et al., 2017, Joshi et al., 2017). However, participants taking
metformin will have been advised to omit their metformin for 48 hours following the
CTA performed with the NaF-PET/CT, so metformin will not have been taken if the
NaF-PET/CT preceded the FDG-PET/CT within this time window. NaF-PET/CT For
participants with diabetes mellitus, if the blood glucose level was >11 mmol/L then
tracer was not administered and imaging was rescheduled according to our standard

clinical practice.
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Participants were injected intravenously with a target of 250 MBq of "“F-FDG
(sourced from Erigal Ltd, Keele, UK), followed by a 90 minute uptake time to reduce
signal from the jugular vein, as per previous work (Tarkin et al., 2017, Joshi et al.,
2017). A silence protocol (minimal vocalisation, only small sips of water permitted)
was adopted during this uptake period to reduce physiological tracer uptake by
neighbouring structures in close proximity to the carotid arteries. After this uptake
period, participants were positioned supine on the scanning table, with the head and

neck supported in a hard trauma collar and head holder.

After AP and lateral scouts (voltage 120kV, tube current 10mA), an unenhanced low-
dose CT scan was performed to cover one bed position from the arch of the aorta to
the external auditory meatus. CT acquisition parameters: tube voltage 120kV, tube
current 40mA, rotation time 0.5 seconds, pitch 1.375, direct field of view 50cm,

section thickness 3.75mm reconstructed to 3.27mm.

PET data was acquired in 3-dimensional (3D) mode over 15 minutes, covering the
carotid arteries in one bed position, during which time the patient was encouraged to
breathe gently. Acquisition parameters used were: matrix 256 x 256 x 47, filter
6.4mm, pixel size 2.73 x 2.73 x 3.27mm, direct field of view 70cm, with
reconstruction using VUE Point FX™ time-of-flight reconstructions with corrections

for attenuation, dead time, random coincidences, and scatter.

2.4.4 Radiation exposure

Addition radiation exposure of the study is as follows:

125 MBq NaF 3 mSv

250 MBq FDG 5 mSv

CT for attenuation correction 0.45x2=0.9 mSv
CT angiogram 3mSv

Total 12 mSv

For comparison, the dose to participants is equivalent to less than 5 years of exposure

to natural background radiation in the UK. Using a risk estimate of detriment of 4.2%
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/ Sv from the International Commission on Radiological Protection (ICRP)
publication 103, the estimated risk of cancer (fatal or non-fatal) and of severe
hereditary risks for the total research protocol dose is approximately 1 in 2000. This
can be considered in the light of the natural incidence of fatal cancer, which is of the

order of one in four.

2.4.5 Image co-registration

Hybrid PET/CT systems allow anatomical imaging to be performed directly after PET
imaging, reducing patient movement that may result in mis-registration and avoids the
need for registration against an anatomic dataset performed on a different scanner.
Due to the short duration and static nature of the scan in this study it was not felt
necessary to perform non-rigid co-registration that is required to accommodate patient
movement over a long scan duration, as performed by Joshi et al. (Joshi et al., 2017).
Consequently, rigid body co-registration was performed with optimisation performed
using a combination of fiducial markers and internal anatomical landmarks, using

updated methods described by Rudd et al. (Rudd et al., 2002).

For the FDG-PET/CT scan, attenuation-corrected FDG-PET images were co-
registered against the low-dose CT scan. For the NaF-PET/CT, as participants
underwent contrast-enhanced CTA immediately upon completion of the PET study,
the attenuation-corrected NaF-PET images were co-registered against this contrast-

enhanced CTA rather than the low-dose CT component of the PET/CT.

2.4.6 Radiotracer uptake measurement

For both NaF-PET/CT and FDG-PET/CT, co-registered images were resampled to 3
mm slice thickness and ROIs were drawn manually on fused PET/CT images along
the common carotid and internal carotid artery to encompass the region approximately
1 cm proximal and 3 cm distal to the carotid bifurcation (i.e. 3 slices below and 10
slices above the carotid bifurcation, producing 14 slices in total including the carotid
bifurcation), as per previously established methodology (Rudd et al., 2007, Joshi et
al., 2017, Tarkin et al., 2017). ROIs were then transferred onto the co-registered PET
to produce standardised uptake values (SUV).
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SUV represents the ratio of radiotracer concentration in the target tissue to the

injected radiotracer activity adjusted for weight. It is given by the equation:

SUV = Tissue radiotracer concentration (MBg/ke)

Injected radiotracer activity (MBq) / body weight (kg)

SUV may be further analysed as SUVyax and SUVean. The SUVi,« 1s calculated
using the highest tissue radiotracer concentration in the ROI whilst SUVean 1s

calculated using the mean tissue radiotracer concentration throughout the ROL.

Whilst SUV may be used for all types of tissue and ROIs, the tissue-to-background
ratio (TBR) was developed to correct for blood uptake of radiotracer (“blood
pooling”). To calculate TBR readings (TBRpyax and TBRyean), corresponding carotid
SUVs were divided by venous SUV pean. Venous SUV,ean Was calculated by drawing
mid-luminal ROIs in the jugular vein over five contiguous 3 mm slices without
evidence of spill-over from neighbouring structures, and calculating the mean of the

SUVean of these ROIs (Tawakol et al., 2006).

The SUVmax, SUVmean, TBRuax, and TBRpyean for symptomatic and asymptomatic
carotid arteries were compared for the single hottest slice (SHS), most diseased
segment (MDS), and median whole vessel (WV). The SHS is defined as the single
ROI with the highest tracer uptake for the artery. The MDS considers the most
diseased 6 mm of the artery (based on tracer uptake) and represents the mean of ROIs
of three contiguous axial slices where the central ROI is the SHS, along with the slice
immediately proximal and immediately distal to SHS, as per previous methodology
(Fayad et al., 2011a). Finally, the WV is the median of tracer uptake in all 14 axial
slices of the artery (see Figures 2.3 and 2.4).
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SHS = MDS
- WV

—
Figure 2.3: Schema of the relationship between SHS, MDS, and WV readings.
The single hottest slice (SHS) is the axial slice with the highest radiotracer uptake; the
most diseased segment (MDS) is the mean of the three contiguous axial slices
surrounding the SHS; whole vessel (WV) is the median of all 14 axial slices along the

carotid artery.
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Figure 2.4: Radiological representation of SHS, MDS, and WV readings. SHS,
MDS, and WV measures of tracer uptake shown relative to plaque uptake (using NaF-

PET/CT in this example).
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The primary reader (NRE) was blinded to the symptomatic artery. As described
above, participants were allocated a randomly generated four digit participant
identifier on study enrolment, so individual participants were not identifiable to the
reader. Initial analysis of the first seven participants was conducted for interim
analysis in June 2015. Remaining analysis was conducted after the study ended

(including re-analysis of the original cohort).

PET imaging datasets were analysed using OsiriX (version 5.7.1, OsiriX Imaging
Software, Geneva, Switzerland) using an iMac desktop computer (Apple Inc.,

Cupertino, California, United States of America).

2.4.7 PET methodological considerations

There are a number of methodological and technical considerations in PET/CT
assessment of the plaque. At a single study level, these primarily include partial
volume correction and methods of tracer uptake quantification. In contrast, the
heterogeneity of different study protocols within the field also has implications for

reproducibility and the ability to pool results in larger meta-analyses.

2.4.7.1 Partial volume correction

Measurement of tracer uptake within the atheroma is dependent upon the size of the
atheroma and the resolution of the scanner. The partial-volume effect occurs when
limited resolution results in difficulty differentiating the tracer activity of the ROI
from the tracer activity of the surrounding tissues. This may lead to “spill-out,” where
the tracer signal from the atheroma falls outside of the ROI, and “spill-in” where
tracer signal from adjacent tissue falls within the ROI. The combination of these two
effects results in partial volume error (PVE). Small atheromatous lesions falling
below the spatial resolution of the scanner are particularly at risk of PVE. It is
estimated that the dimensions of a homogenous ROI need to be two to three times the
spatial resolution of the scanner in order to minimise PVE (Hoffman et al., 1979).
Reduction of PVE through partial volume correction (PVC) can be performed using a
geometric transfer matrix (GTM), whereby co-registration with a higher resolution

modality allows restriction of the tracer signal to a corresponding voxel-based volume
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of interest that can then undergo further voxel-based adjustment for PVE using an
algorithm proposed by Rousset el al. (Rousset et al., 1998). This method has been
applied to atheroma imaging (using co-registration with MRI) and was found to
improve quantification of tracer activity and to be highly reproducible (Izquierdo-

Garcia et al., 2009).

2.4.7.2 SUV versus TBR

This study will measure both SUV and TBR values (SUVean, SUVmax, TBRmean, and
TBRumax). This approach has been adopted for two reasons. Firstly, whilst TBR will
accommodate factors that may increase blood pooling (such as impaired renal
clearance), the majority of vascular imaging studies have used SUV. Hence, SUV will
allow comparison to previous studies (given limitations by different scan
methodologies). Secondly, there remains debate over the accuracy of TBR as often
the SUV in blood pool activity is low and hence small changes in the value have a
significant effect on the TBR (Chen and Dilsizian, 2015). ‘Spill-out’ effects, where
the poor spatial resolution of PET results in vascular wall activity being mistakenly
measured as part of SUV blood pool activity, may also lead to TBR being a more
variable and less reproducible measure compared to SUV (Huet et al., 2015). Finally,
measuring both SUV and TBR will allow both to be correlated with outcome

measures to see if one is more tightly correlated.

Studies conducted to date have varied in their use of SUV or TBR, and the most
appropriate quantification method remains a subject of debate (Huet et al., 2015). In a
simulated atherosclerotic plaque model, marked bias was found in both measured
SUVmax and SUViyyean compared to the modeled values, largely due to the spatial
resolution of the reconstructed image typically being more than three times the
thickness of the atherosclerotic plaque, resulting in a reduced ability to correct for
PVE. Bias was more marked when fewer iterations were used during image

reconstruction (Huet et al., 2015).

In a study of 32 patients undergoing endarterectomy, Niccoli et al. compared the
ability of SUVpax, SUViean, TBRmax, and TBRyean to differentiate in vivo plaques

classified as either inflamed or non-inflamed following histological examination ex
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vivo. Within the symptomatic arteries, the authors found that the differences for
SUVmax and SUVpean between inflamed and non-inflamed plaques were non-
significant, whilst both TBRy,.x and TBRp..an were able to differentiate between
plaques found to be inflamed or non-inflamed on histology (Niccoli Asabella et al.,

2014).

TBR is not without its criticisms. Blood-pool SUV has been shown to decrease with
increasing injection to scan intervals (Mean SUV within the jugular vein was 1.04 +/-
0.16 at 1 hour, 0.79 +/- 0.03 at 2 hours, 0.66 +/- 0.04 at 3 hours). Consequently,
plaque TBR values differed significantly between cohorts scanned at two and three
hours. In contrast, tissue SUVax did not differ between these time points (Oh et al.,
2010). Furthermore, impaired renal function will also contribute to increased blood-
pool activity. Blood-pool SUV has been found to be inversely proportional to the
estimated glomerular filtration rate, resulting in a lower TBR with lower renal

clearance (Derlin et al., 2011a).

Whilst there has been an overall shift towards TBR in arterial PET imaging, the
possible confounders described above must be considered when comparing results
both within the same study and against other studies. Standardisation of scan

methodologies and patient cohorts will help address this.

2.4.7.3 Reproducibility

Increasingly specific radioligands have resulted in improved signal-to-background
ratios and reproducibility, with high intra-rater and inter-rater reproducibility reported
for NaF and ®*Ga-DOTATATE (Rominger et al., 2010, Dweck et al., 2012).
However, a major consideration within the field of vascular PET imaging is the wider
reproducibility of individual studies. Typically most vascular PET studies of
symptomatic patients are small, with fewer than 50 participants. Whilst the multitude
of FDG studies would seem prime for meta-analysis, the heterogeneous patient
populations and variations in methodology pose barriers to such analyses. Variations
in tracer doses, interval between symptoms and imaging, blood glucose thresholds,
and measurement techniques (SUV versus TBR) are a few of the differences in

studies that make direct comparison difficult. The effect of the symptom to scan
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interval on the potential variability of the PET signal is difficult to quantify as
radiation exposure is a barrier to longitudinal studies and should therefore be analysed
in any multivariate analysis. Consequently, there is a move towards establishing a
recognised common standard for arterial PET imaging. A recent position paper from
the European Association of Nuclear Medicine has recommended such common
standards for FDG-PET, particularly with regards to injected dose, circulation uptake
time, prescan fasting glucose limits, and suggested quantification using TBR in most
cases (Bucerius et al., 2015). Adopting a unified approach to scanning protocols and
quantification will allow the high inter-rater reproducibility to be exploited, existing
data to be pooled into larger meta-analyses, and standardisation of multicenter PET

imaging studies.

To assess intra-rater reproducibility, the primary reader (NRE) repeated ROI
measurements in 20% of the NaF-PET/CTs two months apart to assess agreement on

the site of the carotid bifurcation and reproducibility of NaF uptake measurements.

A second experienced reader (Mr Mohammed Chowdhury (MMC), Academic
Clinical Fellow, Department of Vascular Surgery, University of Cambridge) repeated
ROIs in 20% of the NaF-PET/CTs to assess inter-rater agreement on the site of the

carotid bifurcation and reproducibility of NaF uptake measurements.

Both intra-rater and inter-rater reproducibility was calculated on an axial slice basis,
meaning that each of the 6 participants’ 14 ROIs were compared, resulting in 84
readings in total being tested for reproducibility. Both intra-rater and inter-rater
reproducibility was calculated using intra-class correlation coefficients (ICC), as per

previous methodology (Dweck et al., 2012, Giannotti et al., 2017).

2.5 CT calcium scoring of the carotid artery

A wide variety in methods to measure carotid calcification have been used in studies
(dichotomous ‘present’/‘absent’, semi-quantitative ordinal grading scales, extent of
involvement of arterial circumference) while conventional coronary artery calcium
scoring uses methods proposed by Agatston et al. (Agatston et al., 1990), an approach

that has been validated within the carotid arteries in proof of principle work (Katano
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and Yamada, 2007). The Agatston score for an area of coronary calcification is

calculated by:

Agatston score = weighted density x area (mm?)

Where weighted density is scored according to the peak density in Hounsfield Units

in the lesion:

Peak density Weighted density
130-199 HU 1
200299 HU 2
300-399 HU 3

>400 HU 4

Conventionally, the coronary artery calcium score is given for the whole heart by
summing the calcium scores of each coronary artery. More recently, it has been
proposed that calcium scoring in the coronary arteries should be performed on a
vessel-by-vessel or lesion-by-lesion basis. This allows consideration of the spatial
distribution of calcifications, including distribution in low versus high-risk areas. In a
comparative study, Qian et al. showed that maximum lesion-based Agatston scores
were able to identify obstructive coronary artery disease whilst whole-heart Agatston

scores could not (Qian et al., 2010).

The use of multidetector CT angiography to detect calcified coronary plaque has been
shown to be highly sensitive and specific (94% for both respectively) (Achenbach et
al., 2004). In the carotid artery, there is a strong association between calcium score
and luminal stenosis, and calcium scoring is highly reproducible, with an intraclass
correlation coefficient of 0.98 (95% confidence interval 0.97-0.99) reported (Nandalur
et al., 20006).

Carotid Agatston scores were measured from the unenhanced CT carotid angiogram

(performed during PET/CT) using the Calcium Scoring Plugin (version 1.0) in OsiriX

(version 5.7.1, OsiriX Imaging Software, Geneva, Switzerland) using an iMac
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desktop computer (Apple Inc., Cupertino, California, United States of America). The

detection threshold for calcification was set at 130 HU.

Carotid calcification was measured using three approaches. The first approach
measured the carotid artery calcification score (CACS) from the origin of the common
carotid artery to the skull base, giving a total value for each artery that was considered
for each artery individually. These were also combined in a second approach using an
individual’s symptomatic and asymptomatic carotid arteries to give a ‘total carotid
arterial calcification score’ (TCACS) as a measure of an individual’s overall

cardiovascular risk profile.

The third approach measured carotid calcium scores on an axial slice-by-slice basis in
the same 14 axial slice regions identified by the ROIs in the NaF-PET/CT analysis,

thereby allowing co-registration of microcalcification and macrocalcification.

2.6 MRI technical and methodological information

2.6.1 General MRI information

Baseline and follow-up MRIs of the brain and carotid arteries took place in the
Magnetic Resonance Imaging and Spectroscopy Unit (MRIS). MRI brain and carotid
MRA sequences were chosen in consultation with Professor Jonathan Gillard
(Professor of Neuroradiology, University of Cambridge) and MRI physicists (Dr
Martin Graves, Clinical Scientist and Head of MR Physics, and Andrew Patterson,
Clinical Scientist, both in the Department of Radiology, Cambridge University
Hospitals NHS Foundation Trust).

MRI brain and carotid MRA was conducted primarily on a 3T MRI (or 1.5T if limited
by safety factors such as MRI-compatible metal implants not able to be scanned on a
3T machine or physical factors such as body habitus). 3T imaging of the brain and
carotid arteries was performed on a 3T GE MR750 whole body scanner with a 12-
channel head, neck, and spine coil with a brachial plexus attachment. 1.5T imaging

was performed on a 1.5T GE MR750 whole body scanner using the same coil.
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Individuals were scanned on the same scanner at the same field strength for both the

baseline and follow-up imaging.

2.6.2 MRI brain

Baseline and follow-up MRI brain included T1, T2, DWI, fluid-attenuated inversion

recovery (FLAIR), and gradient echo (GRE) sequences. The imaging parameters for

each sequence are the same as for standard clinical investigations and are listed in

Table 2.3.
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Table 2.3: 3T MRI brain imaging parameters.

2.6.3 Carotid MRA

Carotid MRA was also performed at baseline and at three-month follow-up.

Sequences included a time of flight (TOF) MRA and contrast-enhanced MRA

(ceMRA), T1-based imaging of the fibrous cap using 3D CUBE sequences pre- and

post-contrast, and direct thrombus imaging (DTI). Technical parameters of the

sequences are included in Table 2.4.
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Table 2.4: 3T carotid MRA imaging parameters.

2.6.4 Assessment of leukoaraiosis

The extent of leukoaraiosis was scored semi-quantitatively from the axial fluid
attenuation inversion recovery (FLAIR) sequence using the scoring system proposed
by Fazekas et al. (Fazekas et al., 1987), and later modified by Pantoni et al. (Pantoni
et al., 2005). The Fazekas scale has been shown to have a good degree of both intra-

rater and inter-rater reliability (Boutet et al., 2016, Kapeller et al., 2003).

The Fazekas score has been dichotomised previously (Takami et al., 2012), and in this
study we dichotomised global (i.e. whole brain) periventricular and deep white matter
hyperintensities according to no/mild or moderate/severe leukoaraiosis (using the
visual scale described and illustrated by Pantoni et al. (Pantoni et al., 2005)) given

that the majority of our vasculopathic cohort showed some small vessel disease.

MRI interpretation of study baseline MRI scans was performed by two experienced
readers (NRE and Ms. Jessica Walsh, Research Associate, Department of Clinical
Neurosciences, University of Cambridge), both of whom have completed internal
training in marking of small vessel disease lesions. Intra-class correlation coefficients
for inter-rater reliability were then calculated. Both readers were blinded to the

clinical characteristics and PET/CT results at the time of interpretation.
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Imaging datasets were analysed using OsiriX (version 5.7.1, OsiriX Imaging
Software, Geneva, Switzerland) using an iMac desktop computer (Apple Inc.,

Cupertino, California, United States of America).

2.6.5 Measurement of brain lesion volume

In the genesis of FLAIR lesions, increasing vasogenic oedema following ischaemia
results in T2 prolongation. In animal studies, changes after 2.5 hours of middle
cerebral artery occlusion (MCAOQO) were more marked in T2-weighted sequences than
DWI (Neumann-Haefelin et al., 2000). These changes peaked at approximately 48
hours after MCAO and were typically larger than the DWI lesion, this difference

likely representing vasogenic oedema (Neumann-Haefelin et al., 2000).

Infarct volumes were measured from DWI and FLAIR sequences, with baseline
infarcts defined as the FLAIR lesion corresponding to a DWI hyperintensity on the
DWI sequence. Follow-up lesion volume was calculated by drawing around the same

lesion(s) on the repeat imaging.

In the case of multiple regions of increased signal, the total lesion volume was
calculated as the sum of all individual volumes. The same approach was employed
when re-measuring lesion volumes on follow-up imaging, with comparison with
original scan to ensure all hyperintensities at baseline were included on repeat
imaging. In the event of cavitating infarcts, the infarct volume was measured
including the cavitation. Lesion volumes were also calculated for the ‘primary lesion,’
defined as the largest contiguous region of increased signal but excluding smaller

satellite lesions.

When comparing FLAIR lesion volumes at baseline and at follow-up, we considered
only lesions where the baseline FLAIR primary lesion volume was greater than 1 ml.
This is due to the technical limitations of measuring small volume lesions frequently
limited to a single axial slice, and which may be affected by the positioning of the
participant in the scanner. Jha et al. used a similar approach but used a cut-off of 5 ml
(Jha et al., 2014). In a longitudinal MRI study by Beaulieu et al., 19 (90.5%) had

initial DWI volumes greater than 1 ml (with the remaining two being 0.9 ml and 0.7
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ml), which provided sufficient volume to assess interval lesion change (Beaulieu et

al., 1999). We used a 1 ml cut-off for these reasons.

Lesion marking of DWI and FLAIR lesions using a semi-automated technique in
cerebrovascular disease has been shown to have good levels of intra-rater and inter-
rater reliability, and the reproducibility is increased with larger lesion volumes (Luby
et al., 2006), consistent with the above consideration. The use of FLAIR lesion
volume measurement in follow-up studies has been shown to be superior to the use of
T2 lesion volume measurements in terms of inter-rater reproducibility (Neumann et

al., 2009).

Lesion volumes were calculated using semi-automatic ROI marking using Jim
Imaging Software (version 7.0, Xinapse Systems Ltd., Essex, United Kingdom)
(Figure 2.5).

Figure 2.5: Semi-automated brain lesion marking. Axial DWI (left) and FLAIR

(right) slices illustrating semi-automated lesion marking (red line) of baseline imaging

for participant 3541.
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Images were anonymised using randomly allocated numerical identifiers and image
analysis was performed blinded to the participant’s clinical characteristics, clinical

outcomes, and PET readings.

2.7 Clinical assessments

Physical, functional, and cognitive assessments following the stroke were conducted
in addition to the radiological investigations. At baseline, functional assessment were
performed with a patient interview including pre-morbid and current modified Rankin
Scale (mRS), National Institutes for Health Research Stroke Scale (NIHSS), pre-
morbid and current Barthel Index (BI) and Montreal Cognitive Assessment (MoCA)
(Muir et al., 1996, Sulter et al., 1999, Pendlebury et al., 2010).

In order to assess recovery, clinical assessments were repeated (mRS, NIHSS, BI and
MoCA), as well as the Hospital Anxiety and Depression Score (HADS) and Stroke

Impact Scale (SIS) at three and six months (Allan et al., 2013, Duncan et al., 2003).

Montreal Cognitive Assessment (MoCA): This assessment was performed within

seven days of the stroke, and at three and six months after the stroke. It is a 30-point
test that is validated to assess several cognitive domains, including short-term
memory recall, visuospatial, attention, concentration, working memory, orientation to
time and place, and language. Three validated versions of the MoCA exist, and a
different version was used at each study visit in order to reduce carry-over between

tests.

Modified Rankin Scale (mRS): This assessment measures the functional status of the

individual using a 0-6 scale (0 being no symptoms, 6 being dead, and the range in
between representing degrees of functional impairment). This was assessed through

clinical history and examination.

Barthel Index (BI): The Barthel Index is an ordinal scale measuring the ability to

perform activities of daily living. It consists of ten domains, each scored according to
a 10-point scale. Higher scores reflect greater independence in performing activities

of daily living. This was assessed through clinical history.
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National Institutes of Health Stroke Scale (NIHSS): The National Institutes of Health

Stroke Scale measures the degree of functional stroke severity using a 42-point scale
across eleven items. Higher scores reflect greater severity and functional impairment.

This was assessed through clinical examination.

Hospital Anxiety and Depression Scale (HADS): The Hospital Anxiety and

Depression Scale is an ordinal scale across 14 domains related to levels of anxiety and
depression (7 each). Each domain is scored from 0-3 giving a maximum score of 21

for both anxiety and depression.

Stroke Impact Scale (SIS): This assessment is an ordinal scale measuring the

individual’s perception of the impact of stroke upon their health and life. It assesses 8
domains across 59 questions, each with a 5-point Likert scale. Each domain has a

score ranging from 0-100. It was completed through patient interview.

Copyright permissions were granted for academic use for the BI, MoCA, HADS, and
SIS.

2.8 Blood biomarkers

4.9 mL of venous blood was drawn and stored in serum gel at the time of FDG-
PET/CT and sent for analysis for hsCRP by Clinical Biochemistry, Cambridge
University Hospitals NHS Foundation Trust. Samples were anonymised using the

participant’s randomly allocated four-digit participant number.

2.9 Statistical analysis

Continuous data was tested for normality using Shapiro-Wilk testing. Parametric data
was reported as mean+SD and non-parametric data reported as median and IQR.
Specifically for PET tracer uptake, the distribution of uptake along all the ROIs along
a single artery was tested. The finding that tracer uptake was not normally distributed
along the length of the artery resulted in us using the median value to represent the

WYV uptake measures. The spread of SHS, MDS, and WV uptake measures for
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symptomatic arteries and asymptomatic arteries were tested for normality and

appropriate tests used accordingly as discussed below.

When comparing unpaired groups, parametric readings were compared using t-testing
and non-parametric readings were compared using Wilcoxon rank sum testing as

appropriate. The cut-off for statistical significance was set at p=0.05.

Paired testing was performed comparing radiotracer (NaF and FDG) uptake in the
symptomatic carotid artery against uptake in the corresponding asymptomatic carotid
artery in the same participant, with parametric readings compared using paired t-
testing or non-parametric readings compared using Wilcoxon signed-rank testing as

appropriate.

Correlations were tested using two-tailed Spearman’s rho correlation (for non-

parametric or ordinal data) or Pearson’s correlation coefficient (for parametric data).

Tracer uptake was adjusted for the degree of stenosis using stenosis categories (“1-
29%”, “30-49”, “50-69%"”, “70-89%”, “90-99%") considering both symptomatic and
asymptomatic arteries. The trend was tested using Kruskal-Wallis one-way ANOVA

testing (for non-parametric data).

Multivariable analysis was performed by adding all risk factors considered on
univariable testing (regardless of significance) into a regression model, which was
subsequently refined using likelihood-ratio testing using backwards elimination. This
approach successively removes variables from the model in the order of least
significance at each stage until the ‘goodness of fit’ is maximised for the model. The
goodness of fit was measured using the Akaike information criteria (AIC) until the
minimum value for the model was achieved (indicating the best fit). Resulting
adjusted R? and AIC values indicating the goodness of fit are reported. Multiple linear
regression was performed if residuals fulfilled criteria in regression diagnostics. Log
transformation of the dependent variable was performed when indicated from
regression diagnostics. This statistical approach was discussed and regression

diagnostics reviewed prior to analysis and resulting outputs discussed with an
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epidemiological statistician with experience in cerebrovascular disease (Dr Ali Amin,

Department of Clinical Neurosciences, University of Cambridge).

The initial statistical approach to the study was discussed with Dr Simon Bond
(Senior Statistician, NIHR Research Development Service East of England, and
Cambridge Clinical Trials Unit Lead for Statistics). Further statistical assistance and
review was provided by two epidemiological statisticians with experience in
cerebrovascular disease and risk factor analysis (Dr Ali Amin, Research Associate,
Department of Clinical Neurosciences, University of Cambridge and Dr Loes Rutten-
Jacobs, Research Associate, Department of Clinical Neurosciences, University of

Cambridge).

Statistical analysis was performed using R (version 3.3.1, 2016, R Foundation for
Statistical Computing, Vienna, Austria) and SPSS Statistics (version 23, 2015,
International Business Machines Corporation, Armonk, New York, United States of

America).
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Chapter Three:
Sodium Fluoride PET for Identifying Culprit Carotid Atheroma and
Investigating the Relationship between Microcalcification and
Macrocalcification.

3.1 Introduction

3.1.1 Aims of the chapter

This chapter will consider the use of NaF-PET in vascular imaging and has the

following specific questions:

1. Can NaF-PET can discriminate between culprit and non-culprit carotid artery
atherosclerotic plaques non-invasively in vivo?

2. Is there an association between NaF uptake and stroke severity?

3. Does the degree of luminal stenosis affects NaF uptake?

4. Does the extent of macrocalcification differ between symptomatic and
asymptomatic carotid arteries?

5. What is the relationship between NaF uptake and macrocalcification in terms
of the extent and distribution of the disease?

6. How do conventional vascular risk factors influence both microcalcification

and macrocalcification?

The main hypothesis for this chapter is:

1.  NaF uptake (both SUV and TBR) will be higher in culprit atheroma than

asymptomatic non-culprit atheroma.

3.1.2 In vivo NaF-PET imaging

As discussed in chapter one, microcalcification within the fibrous cap is implicated in
mechanical destabilisation of the atheroma. However, despite its importance in plaque
rupture, the ability to detect microcalcification in vivo remains limited. The small size
of microcalcification — calcium deposition smaller than 50 um as detected by ex vivo

uCT (Maldonado et al., 2012) — means that it falls below the spatial resolution for
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detection by either CT or MRI in vivo clinical imaging, and does not produce an
echogenic appearance on ultrasound. The solution to this problem may lie in imaging

the underlying molecular processes rather than relying on structural imaging.

'SE_NaF is a radioligand that has been used for bone imaging since 1962, finding
clinical use in the PET evaluation of osseous metastatic disease over the subsequent
decades (Blau et al., 1962). NaF identifies sites of active microcalcification, where
radiolabelled fluoride is exchanged for the hydroxyl group in hydroxyapatite to form
fluoroapatite (Hawkins et al., 1992).

3.1.2.1 NaF-PET imaging in asymptomatic plaques

Vascular uptake of NaF was first investigated by Derlin et al. where incidental arterial
uptake was detected in 57 (76%) of 75 asymptomatic individuals undergoing whole-
body NaF-PET for assessment for bone metastases. This retrospective study found
254 sites of uptake across all arterial territories (common carotid arteries, thoracic and
abdominal aorta, iliac arteries, and femoral arteries) in these individuals, but although
NaF uptake was more likely to occur in lesions with extensive macrocalcification,
there was no statistically significant association between NaF SUV,x and calcium
score using an ordinal 0-4 scale. Furthermore, distinct areas of NaF uptake and
macrocalcification occurring in isolation suggested NaF uptake reflected the active
mineralisation process in microcalcification rather than simply the burden of

macrocalcification (Derlin et al., 2010).

Further examples of a lack of co-localisation between regional macrocalcification and
regional NaF uptake have been found in other asymptomatic cohorts, with an inverse
relationship between NaF TBR and semi-quantitative plaque calcium density across
all arterial territories reported by Fiz et al. (Fiz et al., 2015, Morbelli et al., 2014).
Morbelli et al. demonstrated that the presence of cardiovascular risk factors (as
measured by a Framingham risk score) correlated with NaF uptake (both SUV . and
TBRmax) but not arterial macrocalcification (measured using Agatston scoring),
through the study’s measurement of uptake across the whole vessel may miss focal

concomitant areas of macrocalcification and NaF uptake (Morbelli et al., 2014).
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Further studies have found strong associations between carotid NaF uptake and
calcification and the presence of cardiovascular risk factors in a neurologically
asymptomatic oncologic population. In one study, Derlin et al. found 140 (26%) of
538 carotid artery segments had both NaF uptake and macrocalcification detectable
by CT, and 46 (8.6%) had macrocalcification but no NaF uptake (Derlin et al.,
2011c). In contrast to the results of the aforementioned studies, there were no areas of
NaF uptake without visible macrocalcification. In this asymptomatic population, NaF
SUVmax correlated strongly with the extent of calcification within the carotid plaque
(measured as an ordinal scale according to proportion of arterial wall circumference
calcified) (r=0.85, p<0.0001). As arterial macrocalcification reflects the vascular risk
profile (Ulusoy et al., 2015), it is unsurprising that the same study found associations
between NaF SUV..x and some cardiovascular risk factors; age, male sex,
hypertension, and hypercholesterolaemia. However, there was no association with
previous cardiovascular events, although associations of NaF uptake with a history of
smoking or diabetes approached, but did not reach, significance (p=0.12 and p=0.11
respectively). Tracer accumulation weakly correlated inversely with BMI (r =-0.13,
p=0.04). In contrast, the presence of plaque macrocalcification was significantly
associated with age, male sex, hypertension, hypercholesterolaemia, diabetes, history
of smoking, and prior cardiovascular events. Finally, individuals with multiple
cardiovascular risk factors had a higher proportion of plaques with NaF uptake as a
dichotomous measure, though there was no significant correlation between quantified

NaF uptake and the number of cardiovascular risk factors.

In addition to this relationship between NaF uptake and macrocalcification, dual-
tracer studies have elucidated the relationship between different metabolic processes
within an asymptomatic cohort. Derlin et al. performed a dual-tracer PET/CT study
using FDG-PET and NaF-PET in a further asymptomatic oncological patient cohort
and found that of 215 arterial lesions identified by either tracer (across aorta, carotid,
iliac, and femoral arteries), only in 14 (6.5%) was there concomitant FDG and NaF
uptake. These results 1mply that macrophage-driven inflammation and
microcalcification are two related but distinct processes. Furthermore, whilst 77.1%
of NaF-positive plaques co-localised with macrocalcification, only 14.5% of FDG-

positive plaques co-localised with macrocalcification (Derlin et al., 2011b). In
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contrast to their previous study, in this study Derlin et al. found a moderate correlation

between NaF SUV .« and calcification score (r=0.36, p<0.001).

3.1.2.2 NaF imaging in symptomatic and vulnerable plaques

While oncological cohorts have indicated the ability of NaF-PET to identify plaques
in asymptomatic disease, there has been increasing attention to the use of the tracer to
identify high vulnerability plaques. In 2012, Dweck et al. were the first to assess
disease within the coronary arteries when they performed a prospective dual tracer
(FDG and NaF) study in individuals with and without coronary artery disease (CAD,
the presence of which was defined as a previous clinical diagnosis or having a
coronary calcium score above zero) (Dweck et al.,, 2012). Unlike the ubiquitous
myocardial uptake of FDG, NaF showed a better signal-to-noise ratio and its uptake
was quantifiable in 96% of the coronary territories examined. This study had a small
control group (thirteen participants) but was able to demonstrate NaF uptake to be
higher in those with coronary artery disease than the control group (TBRyax 1.64+0.49
versus 1.23+0.24 respectively; p=0.003). As was observed in asymptomatic cohorts,
the authors noted focal NaF uptake both overlying and distinct from areas of
macrocalcification, as well as areas of macrocalcification with no tracer uptake. Of
participants with the highest level of macrocalcification (coronary Agatston scores
>1,000), only 59% showed significant NaF uptake above that of controls. However,
overall within plaques there was a strong correlation between coronary calcification
score and NaF uptake (r=0.652, p<0.001). In individuals with multiple coronary
plaques, culprit plaques had an average 50% increase in NaF uptake compared to
inactive plaques (2.14+0.42 versus 1.43+0.32 respectively; p<0.001). Finally, NaF
uptake reflected both disease severity (proportion with angina symptoms, need for
prior revascularisation, and previous major adverse cardiac events) and cardiovascular

risk burden (Framingham risk scores), where uptake was significantly higher.

The above study largely considered those with atherosclerosis, but not necessarily
after acute events. Joshi et al. compared NaF uptake in individuals recruited
prospectively with recent myocardial infarction (both ST-segment and non-ST-
segment elevation) and stable angina. They showed increased tracer uptake is

associated with symptomatic coronary plaques: in those with myocardial infarction,
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the average TBRp.x of the culprit plaque (1.66; SD 1.4-2.25) was higher than
elsewhere in the coronary vasculature (1.24; SD 1.06-1.38) (p<0.0001). It is
interesting to note that three individuals who had a myocardial infarction showed no
NaF uptake, and of those two were younger with only mild irregularities on
angiography, suggesting that these events may be triggered by thrombosis from
plaque erosion rather than plaque rupture. Supporting this, those with NaF positive
lesions (those with a TBR more than 25% than a proximal reference lesion) had
higher concentrations of plasma troponin at baseline (median 3.35 [IQR 2.35-10.2]
versus 2.45 [1.85-4.02] ng/L; p=0.047), implying a role for plaque erosion or
subclinical rupture in the NaF negative lesions (Joshi et al., 2014). It is also worth
noting that of NaF positive plaques, only 28% were obstructive on coronary

angiography (>70% luminal stenosis).

In the same study, increased NaF uptake was also seen in morphologically high-risk
but unruptured plaques seen on intravascular ultrasound (greater positive remodeling,
greater microcalcification, and larger necrotic core) and CT. This implies that NaF
uptake reflects the microcalcification process rather than increased surface area
following plaque rupture (Joshi et al., 2014). Similar results were seen in another
study across 123 coronary atherosclerotic lesions assessed by CT (Kitagawa et al.,

2017).

Recent studies of carotid atheroma in transient ischaemic attacks and minor strokes
have found increased NaF uptake in culprit atheroma (Cocker et al., 2016, Vesey et
al., 2017). Interestingly, Vesey et al. reported that although NaF uptake was higher in
culprit versus asymptomatic atheroma, FDG did not differ significantly. Similar
findings were reported in a smaller dual tracer study of symptomatic carotid atheroma
(Quirce et al., 2013). This contrast with earlier FDG-PET/CT studies supports the
concept that the different tracers are targeting two distinct but related processes.
Furthermore, the finding that FDG-PET failed to discriminate between symptomatic
and asymptomatic atheroma, in contrast to a number of earlier studies (Rudd et al.,
2002, Tawakol et al., 2006), warrants further evaluation and is discussed in the next

chapter.
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In contrast to the pleiotropic effects of statins reducing FDG uptake, statins have not
been reported to affect NaF uptake (Derlin et al., 2010, Dweck et al., 2012). However,
whilst LDL levels do not differ between low NaF and high NaF uptake groups in one
study, the HDL levels were higher in the low NaF uptake group (Dweck et al., 2012).

Technically, NaF-PET has been shown to have excellent reproducibility. Dweck et al.
report reproducibility of TBR.,x had an intra-class correlation coefficient of 0.99

(95% CI 0.98 to 1.00) across 20 scans by two trained observers (Dweck et al., 2012).

As with FDG-PET, it remains a subject of debate whether SUV or TBR is the more
appropriate measure of NaF uptake in vascular PET imaging. Although not
commented upon by the authors of the study, in a large retrospective NaF-PET study
of 269 participants the mean SUV,.x and mean TBR,.x were very similar: 1.9 £ 0.5
(range 0.8 to 4.2) and 2.2 + 0.6 (range 1.0 to 4.5) respectively (Derlin et al., 2011c).

3.1.3 Ex vivo NaF-PET histological validation

Although incidental uptake of NaF was noted in atheroma in oncologic cohorts, the
early emphasis on coronary disease meant histological validation was limited. This
validation had to wait until imaging findings could be paired with histology available

from CEA samples.

Joshi et al.’s study of symptomatic atheroma included nine individuals undergoing
CEA for symptomatic carotid artery disease. Ex vivo NaF-PET/CT demonstrated
tracer uptake localised to the site of macroscopic plaque rupture in all samples, and
tracer uptake was associated with significantly higher increased calcification activity
(percentage tissue non-specific alkaline phosphatase, percentage osteocalcin,
concentration of CD68+ macrophage infiltration) and cell death (apoptosis with

percentage cleaved-caspase-3, and presence of necrotic core) (Joshi et al., 2014).

It was only in 2015 that Irkle et al. provided definitive characterisation of selectivity,
specificity, and pharmacodynamics of NaF uptake in vascular disease through a multi-
technique, multimodal study. Using electron probe X-ray microdialysis the authors

were able to measure NaF presence by identifying a spectroscopic peak for fluoride
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that co-localised with calcification, exhibiting an approximately two-fold greater
uptake for microcalcification than for macrocalcification. Autoradiography of
histological specimens also demonstrated strong specific binding for NaF with
negligible non-specific binding. Further examination of the pharmacodynamics of
NaF revealed a positive linear relationship between the radioactivity and
concentration of NaF in tissues, thereby validating quantification using PET, with a
very high affinity (affinity constant, Kp, of 0.6 pM), rapid association (a half-time for
association of 14.3 + 1.9 minutes), and slow dissociation (half-time for dissociation of
254 + 43 minutes). Subsequent in vivo work in humans showed that by 60 minutes
post-injection, plasma activity was 4-8% of its peak activity and demonstrated
excellent contrast between vascular wall and blood pool activity.
Immunohistochemical analysis using markers for calcification, macrophages,
endothelial markers of neovascularisation, and smooth muscle showed specific co-
localisation of NaF only with vascular calcification, with no other binding seen with
other cellular components of processes believed to trigger arterial calcification.
Finally, preclinical and clinical PET/CTs showed binding of NaF to
microcalcification but absent binding to large areas of macrocalcification, and only to
the surface of macrocalcific deposits when there was binding. The constellation of
these findings demonstrates the binding of NaF does not simply reflect the overall

quantity of calcium but rather binds to areas of active microcalcification (Figure 3.1)

(Irkle et al., 2015).
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Figure 3.1: NaF histological validation. Carotid histology is incubated in NaF then
sectioned. NaF is only able to bind to the surface level of macrocalcifications (closed
arrowheads), while binding occurs to all microcalcification (open arrowheads) (A,B).
NaF binding solely to the surface level of macrocalcifications can also be observed in
a UWPET/uCT scan, if the macrocalcification size is larger than pPET resolution (C, E).
Microcalcifications that are detected with Alizarin Red histology (C) and
autoradiography (D) cannot be detected using pCT (E), but may be detected on
corresponding uPET (F). Reproduced with permission from (Irkle et al., 2015).

3.1.4 Carotid artery macrocalcification and stroke risk

In contrast to microcalcification, arterial macrocalcification is easily detected by CT
and 1s a common finding on imaging of the carotid arteries. However, the significance
of how vascular calcification in atherosclerotic carotid arteries relates to stroke risk is
unclear. In comparison, CT-derived coronary artery calcium (CAC) scoring is widely
used by cardiologists for risk stratification in coronary artery disease. The CAC score
is an independent predictor of cardiovascular events in individuals after adjustment
for other risk factors and is part of the NICE chest pain assessment guidelines (Elkeles

et al., 2008, National Institute for Health and Care Excellence, 2010). To date there
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have been only a few small studies measuring calcium in carotid arteries in differing
patient cohorts with conflicting results (Kwee, 2010, Nandalur et al., 2006, Eesa et al.,
2010). Importantly, the role of arterial calcification in stroke recurrence in

symptomatic individuals is unknown.

Carotid calcium burden is associated with cardiovascular risk factors and to the
development of atherosclerotic disease (Al-Mutairy et al., 2009, Odink et al., 2010).
The large longitudinal Rotterdam study found age and smoking status were the
strongest predictors of arterial calcification in the coronary and carotid arteries, and
arch of the aorta. Hypertension, hypercholesterolaemia, and diabetes were also
independently associated with calcification, although not consistently in one sex or
arterial region (Odink et al., 2010). Calcium scores in the coronary arteries, aortic
arch, and carotid arteries are correlated; indicating that calcification in atherosclerosis
is typically a systemic process (Odink et al., 2007). Furthermore, calcium volume is
associated with the degree of carotid atherosclerosis within a general population,
where all carotid stenoses of >40% stenosis had detectable calcification (McKinney et
al., 2005) whilst individuals without calcification have a very low (1%) prevalence of

subclinical atherosclerosis (Ho et al., 2012).

Despite these associations, studies investigating the association between carotid artery
or aortic arch calcification and clinical events are few. In a 2010 meta-analysis, lower
carotid calcium volume and weight (8 studies) and plaque calcification percentage (8
studies) were associated with a higher risk of clinical ischaemic events, although the
pooled association (9 studies) between the degree of plaque calcification using a
dichotomous scoring scale and clinical ischaemic symptoms crossed the equivalence
line (Kwee, 2010). These pooled analyses should be interpreted with caution however,
due to the paucity of studies, small samples, and the heterogeneity of methods
(particularly the techniques used to measure calcification). The imaging modalities
used varied, some studies used histology rather than imaging (Peeters et al., 2009), the
time interval between symptoms and calcium assessment ranged between one week to
six months, and different definitions of the asymptomatic control groups were used.
Furthermore, only half of the studies explicitly excluded individuals with atrial
fibrillation, raising concerns about confounding and questions over the source of

thromboemboli. Finally, whilst one study assessing histology had 630 symptomatic
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arteries (which was equivocal for the association between calcification and with
clinical events) (Peeters et al., 2009), the median number of participants in the
remaining studies was 30.5 (IQR 23.5). This meta-analysis highlights that there has
been no accepted single technique for measuring calcification within the carotids and
demonstrates the need for a consensus approach for recruitment, measurement, and

analysis with the need for a larger-scale study.

More recent studies have used quantitative rather than dichotomised/semi-quantitative
measures of calcification. Carotid calcium volume was associated with an increased
risk of stroke after adjustment for the degree of vessel stenosis in individuals
undergoing computed tomography (CT) (Nandalur et al., 2006). A large retrospective
study embedded within the Rotterdam Study reviewed CT scans of 2,521 individuals,
96 of whom had a previous stroke. Carotid, aortic arch, and coronary artery calcium
scores were independently associated with a history of stroke after adjustment for
cardiovascular risk factors, though only carotid artery -calcification remained
significant after adjustment for calcification in other arterial beds. Consequently, the
odds ratio of having had a stroke between the highest versus lowest quartile of carotid
calcium scores was 3.3 (95% confidence interval 1.4-7.8) (Elias-Smale et al., 2010).
Carotid calcification has also been shown to be associated with atheroma
inflammation, itself a risk factor for recurrent cerebrovascular events (Joshi et al.,

2016, Marnane et al., 2012).

van Dijk et al. assessed calcium volume using CT angiography in symptomatic
carotid arteries and aorta in 708 TIA/strokes. Prevalence of calcification was high
(50-73% depending on arterial territory and location of TIA/stroke). They found an
increasing volume of aortic calcification was independently associated with a higher
risk of non-lacunar versus lacunar events (odds ratio 1.11; 95% CI 1.02-1.21), though
neither intracranial nor extracranial symptomatic carotid artery calcium volume were
associated with an excess of either lacunar or non-lacunar stroke (van Dijk et al.,
2014). Increasing semi-quantitative calcium volume (highest tertile versus lowest
tertile) of coronary, aortic arch, or carotid arteries in this asymptomatic population
was not associated with increased odds of stroke (but increasing scores in the
coronary and carotid arteries were associated with significantly higher odds of

subsequent cardiovascular events) (Elias-Smale et al., 2011). It is important to note
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the number of strokes was low in this sub-study (2.5%) compared to the broader
Rotterdam study (Bots et al., 1996). Furthermore, individuals with atrial fibrillation
were not excluded and this may confound if cardio-embolic strokes were included.

Finally, the rate of recurrence in symptomatic individuals remains unknown.

Other studies have suggested calcification may be protective. In 673 individuals with
symptomatic carotid artery stenosis, extensive calcification assessed by CT was more
common in asymptomatic contralateral stenosis after adjustment for age, sex, and the
degree of luminal stenosis (Eesa et al., 2010). However, this study did not quantify the
calcium score or consider density of calcification, but graded the extent of
calcification according to a visual scale of “mild”, “moderate”, and “extensive.”
Another study found symptomatic carotid artery atheroma have fewer clusters of
calcium compared to asymptomatic controls, though this was only significant when
examining the 3 cm proximal and distal to the bifurcation together, rather than either
individually (Wintermark et al., 2008), supporting earlier work on calcification

location by Culebras et al. (Culebras et al., 1989).

These conflicting results may arise when using different semi-quantitative scores as
there may exist a bimodal distribution of vulnerability in calcified plaques. Katano et
al. found rates of symptomatic plaques peaked at calcium scores of 200-400 and 600-
800 (Katano et al., 2015) and this bimodal distribution may have a confounding effect

where symptomatic plaques were measured qualitatively or semi-quantitatively.
Consequently, there remains uncertainty over the role of macrocalcification in
symptomatic carotid atherosclerosis. Given the pathophysiological relationship
between microcalcification and macrocalcification, for the purposes of this NaF-PET
study it is also necessary to consider the role of macrocalcification.

3.2 Methods

Methodology for this chapter is discussed in Chapter Two.
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3.3 Results

3.3.1 Study population

Of the 31 participants recruited to the ICARUSS study, 27 underwent NaF-PET/CT
(of the 4 recruited who did not undergo scanning: 2 clinically deteriorated prior to
scanning, 1 had expedited endarterectomy prior to NaF-PET/CT, and 1 was unable to

complete the scan due to claustrophobia).

Of this 27, 26 had imaging suitable for analysis (1 participant had an uninterpretable
asymptomatic carotid artery due to uncorrectable spill-over artifact and was excluded

from analysis).

The participant characteristics of the analysed 26 participant cohort are shown in

Table 3.1.

Mean age (years) 74.8 (SD 9.7)
Men 18 (69.2%)
Median BMI 26 (IQR 3.9)
Smoking history (current or ex-smokers) 17 (65.4%)
Diabetes mellitus 4 (15.4%)
Hypertension 17 (65.4%)
Current statin 9 (34.6%)
Current antiplatelet 8 (30.8%)
Cardiovascular history (previous ischaemic 8 (30.8%)

heart disease or myocardial infarction)

Median NIHSS 4.5 (IQR 10.75)
Thrombolysed 6 (23.1%)
CEA (following imaging) 9 (34.6%)
Modal degree of symptomatic stenosis 70-89%
Mean symptom-scan time (days) 9.7 (SD 4.1)

Table 3.1: Clinical characteristics of the NaF-PET/CT cohort.
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NaF uptake was visualised in symptomatic and asymptomatic carotid arteries as

demonstrated in Figure 3.2.

Figure 3.2: NaF uptake in symptomatic disease. (a) axial CT angiogram, (b) axial

NaF-PET/CT, (c) axial PET, (d) coronal NaF-PET/CT, (e) sagittal NaF-PET/CT

showing an asymptomatic right carotid artery (white arrow) and a symptomatic left

carotid artery (red arrow).
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3.3.2 NaF uptake in symptomatic and asymptomatic arteries

3.3.2.1 NaF SUVs in symptomatic and asymptomatic arteries

Results for SUV,x are shown in Table 3.2 and Figure 3.3.

Symptomatic carotid | Asymptomatic carotid Significance
artery artery
Median SHS SUV .« 2.16 (0.76) 1.88 (0.94) p<0.001
(IQR)
Median MDS SUV .« 2.04 (0.66) 1.76 (0.83) p<0.001
(IQR)
Median WV  SUV .« 1.36 (0.36) 1.33 (0.40) p=0.09
(IQR)

Table 3.2: NaF SUV .« readings for symptomatic and asymptomatic carotid arteries.
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Figure 3.3: NaF SUVpax. Boxplots showing SUV,,x between symptomatic and
asymptomatic arteries for SHS (left), MDS (middle), and WV (right) SUV pax.
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Results for SUV yean are shown in Table 3.3 and Figure 3.4.

Symptomatic carotid | Asymptomatic carotid Significance
artery artery
Median SHS SUV e 1.78 (0.55) 1.60 (0.63) p<0.001
(IQR)
Median MDS SUV ean 1.65 (0.56) 1.47 (0.57) p<0.001
(IQR)
Median MWV SUV ean 1.18 (0.26) 1.16 (0.43) p=0.02
(IQR)
Table 3.3: NaF SUV ey readings for symptomatic and asymptomatic carotid arteries.
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Figure 3.4: NaF SUVean. Boxplots showing SUVy,ean between symptomatic and

asymptomatic arteries for SHS (left), MDS (middle), and WV (right) SUV nean.
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3.3.2.2 NaF TBRs in symptomatic and asymptomatic arteries

Mean venous SUV was 0.78 (SD 0.19). Results for TBRy,x are shown in Table 3.4

and Figure 3.5.
Symptomatic carotid | Asymptomatic carotid Significance
artery artery

Median SHS TBRx 2.84 2.52 p<0.001
(IQR) (IQR 0.67) (IQR 1.08)

Median MDS TBR.x 2.68 2.39 p<0.001
(IQR) (IQR 0.63) (IQR 1.02)

Median MWV TBR, .« 1.85 1.79 p=0.10
(IQR) (IQR 0.28) (IQR 0.60)

Table 3.4: NaF TBR;,.x readings for symptomatic and asymptomatic carotid arteries.
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Figure 3.5: NaF

TBRuyax. Boxplots showing TBRy,.x between symptomatic and
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asymptomatic arteries for SHS (left), MDS (middle), and WV (right) TBRp,x.
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Results for TBRmean are shown in Table 3.5 and Figure 3.6.

Symptomatic carotid | Asymptomatic carotid Significance
artery artery
Median SHS TBRcan 2.21 2.09 p<0.001
(IQR) (IQR 0.74) (IQR 0.87)
Median MDS TBRcan 2.13 1.98 p<0.001
(IQR) (IQR 0.64) (IQR 0.80)
Median MWV TBRcan 1.57 1.55 p=0.02
(IQR) (IQR 0.28) (IQR 0.48)

Table 3.5: NaF TBRean readings for symptomatic and asymptomatic carotid arteries.
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Figure 3.6: NaF TBRpcan. Boxplots showing TBRcan between symptomatic and

asymptomatic arteries for SHS (left), MDS (middle), and WV (right) TBR pnean.

3.3.3 Relationship of NaF uptake to stroke severity

There was also no correlation between any measures of NaF uptake in the

symptomatic artery and stroke severity as recorded by the NIHSS: SHS SUV i (1=-
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0.14, p=0.51), MDS SUV . (1=-0.15, p=0.46), WV SUV . (1=-0.14, p=0.50), SHS
SUVmean (r=-0.22, p=0.27), MDS SUVnean (1=-0.20, p=0.33), and WV SUVean (1=-
0.17, p=0.41) (Figure 3.7). A similar pattern of a lack of correlation was also
observed with TBR values: SHS TBRy.x (r-0.11, p=0.58), MDS TBRu.x (r=-0.07,
p=0.72), WV TBRp. (1=0.05, p=0.82), SHS TBRuyean (r=-0.14, p=0.49), MDS
TBRpmean (r=-0.17, p=0.40). WV TBRpean (r=-0.03, p=0.90).
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Figure 3.7: Associations between NIHSS and symptomatic artery SUVs.
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3.3.4 Relationship between NaF uptake and degree of luminal stenosis

There was no significant relationship between the degree of luminal stenosis and SHS

SUVimax (p=0.32), MDS SUVinax (p=0.25), SHS SUVinean (p=0.25), or MDS SUV nean

(p=0.19) (Figure 3.8).
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Figure 3.8: NaF SUVs categorised by degree of luminal stenosis.

Adjustment by venous pooling to give TBR measures also showed no significant

relationship between the degree of stenosis and NaF uptake: SHS TBRuyax (p=0.92),
MDS TBRuax (p=0.91), SHS TBRpean (p=0.84), MDS TBRean (p=0.75) (Figure 3.9).
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Figure 3.9: NaF TBRs categorised by degree of luminal stenosis.

3.3.5 Spatial distribution of NaF uptake

Plotting the median value of tracer uptake for each 3 mm axial slice along the length

of the carotid artery demonstrates a spatial distribution of tracer uptake.

For SUVax, NaF uptake shows a focal peak at the +1 slice in the symptomatic artery.
In contrast, there is an attenuated pattern in the asymptomatic artery (Figure 3.10).
Corresponding SUV pean curves show a similar pattern to the corresponding SUV pax

curves (Figure 3.11).
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Figure 3.10: Spatial distribution of NaF SUV .. Median SUV,, at each 3 mm

slice along the artery (slice 0 being the carotid bifurcation).
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Figure 3.11: Spatial distribution of NaF SUV pean. Median SUV ean at each 3 mm

slice along the artery (slice 0 being the carotid bifurcation).
TBRmax and TBRpean in symptomatic arteries also show a peak in the slice 3 mm

immediately distal to the carotid bifurcation in the internal carotid artery (Figures

3.12 and 3.13).
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Figure 3.12: Spatial distribution of NaF TBR,,x. Median TBR,,x at each 3 mm

slice along the artery (slice 0 being the carotid bifurcation).
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Figure 3.13: Spatial distribution of NaF TBRyean. Median TBRyean at each 3 mm
slice along the artery (slice 0 being the carotid bifurcation).

3.3.6 Comparison of SUV and TBR readings
SHS SUVnax and SHS TBRyax had a correlation of 1,=0.72 (p<0.001), MDS SUV ax

and MDS TBR.x had a correlation of rg =0.71 (p<0.001), and WV SUVax and WV
TBRmax had a correlation of r; =0.57 (p<<0.001) across all 52 arteries (Figure 3.14).
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SHS SUVpean and SHS TBRyean had a correlation of r=0.69 (p<0.001), MDS
SUViean and MDS TBRyean had a correlation of ry =0.71 (p<<0.001), and WV SUV yean
and WV TBR,can had a correlation of 1,=0.61 (p<0.001) across all 52 arteries (Figure
3.14).
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Figure 3.14: Associations between corresponding NaF SUV and TBR measures.

Given the above results, the blood pool activity of NaF (venous SUV) was
considered. Ultimately there was no significant effect of any of the variables included
above on NaF blood-pooling. There was no significant correlation between venous
SUV and age (r=0.24, p=0.23), BMI (1r:=0.22, p=0.29), or stroke-to-NaF-PET/CT
interval (r=-0.11, p=0.58). There was no difference for sex (female median 0.82 [IQR
0.25] versus male median 0.76 [IQR 0.19], p=0.29), hypertension (hypertension mean
0.77 [SD 0.18] versus 0.79 [SD 0.15], p=0.67), smoking (smoking mean 0.78 [SD
018] versus 0.78 [SD 0.15], p=0.97), diabetes (diabetes mean 0.78 [SD 0.18] versus
0.78 [SD 0.17], p=0.98), prior statin (prior statin mean 0.81 [SD 0.23] versus 0.76
[SD 0.13], p=0.50), prior antiplatelet (prior antiplatelet mean 0.78 [SD 0.26] versus
0.77 [SD 0.12], p=0.91), or cardiovascular history (cardiovascular history median
0.73 [IQR 0.31] versus 0.76 [IQR 0.12], p=0.26).
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3.3.7 Reproducibility

Over all 84 axial slices of the 6 participants chosen to test reproducibility, the intra-
rater ICC was 0.999 for SUV.x and 0.995 for SUV ean. Taking an artery-by-artery
basis for all 12 arteries, intra-rater ICC for SHS SUV.x was 1.00, ICC for MDS
SUVmax was 1.00, and MWV SUV,..x was 0.997. The intra-rater ICCs for SHS
SUVmean, MDS SUVpean, and MWV SUVean were 0.997, 0.995, and 0.999

respectively.

Over all 84 axial slices, the inter-rater ICC was 0.969 for SUV . and 0.977 for
SUV nean. Inter-rater ICC for TBRnax was 0.955 and for TBRean was 0.93.

3.3.8 NaF uptake and risk factors

3.3.8.1 Univariable analysis of NaF uptake according to risk factors

The effects of cardiovascular risk factors upon NaF uptake were considered on a

patient-level analysis (including both symptomatic and asymptomatic arteries).

Results of the univariable analyses are shown in Appendix C.

3.3.8.2 Multivariable analysis of NaF uptake according to risk factors

Multivariable linear regression for each uptake measure was performed using a
likelihood-ratio approach for backwards elimination as described in Chapter Two

(Tables 3.6 and 3.7).

SHS SUV jpax AIC =109.8 Adjusted R* = 0.47 (p<0.01)
Coefficient Adjusted significance
Age 0.05 p<0.001
Male sex -0.59 p=0.02
Smoker 0.57 p=0.01
Current statin 1.25 p<0.01
Current antiplatelet -1.07 p<0.01
Total cholesterol -0.18 p=0.14
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MDS SUV pax AIC =98.8 Adjusted R = 0.49 (p<0.01)
Coefficient Adjusted significance

Age 0.04 p<0.001

Male sex -0.53 p=0.02

Smoker 0.59 p<0.001

Current statin 1.18 p<0.001

Current antiplatelet -1.01 p<0.001

Total cholesterol -0.17 p=0.12

WYV SUV ax AIC =13.3 Adjusted R* = 0.58 (p<0.01)
Coefficient Adjusted significance

Age 0.01 p<0.01

Male sex -0.33 p<0.01

Smoker 0.30 p<0.01

Current statin 0.61 p<0.001

Cardiovascular history -0.49 p<0.001

Total cholesterol -0.07 p=0.12

Thrombolysis 0.14 p=0.11

SHS SUV nean AIC =70.7 Adjusted R* = 0.51 (p<0.01)
Coefficient Adjusted significance

Age 0.03 p<0.001

Male sex -0.47 p<0.01

Hypertension 0.35 p=0.05

Current statin 0.79 p<0.001

Cardiovascular history -0.85 p<0.001

Thrombolysis 0.47 p=0.02

Onset-to-NaF/PET interval 0.03 p=0.08

MDS SUV mean AIC =63.1 Adjusted R* = 0.52 (p<0.01)
Coefficient Adjusted significance

Age 0.03 p<0.001

Male sex -0.55 p<0.01

Smoking 0.34 p=0.02

Current statin 0.74 p<0.001

Cardiovascular history -0.60 p<0.001

Thrombolysis 0.23 p=0.12

Total cholesterol -0.12 p=0.11

WYV SUVean AIC =44 Adjusted R* = 0.55 (p<0.01)
Coefficient Adjusted significance

Age 0.01 p<0.01

Male sex -0.26 p<0.01
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Smoking 0.25 p<0.01
Current statin 0.46 p<0.001
Cardiovascular history -0.39 p<0.001
Total cholesterol -0.08 p=0.06

Table 3.6: Regression modeling of clinical risk factors associated with NaF SUV.

SHS TBR;ax AIC =133.9 Adjusted R” = 0.40 (p<0.01)
Coefficient Adjusted significance

Age 0.05 p<0.01

Male sex -0.67 p=0.04

Smoking 0.90 p<0.01

Current statin 0.96 p=0.02

Current antiplatelet -1.86 p<0.01

Cardiovascular history 1.08 p=0.03

Total cholesterol -0.42 p<0.01

MDS TBRax AIC =123.7 Adjusted R” = 0.42 (p<0.01)
Coefficient Adjusted significance

Age 0.05 p<0.01

Male sex -0.58 p=0.048

Smoking 0.92 p<0.01

Current statin 0.90 p=0.02

Current antiplatelet -1.79 p<0.01

Cardiovascular history 1.09 p=0.02

Total cholesterol -0.39 p<0.01

WYV TBR,,.x AIC =458 Adjusted R” = 0.45 (p<0.01)
Coefficient Adjusted significance

Age 0.01 p=0.045

Male sex -0.23 p=0.09

Smoking 0.55 p<0.001

Current statin 0.45 p=0.01

Current antiplatelet -0.87 p<0.01

Cardiovascular history 0.57 p<0.01

Total cholesterol -0.24 p<0.001

SHS TBRean AIC=091.3 Adjusted R” = 0.44 (p<0.01)
Coefficient Adjusted significance

Age 0.03 p<0.01

Male sex -0.53 p=0.01

Smoking 0.66 p<0.01
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Current statin 0.57 p=0.04
Current antiplatelet -1.22 p<0.01
Cardiovascular history 0.78 p=0.02

Total cholesterol -0.33 p<0.01

MDS TBRuean AIC = 85.0 Adjusted R* = 0.44 (p<0.01)

Coefficient Adjusted significance

Age 0.03 p<0.01

Male sex -0.48 p=0.02
Smoking 0.67 p<0.001
Current statin 0.56 p=0.03
Current antiplatelet -1.18 p<0.01
Cardiovascular history 0.75 p=0.01

Total cholesterol -0.31 p<0.01

WYV TBRean AIC =304 Adjusted R* = 0.45 (p<0.01)

Coefficient Adjusted significance

Age 0.01 p=0.046

Male sex -0.22 p=0.07
Smoking 0.46 p<0.001
Current statin 0.32 p=0.04
Current antiplatelet -0.65 p<0.01
Cardiovascular history 0.44 p=0.01

Total cholesterol -0.23 p<0.001

Table 3.7: Regression modeling of clinical risk factors associated with NaF TBR.

3.3.9 Relationship with hsCRP

There was no relationship between hsCRP any measure of NaF uptake. Correlations
between hsCRP and symptomatic artery SHS SUV0x and WV SUV .« were 1,=0.88
(p=0.67) and r=-0.05 (p=0.81) respectively. Between hsCRP and SHS SUV yean and
WV SUVpean the Spearman’s correlations were r=0.61 (p=0.77) and r=0.132

(p=0.52) respectively. There were no significant correlations between hsCRP and
symptomatic artery SHS TBRax (1=-0.02, p=0.91), WV TBRux (15 =0.05, p=0.80),
SHS TBRyean (1:=-0.01, p=0.95), and WV TBRnean (1:=0.10, p=0.61).
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3.3.10 Carotid calcification scoring

Carotid calcification scoring using the Agatston method was possible in all 26
participants. Median symptomatic artery CACS was 367 (IQR 625) versus median
asymptomatic artery CACS of 324.5 (IQR 500.5) (p=0.36 on Wilcoxon signed rank
testing). Examining the constituent parts of calcium scoring, symptomatic carotid
arteries did not differ significantly from asymptomatic arteries in terms of calcium
volume (median 386 (IQR 537.5) versus 326.5 (IQR 453.5), p=0.35) or calcium
density (median 488 (IQR 940.5) versus 443 (IQR 680.25), p=0.36).

No significant difference was observed between right or left carotid arteries for CACS
(median 366.5 (IQR 595.25) versus 335.5 (IQR 502.5), p=0.55), calcium volume
(median 369 (IQR 507.5) versus 343.5 (IQR 426.75), p=0.51), or calcium density
(median 505 (IQR 883.5) versus 426 (685.75), p=0.59).

3.3.10.1 Carotid artery calcium score

On univariable analysis, the CACS had a moderate-to-strong association with age,

with total CACS (r=0.75), symptomatic artery CACS (r:=0.64), and asymptomatic
artery CACS (rs=0.73) all being significant (all p<0.001) (Figure 3.15).
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Figure 3.15: Associations between age and carotid artery calcium score.

Carotid calcification and its relation to risk factors (for both symptomatic and total

carotid calcium score) are shown in the univariable analysis in Table 3.8.
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Symptomatic | Symptomatic Sig. Total Total Sig.
carotid carotid carotid carotid
calcium score | calcium score calcium calcium
in presence of | in absence of score in score in
risk factor risk factor presence of | absence of
risk factor | risk factor
Male sex 233.5 535.5 p=0.21 660 985.5 p=0.22
(654) (569.25) (1337.25) (691.75)
Smoking 281 657 p=0.40 545 1009 p=0.40
(662) (385) (825) (727)
Diabetes 726 3195 p=0.26 1171 804.5 p=0.56
mellitus (IQR 245.75) | (IQR 585.75) (632.5) (1287.5)
Hypertension 657 148 p=0.08 1009 344 p=0.03
(894) (206) (1179) (614)
Prior statin 747 148 p=0.01 1682 399 p=0.004
(454) (329) (861) (801)
Prior 876 214.5 p=0.02 1347 468.5 p=0.02
antiplatelet (527) (498) (832.25) (833)
Cardiovascular 702 214.5 p=0.07 1010.5 468.5 p=0.06
history (544.25) (583.5) (757.5) (1073.75)

Table 3.8: Univariable analysis for CACS and risk factors. All values median (IQR).

There was no relationship found between BMI and symptomatic carotid CACS

(r=0.02, p=0.94), asymptomatic carotid CAC (rs=-0.18, p=0.38), or total carotid

calcium score (rs=-0.06, p=0.77).

Adjustment for all variables using multiple linear regression as described in Chapter

Two is shown in Table 3.9.
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Coefficient Adjusted significance

Symptomatic carotid CACS

Age 32.5 p=0.03
Male sex -526.9 p=0.05
Smoking 557.0 p=0.04
Prior statin 1317.8 p<0.01
Prior antiplatelet -808.9 p=0.04

AIC =409.2 Adjusted R* = 0.47 (p<0.01)

Total carotid artery CACS

Age 69.8 p=0.01
Male sex -1122.15 p=0.02
Smoking 1242.2 p=0.01
Prior statin 3079.4 p<0.001
Prior antiplatelet -2407.5 p<0.01
AIC =4393 Adjusted R = 0.58 (p<0.001)

Table 3.9: Multiple regression analysis of risk factors associated with CACS.

3.3.10.2 Carotid artery calcium volume

Carotid artery calcium was strongly correlated with age in the symptomatic carotid
artery (rs=0.75, p<0.001) and total carotid artery volume (rs=0.74, p<0.001), and
moderately correlated in the asymptomatic carotid artery (rs=0.63, p<0.001). Further

univariable analysis is shown in Table 3.10.
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Symptomatic | Symptomatic Sig. Total Total Sig.
carotid carotid carotid carotid
calcium calcium calcium calcium
volume in volume in volume in | volume in
presence of | absence of risk presence of | absence of
risk factor factor risk factor | risk factor
Male sex 238.5 505.5 p=0.26 668.5 977 p=0.22
(561.75) (444.75) (1134.5) (606.75)
Smoking 267 609 p=0.53 514 1002 p=0.43
(577) (261) (689) (588)
Diabetes 655 345 p=0.35 1067.5 853.5 p=0.76
mellitus (226.75) (524) (558.25) (1078)
Hypertension 629 157 p=0.07 929 387 p=0.04
(779) (178) (1048) (644)
Prior statin 679 157 p=0.01 1472 387 p<0.01
(546) (300) (740) (773)
Prior 792 212 p=0.02 1200.5 447.5 p=0.047
antiplatelet (582) (464.25) (758.75) (808)
Cardiovascular 644 212 p=0.09 940.5 447.5 p=0.13
history (448.5) (522.5) (598.5) (973.5)

Table 3.10: Univariable analysis of carotid artery calcium volume and vascular risk

factors. All values expressed as median (IQR).

As with CACS, carotid artery calcium volume showed no correlation with BMI for

symptomatic carotid artery (rs=0.03, p=0.88), asymptomatic carotid artery (rs=-0.14,

p=0.50), or combined carotid artery calcium volume (rs=-0.06, p=0.78).

Adjustment of calcium volume for risk factors using multivariable linear regression is

shown in Table 3.11.

116




Coefficient

Adjusted significance

Symptomatic carotid artery calcium volume

Age 31.2 p=0.02
Male sex -445.9 p=0.06
Smoking 525.4 p=0.03
Prior statin 1163.0 p<0.001
Prior antiplatelet -713.2 p=0.04
AIC =401.3 Adjusted R” = 0.50 (p<0.01)
Total carotid artery calcium volume
Age 66.2 p<0.01
Male sex -943.5 p=0.03
Smoking 1161.8 p<0.01
Prior statin 2701.5 p<0.001
Prior antiplatelet -2111.1 p<0.01
AIC 431.1 Adjusted R” = 0.60 (p<0.001)

Table 3.11: Multiple regression analysis of risk factors associated with carotid artery

calcium volume.

3.3.10.3 Carotid artery calcium mass

As with CACS and carotid artery calcium volume, carotid artery calcium mass also

showed strong correlations with age for the symptomatic carotid artery (rs=0.78,

p<0.001) and total carotid artery mass (r;=0.74, p<0.001), and moderated correlation

with age for the asymptomatic carotid artery (rs=0.65, p<0.001). Further univariable

analysis is shown in Table 3.12.
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Symptomatic | Symptomatic Sig. Total Total Sig.
carotid carotid carotid carotid
calcium mass | calcium mass calcium calcium
in presence of | in absence of mass in mass in
risk factor risk factor presence of | absence of
risk factor | risk factor
Male sex 257.5 808 p=0.18 797.5 1394.5 p=0.18
(860.25) (982.75) (1836.25) (118.5)
Smoking 296 951 p=0.34 792 1436 p=0.31
(873) (705) (991) (1289)
Diabetes 1023.5 367.5 p=0.28 1544 854.5 p=0.61
mellitus (437.75) (906.75) (1071.25) (1809)
Hypertension 951 219 p=0.10 1353 494 p=0.03
(1460) (219) (1817) (573)
Prior statin 1022 219 p<0.01 2524 587 p<0.01
(1169) (507) (1429) (1024)
Prior 1305.5 257.5 p=0.02 1986.5 627.5 p=0.01
antiplatelet (1233) (562.5) (1606.75) | (1172.75)
Cardiovascular 991 257.5 p=0.06 1394.5 627.5 p=0.04
history (1047.75) (786.25) (1424) (1489.25)
Table 3.12: Univariable analysis of carotid artery calcium mass and vascular risk

factors. All values expressed as median (IQR).

There was no association between calcium mass and BMI for symptomatic carotid

arteries (rs=-0.01, p=0.95), asymptomatic carotid arteries (rs=-0.16, p=0.44), or total

carotid artery calcium mass (r,=-0.07, p=0.72).

Adjustment of calcium mass for risk factors using multivariable linear regression is

shown in Table 3.13.
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Coefficient

Adjusted significance

Symptomatic carotid artery calcium mass

Age 53.0 p=0.03
Sex -828.0 p=0.06
Smoking 867.5 p=0.048
Prior statin 2100.7 p=0.001
Prior antiplatelet -1237.4 p=0.05
AIC =434.0 Adjusted R”= 0.47 (p<0.01)

Total carotid artery calcium mass

Age 115.1 p=0.01
Sex -1720.2 p=0.03
Smoking 2062.5 p=0.01
Prior statin 4937.3 p<0.001
Prior antiplatelet -3768.6 p<0.01

AIC 464.2

Adjusted R2 = 0.58 (p<0.001)

Table 3.13: Multiple regression analysis of risk factors associated with carotid artery

calcification mass.

3.3.11 Spatial distribution of macrocalcification

The spatial distribution of the calcium score at each 3 mm slice along the

common/internal carotid artery is shown below (Figure 3.16). As discussed above,

there was no difference in arterial calcium scores between symptomatic and

asymptomatic arteries. The slice-by-slice spatial analysis shows that the peak calcium

score is similar between symptomatic and asymptomatic arteries. However, the peak

calcium score is closer to the bifurcation in the symptomatic artery (corresponding to

the +1 slice; 3 mm above the carotid bifurcation) in comparison to the asymptomatic

artery, where the peak activity is more distal.
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Figure 3.16: Spatial distribution of CACS. Median CACS at each 3 mm slice (slice

0 representing the carotid bifurcation).

3.3.12 Relationship between NaF uptake and macrocalcification

The relationship between microcalcification and macrocalcification may be

considered on an axial slice-by-slice basis or on an artery-by-artery basis.

On a slice-by-slice basis - considering all 728 axial slices together - there were
moderate correlations between Agatston score and SUVpean (1:=0.412, p<0.01) and

SUV mean (1,=0.427, p<0.01).

Of 364 axial slices through 26 symptomatic arteries, the overall correlation between
Agatston score and SUV yean Was 1,=0.428 (p<0.01), and between Agatston score and
SUVmax was 1,=0.430 (p<0.01). When considering the 173 axial slices where
macrocalcification was detected, the correlation of Agatston score with SUV pean and
SUVmax weakened but remained significant (rs=0.328 and r=0.350 respectively, both
p<0.01).

Adopting a similar approach for the 364 axial slices in the 26 asymptomatic arteries,

the correlation between Agatston score and SUVyean 1s 1:=0.385 (p<0.01), and
between Agatston score and SUV .« 1,=0.414 (p<0.01). When considering only the
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159 axial slices with macrocalcification, correlation between Agatston score and

SUViean and SUV ax was 1,=0.369 and r=0.376 respectively (both p<0.01).

Patient-based (artery-by-artery) correlations demonstrated stronger associations.
Overall the artery-by-artery (for all 52 arteries, both symptomatic and asymptomatic)
Spearman correlations between CACS and SHS SUVean, MDS SUVipean, and WV
SUVimean Wwere 1:=0.630 (p<0.01), r~0.629 (p<0.01), and r=0.547 (p<0.01)
respectively. SUVyax criteria demonstrated marginally stronger correlations, with
correlations between CACS and SHS SUV na, MDS SUV iy, and WV SUV . being
1:=0.678 (p<0.01), r:=0.667 (p<0.01), and rs=0.571 (p<0.01) respectively.

These artery-by-artery correlations were then subdivided according to
symptomatic/asymptomatic arteries. For the 26 symptomatic arteries, the total artery
CACS had correlations with SHS SUVinean, MDS SUVinean, and WV SUVean Of
1=0.569 (p<0.01), r&=0.581 (p<0.01), and r=0.483 (p=0.01) respectively. For
corresponding SUV .« measures, correlations were stronger between CACS and SHS
SUVmax and MDS SUVyax (1:=0.649 and r=0.633 respectively, both p<0.01) but
comparable for WV SUV i« (1:=0.467, p=0.02) (Figure 3.17).
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Figure 3.17: Associations between CACS and NaF SUVs in symptomatic arteries.

For the asymptomatic arteries, Spearman correlations were higher for all
corresponding values: correlations between CACS and SHS SUVyean (1s=0.639,
p<0.01), MDS SUVpean (1=0.647, p<0.01), WV SUVpean (1:=0.605, p<0.01), SHS
SUVpax (1:=0.695, p<0.01), MDS SUVjax (r=0.690, p<0.01), and WV SUV
(r=0.634, p<0.01) (Figure 3.18).
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Figure 3.18: Associations between CACS and NaF SUVs in asymptomatic

arteries.

TBR measures also showed moderate-to-strong correlations with CACS in the both

symptomatic and asymptomatic arteries (Table 3.14).

Symptomatic carotid arteries Asymptomatic carotid arteries

Correlation Significance Correlation Significance
SHS TBRax r=0.59 p<0.01 r:=0.65 p<0.01
MDS TBR ax r=0.55 p<0.01 1=0.65 p<0.01
WV TBR r=0.45 p=0.02 r=0.49 p=0.01
SHS TBRean r=0.60 p<0.01 r=0.62 p<0.01
MDS TBR ean r=0.58 p<0.01 r=0.62 p<0.01
WYV TBRean r=0.51 p<0.01 r=0.49 p=0.01

Table 3.14: Correlations between CACS and NaF TBRs.
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3.4 Discussion

3.4.1 NaF-PET to identify culprit atheroma

This part of the study demonstrates that uptake of NaF in symptomatic culprit
atheroma is increased compared to the non-culprit asymptomatic plaque and that
uptake differentiates between symptomatic and asymptomatic arteries. It is the largest
symptomatic stroke cohort investigated with NaF-PET/CT to date and is the first to

have been conducted including a range of stroke severities.

The validated utility of NaF to detect microcalcification means that these radiological
findings support histological studies identifying microcalcification as a key process
involved in plaque destabilisation. The role of microcalcification in plaque rupture
has been identified through histological and biomechanical analysis. A small study of
coronary atheroma suggested that microcalcification may increase the circumferential
stress in regions of a thin fibrous cap with pre-existing circumferential stress by up to
a factor of two (Vengrenyuk et al., 2006). Subsequent work showed that this
mechanical disruption of the fibrous cap is location specific, with microcalcification
only seen to cause plaque rupture when it occurred within a region of pre-existing
high background stress and in fibrous caps thinner than 80 pum, as well as being
affected by the shape of the microcalcification. Although spherical microcalcification
increased circumferential stress by a factor of two as previously reported, elongated
microcalcifications caused even higher stress increases (Vengrenyuk et al., 2008). In
contrast to microcalcification, the same study also reported a stabilising effect of
macrocalcification within the fibrous cap shoulders (Vengrenyuk et al., 2008). A
larger study of 107 coronary vessels has supported these findings, indicating that that
tissue stress may increase up to fivefold in the presence of concentrated
microcalcification, and that stress on thin fibrous caps with no microcalcification (107
kPa) fell below the threshold believed to be necessary for rupture (300 kPa)
(Maldonado et al., 2012, Cheng et al., 1993). The authors conclude that although a
thin cap may reach the rupture threshold with a single microcalcification, a clustering
of a sufficient number of microcalcifications may be enough to exceed the

vulnerability threshold (Maldonado et al., 2012).
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The inability of clinical CT, MRI, or optical coherence tomography (OCT) to detect
microcalcification means that molecular imaging with NaF-PET may represent a
potential method for detecting and quantifying microcalcification in clinical care.
Within the coronary arteries, Joshi et al. found that NaF can identify vulnerable but
non-ruptured atheroma (Joshi et al., 2014). This, along with the uptake seen in
asymptomatic atheroma (Derlin et al., 2010), implies a potential role for identification
of ‘at risk’ vulnerable plaques as well as detection of ruptured culprit plaques.
Furthermore, it provides a potential means to quantify microcalcification and its
response to treatment or as endpoints in drug discovery trials, similar to that used in
the dal-plaque study measuring FDG uptake in response to therapy (Fayad et al.,
2011b).

It is important to consider the nature of the ‘asymptomatic’ contralateral artery
comparator. While NaF uptake was consistently higher in the symptomatic artery
compared to the contralateral artery, there was consistently uptake demonstrated in
this ‘asymptomatic’ artery. No study participant had a stroke in the contralateral
hemisphere during the six-month study period, but it is possible that these regions in
the asymptomatic artery may become symptomatic at a later date. Although this
contralateral artery is ‘asymptomatic’ in that it has not ruptured and triggered a stroke
event, it is likely that the contralateral arteries are substantially along the spectrum of
vulnerability by nature of the individuals already proving themselves to be at high
risk. These individuals typically show a moderate- to high-risk vascular risk profile,
which is in turn associated with increased NaF uptake in asymptomatic individuals
(Morbelli et al., 2014). The vascular risk profile and NaF uptake is explored in greater
detail in subsequent sections, but the observed results raise two important
considerations. Firstly, there is the uncertainty whether these contralateral arteries
may become symptomatic at a later time (though intervention following this stroke
event may affect their progression). Secondly, it suggests that while culprit atheroma
can be reliably differentiated from high-risk plaques, the difference in uptake between
symptomatic plaques and normal or low-risk plaques will be even greater. This has
implications for the use of NaF-PET in individuals with low vascular risk and/or

asymptomatic disease.
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3.4.2 Spatial distribution of NaF uptake

The pattern of NaF uptake suggests that microcalcification is a focal disease, with
focal measures of tracer uptake (SHS SUVpax, MDS SUViax, SHS TBRpax, MDS
TBRmax) differing significantly between symptomatic and asymptomatic sides.
However, the average SUV .« and TBR,ax readings for the entire artery (WV SUV pax
and WV TBR;.x) were not significantly different between symptomatic and

asymptomatic sides.

The distribution of NaF uptake along the length of the symptomatic and arteries
suggests a peak increase around the carotid bifurcation and proximal internal carotid
artery. This peak is best visualised using SUV.x, which shows a focal peak in the
symptomatic artery, in contrast to an attenuated and more widespread uptake in the
asymptomatic artery. This peak is less distinct in the TBR,,x curve, where both curves

appear broader (Figure 3.19).
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Figure 3.19: Comparative spatial distributions of SUV..x and TBR;.
Comparison of NaF TBRyax (solid line) and SUV .« (dotted line) along symptomatic
(left) and asymptomatic (right) carotid arteries.

The pattern of disease may be further illustrated by directly comparing SUV .« and
SUViean. As shown in Figure 3.20, the curve for symptomatic SUV ,ax 1s similar to

the asymptomatic SUV ., except at the peak corresponding to the carotid bifurcation.
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Hence, this helps illustrate why SHS and MDS SUV . were significantly higher for
symptomatic carotid arteries, but WV SUVp. did not reach significance. The
SUVean curves show similar patterns for the symptomatic and asymptomatic arteries
along the length of the artery, again diverging primarily at the site around the carotid
bifurcation but also around the distal ICA. This may illustrate why the difference
between symptomatic and asymptomatic artery WV SUV ,ean reaches significance but

WV SUV nax does not.
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Figure 3.20: Composite NaF SUV spatial distributions. Comparison of NaF
SUViax (left) and SUV nean (right) at each slice along the symptomatic (red line) and
asymptomatic (blue line) artery (upper and lower interquartile limits shown by dashed

lines).

A similar pattern is seen in TBR measures (Figure 3.21), with the symptomatic and

asymptomatic artery curves diverging more than for SUV.

127



NaF TBRmax NaF TBRmean

3.0

25

NaF TBRmax
NaF TBRmean

302 -1 0 1 42 +3 +4 +5 +6 +7 +8 +9 +10 302 1 0 1 42 +3 +4 +5 46 +7 +8 +0 +10

Level of carotid Level of carotid

Figure 3.21: Composite NaF TBR spatial distributions. Comparison of NaF
TBRmax (left) and TBRean (right) at each slice along the symptomatic (red line) and
asymptomatic (blue line) artery (upper and lower interquartile limits shown by dashed

lines).

The bifurcation as a focus of disease was investigated statistically by testing the
uptake in the carotid bifurcation (defined as the median tracer uptake in the region
between the -2 and +2 slices, 1.e. +/- 2 slices either side of the bifurcation) and
comparing it against the median ‘non-bifurcation’ arterial uptake (defined as the
median uptake in the remaining nine slices that fell outside of the bifurcation). For
pooled symptomatic and asymptomatic arteries, NaF tracer uptake was significantly

higher in the bifurcation compared to the rest of the artery (Table 3.15).

Bifurcation Non-bifurcation Significance
Median SUV . (IQR) 1.65 (0.75) 1.26 (0.42) p<0.001
Median SUV nean (IQR) 1.35(0.57) 1.12 (0.34) p<0.001
Median TBR,.,x (IQR) 2.19 (0.81) 1.71 (0.38) p<0.001
Median TBRean (IQR) 1.85 (0.68) 1.47 (0.29) p<0.001

Table 3.15: Comparison of NaF uptake between bifurcation and non-bifurcation.

To confirm this significance was not due entirely to the symptomatic arteries, we

further subdivided arteries according to whether they were symptomatic (Table 3.16).
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Symptomatic artery Asymptomatic artery
Bifurcation Non- Sig. Bifurcation Non- Sig.
bifurcation bifurcation

Median

SUViax (IQR) | 1.72 (0.77) | 1.28 (0.39) | p<0.001 1.52 (0.66) 1.21 (0.46) p<0.001
Median

SUV nean 1.45(0.53) | 1.13(0.23) | p<0.001 1.33 (0.61) 1.06 (0.37) p<0.001
(IQR)

Median

TBR,.x IQR) | 2.22(0.72) | 1.74 (0.29) | p<0.001 2.01 (0.94) 1.62 (0.37) p<0.001
Median

TBRean 1.92 (0.64) | 1.47(0.24) | p<0.001 1.81 (0.69) 1.44 (0.35) p<0.001
(IQR)

Table 3.16: Comparison of NaF uptake between bifurcation and non-bifurcation

according to symptomatic and non-symptomatic carotid arteries.

The significantly higher WV SUV nean and WV TBRpean (but not WV SUV . or WV
TBRmax) in symptomatic compared to asymptomatic arteries suggests that there may
be a background level of microcalcification (potentially as a product of inflammation)
along the artery but the peak accumulation is focal. This finding supports the
biomechanical findings that the density of microcalcification, and the consequent
stresses they produce, are a major determinant in mechanical destabilisation of the

plaque.

3.4.3 Comparison of measures of NaF uptake

On an artery-by-artery basis there was a moderate to strong correlation between SUV
and TBR for focal measures of uptake, but only moderate correlation when the whole

vessel was considered.

The effect of renal impairment on NaF pharmacodynamics has received little
attention, most likely due to the nature of the studies and the cohorts examined.
Beheshti et al. found that renal function (dichotomised as high or low creatinine) did
not affect aortic NaF uptake measured using a “global molecular calcification score
(GMCS)” (Beheshti et al., 2011). This finding should be interpreted with caution as
the GMCS approach (the sum of the products of each ROI volume multiplied by the
SUViean 0f the ROI) as this technique reduces the effect of high focal uptake (i.e. the
SUVmmax) within the ROI. However, it is suggestive that the pharmacokinetics of NaF

129




uptake are not affected by renal impairment. Hence, the use of TBR to correct for
blood pooling appears to be less important for NaF-PET as it does with FDG-PET,
where FDG blood-pooling appears to be much more sensitive to renal function

(Derlin et al., 2011a).

Blomberg et al. have reported different NaF blood pool concentrations in different
vascular territories despite a prolonged circulation time (mean 92+4 minutes), being
the highest in the internal jugular veins (Blomberg et al., 2015). The authors conclude
this is likely secondary to spill-over effects from neighbouring bone structures and
suggest the use of the superior vena cava for reference. This study used the proximal
right internal jugular vein to measure venous uptake as the single bed position used
for scanning did not include the superior vena cava. No noticeable spill-over effect
was observed. To reduce any spill-over effect the average over five 3 mm slices was

used in this study.

Ultimately, there appear to be fewer arguments that favour TBR over SUV for
measuring NaF uptake compared to the equivalent argument in FDG-PET
methodology. This is likely to relate to the consistent level of NaF blood-pool activity
across subjects observed in our study. In this study both SUV and TBR were able to
differentiate between symptomatic and asymptomatic atheroma. Given the overall
shift towards using TBR in FDG-PET imaging studies, in the absence of a strong
reason to favour one or other in NaF-PET and assuming a suitable vein is used for
blood-pooling quantification, it seems sensible to adopt a similar quantification

approach across different tracer studies.

The overall distribution of tracer uptake raises an important consideration about the
statistical analysis of the WV artery scores. A number of papers report WV scores as
the mean value, whereas we have reported WV scores as the median value. Taking
SUVmax as an example, the slice-by-slice SUV ¢ along all 14 slices showed a non-
normal distribution along 10 (38.5%) of the symptomatic arteries and along 5 (19.2%)
of the asymptomatic arteries. Hence, the median value was chosen to express the
average value of the WV tracer uptake to avoid the potential skew that would occur if

means were used in non-normal intra-arterial distributions.
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3.4.4 Carotid calcification and culprit arteries

Calcium measurements using Agatston score, volume, or mass showed no significant
difference between symptomatic and asymptomatic carotid arteries. This is in-keeping
with the uncertainty about the role of carotid macrocalcification discussed above.
What it does suggest is that it is the microcalcification process specifically, rather than
simply the presence of macrocalcification, that is key to plaque destabilisation and

thromboembolism.

The difference in macrocalcification distribution seen between symptomatic and
asymptomatic arteries also raises the possibility that whilst the total calcium score did
not appear associated with stroke, the spatial distribution may be a contributory factor.
In our study the burden of calcification in the symptomatic artery peaked in the
proximal internal carotid artery, 3 mm distal to the carotid bifurcation. In contrast, the
peak of macrocalcification in the asymptomatic artery was 6 mm distal to the
symptomatic artery peak; approximately 1 cm distal to the origin of the internal

carotid artery.

The CACS in the bifurcation region specifically was tested using the approach
described in the previous section. Of the 52 carotid bifurcations, the range of CACS
was 0 to 916. Bifurcations were dichotomised to ‘low’ (0-450) and ‘high’ (>451)
calcification based on their Agatston score, with tracer uptake measured as the median
average of these five slices. There was no significant difference between the CACS in
the symptomatic bifurcation (138 [IQR 339.75]) and the asymptomatic bifurcation
(98.5 [IQR 384.25]) (p=0.29).

The association between vessel wall shear stresses and calcification is unclear, with
some studies suggesting an association between high shear stresses and calcification
(Samady et al., 2011) whilst others do not (Huang et al., 2001). In a comparative
study of femoral and carotid plaques, an increasing proportion of calcification relative
to lipid was associated with a reduced ability of atheroma to withstand stretch
(Cunnane et al., 2016). However, calcium’s role in vessel geometry has received less
attention. Computational fluid dynamics (CFD) considers the boundary of the lumen

as a rigid wall (as is likely the case with arterial calcification) and the only parameter
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derived from imaging associated with wall shear stress is luminal geometry. There
may be a link between calcium burden and distortion of the lumen, with higher
calcium (particularly surface calcium) leading to less regular luminal geometry and
impact upon wall shear stress. This work lies outside of the scope of this study but

forms the basis of future work with biomechanical engineers.

3.4.5 Relationship between NaF uptake and macrocalcification

Previous NaF-PET studies have reported different correlations between NaF uptake
and macrocalcification. Morbelli et al. reported no significant correlation between
TBR and regional calcium load, nor were carotid TBRs significantly different
between calcified versus non-calcified segments, in asymptomatic disease (Morbelli
et al., 2014). Fiz et al. categorised asymptomatic plaques according to light (HU
<210), medium (HU 211-510), and heavy (HU <510) attenuation values and reported
a reduction in plaque average TBR with increasing calcification (r=-0.7, p<0.01),
though it appears parametric testing was used in what is likely to be a non-normally
distributed population (Fiz et al., 2015). In contrast, Derlin et al. found significant
correlations between NaF uptake and calcification within the atherosclerotic lesion
(r=0.85, p<0.0001), intensity of tracer uptake (SUVa.x) and calcification score
(r=0.33, p<0.0001), and SUVnax and calcified lesion thickness (r=0.23, p<0.01) in
asymptomatic disease (Derlin et al., 2011c). In a mix of symptomatic disease and
asymptomatic controls, Vesey et al. reported a correlation between plaque SUV yean
and Agatston score of r=0.72 (p<0.001) (Vesey et al., 2017). Dweck et al. reported a
significant correlation between NaF uptake and coronary Agatston scores (1=0.652,
p<0.001) and extensive overlap between NaF uptake and macrocalcification, though
there were disparate areas with notably only 59% of patients with extensive CAC

scores (>1,000) showing significant NaF uptake (Dweck et al., 2012).

A strength of our study is the analysis of NaF uptake and calcification at an ROI level.
For any given ROI, there was a moderate but statistically significant association
between NaF uptake (using any of SUVax, SUViean, TBRmax, TBRmean) and calcium
score within that ROI.
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On an artery-by-artery basis, all NaF measures demonstrated a moderate but
significant association with carotid Agatston score. When separating by symptomatic
and asymptomatic arteries, these associations were slightly stronger in the latter. This
is consistent with microcalcification and macrocalcification representing related
stages in the progression of asymptomatic disease (and response to cardiovascular risk
profile). The increased microcalcification, but not macrocalcification, seen in

symptomatic plaque rupture then results in a reduced correlation.

When considering the bifurcation specifically, NaF uptake also showed a significant
difference between the low and high CACS cohorts, with NaF uptake higher in high
CACS bifurcations (SUVmax, SUVmean, TBRmax, TBRmean all p<0.05) (Figure 3.22).

NaF SUVmax NaF SUVmean
5 A 0 ———
35 “ |
X 4 § 30 |
R 0
£ . , £ 254 1
3 JFTE p—
24 M 154
= —= )
| | | |
Low CACS High CACS Low CACS High CACS
NaF TBRmax NaF TBRmean
0 0
" 4
X 5- §
E 4 QE) 3 4 0 —
14 0 ' ¢ S
E 3 , E 24 ( . |
) o (— ] — '
o e e—
f T T ! i T
Low CACS High CACS Low CACS High CACS

Figure 3.22: NaF uptake in the carotid bifurcation according to the degree of

macrocalcification.
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Broadly, our results appear to support the correlations reported by Derlin et al. and
Vesey et al. (Derlin et al., 2011c, Vesey et al., 2017). Our study participants showed
extensive calcification compared to asymptomatic populations. Only 3.8% (1/26) of
participants and 5.8% (3/52) of arteries were free of calcification. In contrast, 57.2%
(154/269) of asymptomatic participants were reported free of calcification in their
carotids (Derlin et al., 2011c). The difference in the burden of calcification between
symptomatic and asymptomatic cohorts is likely to account for some difference in the

correlations.

PPET studies have demonstrated that NaF binds only to the surface of
macrocalcifications and that the fluoride ion does not permeate into the crystalline
mass of large macrocalcifications (Irkle et al., 2015). The median Agatston score
reported in our study was 367 (IQR 625) for symptomatic arteries and 324.5 (IQR
500.5) for asymptomatic arteries, in contrast to a median of 164 (IQR 5-494) reported
by the symptomatic cohort in Vesey et al. (Vesey et al., 2017). The differences in
correlations between these studies is likely to be affected by this approximate two-
fold calcium burden seen in our study, with the heavy calcification likely to reduce
the correlation on the artery-by-artery basis as a substantial amount of calcification

lies within the calcified plaque and consequently cannot bind tracer.
The relative spatial distributions of NaF uptake and macrocalcification can be plotted

and show an apparent difference in the processes relative to each other (Figures 3.23

and 3.24).
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Figure 3.23: Spatial distribution of NaF SUVs and macrocalcification. Spatial
distribution of NaF uptake and macrocalcification by symptomatic (left) and
asymptomatic (right) carotid arteries. SUVax = solid line, SUVyean = dotted line,

Agatston score = dashed line.
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Figure 3.24: Spatial distribution of NaF TBRs and macrocalcification. Spatial
distribution of NaF uptake and macrocalcification by symptomatic (left) and
asymptomatic (right) carotid arteries. TBRy.x = solid line, TBRyean = dotted line,

Agatston score = dashed line.
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As previously discussed, the peak of macrocalcification appears to be shifted distally
along the internal carotid artery away from the carotid bifurcation in asymptomatic
relative to symptomatic carotid arteries. In symptomatic arteries the peak
macrocalcification co-localises with peak NaF SUV and TBR, but in asymptomatic
arteries these processes appear less related spatially. This supports the hypothesis that
although the microcalcification and macrocalcification processes are related, they are

distinct processes that do not necessarily co-exist.

3.4.6 Relationship between NaF uptake, calcification, and vascular risk profile

Risk factor analysis indicates that age, sex, statin therapy, antiplatelet therapy,
smoking, cardiovascular history, and total cholesterol play are independently
associated with increased NaF uptake. Given the moderate correlation found between
NaF and macrocalcification, as well as its physiological relationship, it is unsurprising
that similar risk factors (age, sex, smoking, statin therapy, and antiplatelet therapy)
appear significant when considering calcium measures. Possible reasons for these

associations are considered in greater detail below.

Previous NaF-PET studies have investigated the role of cardiovascular risk factors in
NaF uptake in both symptomatic and asymptomatic atherosclerosis across a variety of
arteries. These findings, along with the findings of this study, are summarised in

Table 3.17.
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ICARUSS Derlin et al. | Dweck et al. | Janssen et al. | Morbelli et Vesey et al.
study (2011) (2012) (2013) al. (2014) (2017)
Artery Carotid Carotid Coronary Superior Whole body Carotid
femoral
Symptomatic Symptomatic Asymptomatic Both Asymptomatic Asymptomatic Both
Age Yes Yes Yes Yes Yes Yes
Sex Yes (female) Yes (male) No No No Not reported
Diabetes No No No Yes Yes Not reported
Hypertension | No Yes No Yes Yes Not reported
Smoking Yes No No Yes No Not reported
Hypercholes | Yes (for TBR) | Yes Yes Yes Not reported Not reported
terolaemia
BMI No Yes Not reported No No Not reported
Current Yes No No Not reported Statin therapy | Not reported
statin excluded
Current Yes (for TBR) | Not reported Not reported Not reported Not reported Not reported
antiplatelet
Cardiovascular | Yes No Yes Yes Not reported Not reported
history
Notes High versus Correlation
low NaF with overall
uptake. No risk score.
multivariable
analysis.

Table 3.17: Summary of vascular risk factors found to be associated with NaF uptake

in literature to date.

3.4.6.1 Prior statin use

Given the relatively small sample size, caution must be applied in the interpretation of
significance following multivariable analysis. However, some trends emerge. All
measures of NaF uptake showed an independent association with statin use. This
relationship appeared to be independent of previous -cardiovascular events.
Interestingly, although Dweck et al. reported no difference between statin use
between their control and coronary heart disease groups, there was an approximate
two-fold increase in the use of atorvastatin in those showing active calcification that

approached significance (p=0.08) (Dweck et al., 2012), a result that appears to support

our findings.
A similar trend was seen with macrocalcification, where higher symptomatic arteries

and total carotid arterial calcification showed higher CACS, calcium volume, and

calcium mass in individuals with prior statin use. This relationship was highly
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statistically significant and remained independent after adjustment for other risk

factors significant on univariable analysis, including prior cardiovascular events.

Lipid lowering therapies have been shown to trigger changes in the composition of
the atherosclerotic plaque, favouring lesion stability (Crisby et al., 2001, Schartl et al.,
2001). However, the role of calcification in these studies has often not been
considered. Preclinical work has found that calcium deposition within vascular
smooth muscle cells is increased by atorvastatin in a dose-dependent manner (Trion et
al., 2008). A pooled analysis of plaque characteristics in 3,495 individuals undergoing
IVUS found that statin therapy promoted coronary plaque calcification regardless of
plaque volume progression or regression, and was independent of lipoprotein
concentrations (Puri et al., 2015). Statin use was independently associated with
coronary artery calcification progression in individuals with diabetes (Anand et al.,
2007, Saremi et al., 2012), and observed in a cohort of individuals with end-stage
renal failure (Chen et al., 2017). This latter study also found reduced in vitro synthesis
of menaquinone-4, a form of vitamin K2, by human vascular smooth muscle cells in
response to statin. This molecule has a potential role in regulating vascular
calcification by inhibiting calcification via vitamin K-dependent MGP (see Chapter
One) (Schurgers et al., 2013, Proudfoot and Shanahan, 2006), so a potential statin-
mediated reduction may be implicated as a non-inflammatory mediated pathway

promoting vascular calcification.

Some of the uncertainty surrounding the role of statins in calcification may be due to
the different mechanisms underlying the calcification process. Trion et al.’s pre-
clinical work considered vascular calcification through non-inflammatory-mediated
mechanisms, a finding supported by the subsequent clinical findings finding the
calcification changes were independent of lipoprotein changes (Trion et al., 2008, Puri
et al., 2015). In contrast, pre-clinical models that have used an inflammatory-trigger
for calcification have shown statins inhibit calcification, likely through their

pleiotropic effects (Kizu et al., 2004).

In the carotid arteries, several studies report statin therapy increases plaque
echogenicity in vivo, a finding consistent with increased calcification (Kadoglou et al.,

2008, Yamagami et al., 2008). The formation of calcification through coalescence of
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microcalcification described in Chapter One, and the correlation between NaF uptake
and macrocalcification shown here, means that the finding of an association between
both NaF uptake and carotid calcification with statin use is consistent a potential non-
inflammatory mechanism for statin-associated vascular calcification. The role of

inflammation in this mechanism will be further assessed in the next chapter.

3.4.6.2 Age

Age was consistently independently associated with NaF uptake using all measures
(focal and whole vessel, as well as for both SUV and TBR). Similarly, greater
vascular macrocalcification was also independently associated with increasing age.
This suggests that a systemic process is taking place, independent of the
cardiovascular risk factors identified here. Our results support similar findings of an
association between age and NaF uptake reported by Vesey et al., Derlin et al., and
Morbelli et al. (Vesey et al., 2017, Derlin et al., 2011c, Morbelli et al., 2014).

Analysis of carotid arteries in the Rotterdam study found age (OR 1.1 [1.1-1.2]) and
smoking to be the strongest independent risk factors for carotid calcification measured
using Agatston scoring. Although the odds ratio for age did not vary between men and
women, the odds ratio for smoking differed between sex and whether current or
former smoker (for men: OR 4.1 [1.5-10.8] for current smokers, OR 2.4 [1.1-5.4] for
former smokers; for women: OR 2.1 [1.1-4.1] for current smokers, OR 1.1 [0.7-1.9]).
Of BMI, hypertension, hypercholesterolaemia, HDL, and diabetes, none were
associated with an increased odds ratio of calcification in men, but
hypercholesterolaemia and hypertension were associated with carotid calcification in
women (Odink et al.,, 2010). However, medication was not included in their
multivariable models, and while previous cardiovascular history was included in the
model, associations were not reported. Broadly the pattern of associations for
macrocalcification is replicated in our study. The lack of an association between
macrocalcification and hypertension or hypercholesterolaemia in our study may
reflect the lower number of women in the study (compared to Odink et al. where they

account for 52%)).
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Derlin et al. and Janssen et al. both report a positive association between age and NaF
SUV and TBRean respectively in asymptomatic superior femoral arteries (Derlin et
al., 2015). In the coronaries, a large screening study of 30,908 individuals found an
increasing proportion of individuals aged over 55 years in cohorts with higher
coronary artery Agatston score (Hoff et al.,, 2003). Allison et al. examined
macrocalcification across coronary, aortic, and peripheral arteries and found that
macrocalcification was typically detected earliest in the coronary arteries and the
prevalence of systemic macrocalcification rose with age (Allison et al., 2004). Similar
results were seen in symptomatic carotid endarterectomy specimens, where plaque
calcification was again strongly associated with patient age (Redgrave et al., 2010). In
a serial imaging study, age was independently predictive of development of new

carotid macrocalcification (van Gils et al., 2013).

These clinical outcome studies suggest an association between age and carotid
microcalcification and macrocalcification, but the mechanism remains poorly defined.
The recurring theme that this age is an independent risk factor indicates it is not
simply exposure to conventional cardiovascular risk factors. These findings are
replicated in our results, and were consistent across all measures of NaF uptake and
macrocalcification. This suggests that age propagates microcalcification and its

coalescence into macrocalcification.

An emerging concept that may contribute to these observed results is “inflammaging,”
the development of chronic low-grade sterile inflammation with age due to
accumulated physiological insults and loss of anti-inflammatory homeostatic
mechanisms (Franceschi et al., 2000). Cytokines have a clear role in plaque
pathogenesis as indicated by a number of studies. TNFa and IL-6 have been indicated
in premature atherosclerotic disease in the carotid artery (Skoog et al., 2002, Okazaki
et al., 2014). Individuals with progressive carotid stenosis have been found increasing
concentrations of IL-6 and IL-10 (Puz and Lasek-Bal, 2017). Particularly relevant to
our study was the observation that plaque FDG-PET TBR.x correlated with 1L-6
(r=0.6, p<0.001), TNFa (r=0.37, p=0.02), and hsCRP (r=0.42, p=0.01) (Poredos et al.,
2016). Cytokines including IL-1p, IL-6, I-L8, IL-10, and TNFa were associated with
carotid intima-media thickness (IMT) in the left carotid artery, but curiously not in the

right carotid artery, in individuals aged over 60 years (Machado-Silva et al., 2016).
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Consequently, the increased levels of inflammatory cytokines, particularly 1L-6 and
TNFa (Bruunsgaard, 2002, Bruunsgaard and Pedersen, 2003), in elderly populations
are likely to promote atherosclerosis and plaque inflammation. This low-grade
inflammation characterised in the inflammaging process may contribute to driving
microcalcification and macrocalcification. Whether there is an association between
age and inflammation (measured using FDG-PET) will be explored further in the next

chapter.

Inflammaging has also been implicated in vascular remodeling, particularly
endothelial disruption, enhanced vascular smooth muscle cell proliferation,
extracellular matrix deposition, and matrix calcification (Wang et al., 2014). Age
cultured rat vascular smooth muscle cells have demonstrated co-localisation of
calpain-1 and MMP-2, with the former inducing the activity of the latter (Jiang et al.,
2012). Calpain-1 expression in the vascular smooth muscle cells of the human aortic
intima also increases with age, particularly in atherosclerotic areas, and this is
implicated in increasing alkaline phosphatase activity and decreasing the activity of
calcification inhibitors osteopontin and osteonectin (Jiang et al., 2012). In so doing,
this ageing process generates a cellular environment favourable for fostering the

development of microcalcification and macrocalcification.

3.4.6.3 Smoking

Smoking was consistently found to be associated with increased NaF uptake and
measures of arterial calcification. This supports findings of increased NaF uptake
associated with smoking reported by Janssen et al. (Janssen et al., 2013). However,
Morbelli et al. found that although smoking was associated with NaF TBR on
univariable analysis, this association did remain significant after adjustment in
multivariable analysis (Morbelli et al., 2014). Derlin et al. found no significant
association between smoking and NaF uptake in their asymptomatic cohort (Derlin et

al., 2011c).

Smoking has been found to be independently associated with carotid and aortic
calcification (Iribarren et al., 2000, Nicoll et al., 2016). Carotid ultrasound found that

smoking increased echodensity, though interestingly ex-smokers were found to have
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the highest risk for high echodensity. This may be because current smokers fell into
two groups: those who had calcified and were echodense versus those with soft
echolucent plaques, whereas ex-smokers did not show an increased risk of echolucent

plaques compared to non-smokers (Yang et al., 2015a).

Increased p-selectin expression was found to be associated with smoking in the Multi-
Ethnic Study of Atherosclerosis (Bielinski et al., 2015), contributing to the
development of plaques. Smoking was found to be independently associated with
increased FDG-PET whole-vessel SUVn. and TBR.x in asymptomatic carotid
arteries in individuals with coronary artery disease (Bucerius et al., 2011). The
combination of results suggests that the effect of smoking on NaF uptake and

macrocalcification is likely to be through plaque propagation and inflammation.

3.4.6.4 Sex

In NaF-PET studies in asymptomatic disease, male sex was found to be associated
with increased NaF uptake by Derlin et al. (Derlin et al., 2011c) but no sex differences
were reported in the other NaF-PET studies to date (see Table 3.17). Our results
suggest that female sex was associated with higher SUV values and higher SHS and
MDS TBRs, but not WV TBRs.

In contrast to our study, the carotid Agatston scores reported by Odink et al. were
over two-fold greater for men than for women (median 64.1 [IQR 2-234.8] versus
25.7 [IQR 0-128.6]), though no statistical comparisons were performed comparing
these (Odink et al., 2010). It should be noted that their study was performed in an
asymptomatic population, while our results were taken from a symptomatic

population, likely explaining why we are getting higher values.

What is not clear is why there is a reversal in the trend compared to the asymptomatic
population. One possible explanation is statistical: in our small cohort only
approximately one third of participants were women. This small sample may be
sufficient to skew the results, particularly as a number of female participants were
‘high-risk’ with risk factors shown to be associated with macrocalcification in women

but not in men (Odink et al., 2010). Furthermore, the female participants were older
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(median 82.5 years [IQR 10.75] compared to 72.5 years [IQR 12] in men, p=0.03) and
given the strong association of age with NaF uptake and macrocalcification, this may
be sufficient to remain significant even after adjustment on multivariable analysis

given the small number of women.

Alternatively, our high-risk symptomatic cohort may be subject to selection bias not
present in the asymptomatic population, with men with the highest calcium scores

potentially having died from myocardial infarctions already.

Finally, the observed results may be capturing an important pathophysiological
consideration. Although the above studies have a comparable average participant age,
the distribution of men and women within these age ranges is not reported. As the
women in our study were typically older, there may be a sex-specific hormonal
influence contributing to female sex remaining significant after adjustment for other
factors. An interaction between arterial calcification and hormonal change is
indirectly suggested by the high clinical prevalence of aortic calcification in
postmenopausal women with osteoporosis in contrast to the decreased incidence of
coronary artery calcification seen in women with pre-menopausal levels of oestrogen
independently of age (Frye et al., 1992, Hofbauer and Schoppet, 2001, Christian et al.,
2002, Burke et al., 2001, Shemesh et al., 1997). 17B-oestadiol has been shown to
maintain expression of osteoprotegerin, a modulator of osteoblast differentiation, and
reduce differentiation of VSMC induced by a calcifying medium (Rzewuska-Lech et
al., 2005). Pedone et al. observed that a lower tibial cortical:total cross-sectional area
(characteristic of osteoporosis) was associated with carotid atherosclerotic plaque
development in women but not men, and that this relationship was influenced by the
number of years since the menopause, but did not comment on the plaque morphology
(Pedone et al.,, 2013). Adverse changes in cardiovascular risk profile have been
observed in peri/postmenopausal change associated with increasing carotid IMT
(Matthews et al., 2001, Sutton-Tyrrell et al., 1998). Both changes in vascular risk and
vascular wall dysfunction may be contributing to our observed results and further
work in this area, with larger sample sizes and consideration of hormonal levels, may

help elucidate this.
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3.4.6.5 Lipid profile

Total cholesterol levels and hypercholesterolaemia have been consistently found to be
associated with NaF uptake as shown in Table 3.17. Our results are in-keeping with
this. The association of total cholesterol with microcalcification and
macrocalcification is likely driven by enhanced inflammation within the atheroma

secondary to adverse lipid profiles and will be considered further in the next chapter.

3.4.6.6 Cardiovascular history

Carotid atherosclerosis is a common finding in individuals with coronary artery
disease, with the prevalence of carotid stenosis found to rise with increasing coronary
artery disease (3.6% prevalence of >50% carotid stenosis in one coronary vessel
versus 12% in three-vessel disease) (Imori et al., 2014). Another large study of 1,405
individuals with coronary artery disease found a significant burden of mild carotid
atherosclerosis (stenosis <50%), with it found in 58% of cases. In contrast, moderate
(50-70%) and severe (>70%) carotid stenosis was prevalent in 12.8% and 4.6%
respectively, again increasing in prevalence with increasing coronary artery disease

burden (Steinvil et al., 2011).

The converse relationship of carotid disease predicting coronary artery disease is less
clear. In a substudy of the large Rotterdam Study, severe asymptomatic carotid artery
stenosis on ultrasound was as an independent risk factor for myocardial infarction
(HR 1.83 [1.27-2.62]) but not for mild (HR 1.19 [0.75-1.88]) or moderate stenosis
(HR 1.28 [0.85-1.94]) (van der Meer et al., 2004). Similar clinical outcome studies
assessing the prognostic utility of carotid ultrasound on myocardial infarction have
provided similar results (Salonen and Salonen, 1991, O'Leary et al., 1999). As well as
these single measures of carotid stenosis, progressive carotid atherosclerosis over a
six to nine month period appears to be associated with coronary events as well as with
stroke events, implying a shared progression of atherosclerosis in these different
arterial territories (Sabeti et al., 2007). However, different measures other than
simply the degree of stenosis have provided conflicting results. No association
between IMT and subsequent cardiovascular outcomes was found in one large study

and one large meta-analysis (Eikendal et al., 2015, Lorenz et al., 2012). In a small
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study, Adraktas et al. found significant symptomatic carotid stenosis on CTA was
limited to the single artery, though non-significant atherosclerosis was observed to be
systemic. However, the number of individuals with carotid stenosis in this study was
in the single figures (Adraktas et al., 2010). To date, there is a paucity of studies
assessing the prevalence of coronary atherosclerosis in terms of lesions in a cohort of
individuals with symptomatic carotid atherosclerosis. This is likely due to limitations
of requiring invasive angiography to test coronary disease, which is not indicated in

intervention for symptomatic carotid atherosclerosis.

Radiological assessment of carotid arteries has shown changes in morphology in the
presence of coronary artery disease. Underhill et al. found that the distal carotid bulb
and proximal internal carotid artery were the most frequent sites of disease on T1-
weighted MRI, and these regions showed smaller luminal area and greater mean wall
thickness in individuals with coronary artery disease (defined by >50% stenosis) for
men but not for women (Underhill et al., 2008). Furthermore, individuals with
coronary artery disease were more likely to have carotid arterial calcification (40.2%
versus 16% in controls, p<0.001) and lipid-rich necrotic cores (38.1% versus 18.1%,
p=0.002). Calcification was higher in coronary artery disease than controls for both
men and women, though the prevalence of lipid-rich necrotic cores in coronary artery
disease versus controls was only statistically significant in men (Underhill et al.,
2008). The authors propose carotid artery calcification is indicative of coronary artery
disease. Our results appear to support this, though it is important to note that we did
not formally assess coronary vasculature so can only conclude that it is supportive for
symptomatic coronary artery disease but cannot comment on asymptomatic carotid
disease. Again the differences appeared focused around the distal carotid bulb and

proximal ICA, similar to the pattern of disease we have observed in this study.

Variable correlations in NaF uptake between adjacent arterial territories were reported
by Dweck et al., with uptake in the ascending aorta having a moderate correlation
with uptake in the coronary arteries (r=0.525, p<0.001), though there was not a
reciprocal correlation between uptake in the coronary arteries and the aorta (r=0.157,

p=0.33) (Dweck et al., 2012).

145



Ultimately, the increased NaF uptake and macrocalcification in the carotid arteries in
individuals with a history of cardiovascular events seen in our study supports the view
of atherosclerosis, and the pathological process within the plaques, as a systemic

disease.

3.4.6.7 Antiplatelet therapy

Although statin medication has been included in the analysis of NaF uptake in
previous vascular NaF-PET studies, antiplatelet medication has not. In our study, the
use of antiplatelets was independently associated with higher focal NaF SUVax
values (SHS SUVnax and MDS SUVax), all NaF TBR measures, and total calcium
measures (Agatston scores, volume, and mass). This would appear the opposite result
expected from either the anti-inflammatory effects of antiplatelets or from inhibition
of platelet-mediated pro-inflammatory cytokines. Aspirin has been found to improve
bone mineral density in humans (Bauer et al., 1996, Carbone et al., 2003), and its use
in rat models increased bone formation (independent of effect on phosphorus),
increased osteocalcin and calcium binding, and reduced serum IL-6 (Lin et al., 2016).
Whether aspirin has a similar effect for enhancing osteocalcin in vascular smooth
muscle cells remains unknown. Although the anabolic effects of aspirin on bone
architecture have been studied extensively, there is a paucity of work investigating
whether it may have a role in vascular calcification. The result may also be due to the
small number of individuals taking antiplatelets at the time of the stroke and requires

further investigation in a larger sample or meta-analysis.

3.4.6.8 Other risk factors

The multiple linear regression models demonstrate moderate adjusted R? associations,
indicating that other factors are also affecting microcalcification and
macrocalcification. This is not unexpected, as the Rotterdam Study found 29% of men
and 15% without conventional cardiovascular risk factors had a high coronary
calcium score (Oei et al., 2004). Physical activity was associated with lower coronary,
but not aortic, Agatston scores in asymptomatic individuals (Imran et al., 2016).
Ethnicity has been implicated in pathophysiology (Hao et al., 2016, Gepner et al.,
2015), though the large Multi-Ethnic Study of Atherosclerosis found no interaction of
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ethnicity with cardiovascular risk factors for predicting cardiovascular disease and
events (Polonsky et al., 2017). However, a possible role of ethnicity in this study is

not applicable, as all participants were white Caucasian.

Local air pollution has been implicated in accelerating coronary artery calcification,
consistent with acceleration of atherosclerosis, and its effects may be genetically-
mediated (Kaufman et al., 2016, Ward-Caviness et al., 2017). Although it is difficult
to include this in analysis of our data, it is an interesting to consider the role of the
environment given certain geographical clusters of participants in this study

(including two next-door neighbours).

3.4.7 Strengths of this study

This study has a number of strengths. It includes the largest symptomatic stroke
cohort investigated with NaF-PET/CT to date and includes a spectrum of stroke
clinical severity (as measured using NIHSS). Previous studies have typically included
TIAs or minor strokes, whilst here we also include stroke survivors with moderate and
moderate-severe severity strokes. Furthermore, all participants have acute infarcts
confirmed with MRI diffusion-weighted imaging and imaging was performed in the
acute phase after the infarct. Our cohort was also more reflective of the broader stroke
population: we had no function-based exclusion criteria, whereas other studies have

excluded individuals with a modified Rankin score above three (Vesey et al., 2017).

The use of linear regression of coronary artery scores was found to be superior to log-
transformed scores (due to loss of data) for giving a true reflection of the data, as was
the use of the likelihood-based model selection approach where modeling was
improved by including a larger number of potential risk factors (Reilly et al., 2004).
In previous studies, the distribution of calcium scores have been shown to be heavily
skewed, requiring log-transformation to fit the assumptions needed for linear
modeling. In contrast, in our study the majority of individuals had macrocalcification,
in most cases significant, of their carotids and so the cohort effectively limited the
skew of data produced by the large number of calcium-free carotids seen in
asymptomatic cohorts. Furthermore, the applicability of linear regression to our

results was confirmed by statistician review of the linear regression diagnostics.
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3.4.8 Limitations of this study

The favourable signal-to-noise ratio of NaF means that it is well-suited for imaging
vascular atherosclerosis, particularly in the coronaries when compared with the
limitations of FDG due to myocardial uptake. Whilst also generally favourable for
carotid imaging, there are practical limitations that may pose difficulties. Carotid
arteries lying close to boney structures (in particular vertebrae and the mandible) may
be subject to spill-over effects from these regions. Both in this study and other NaF-
PET studies this has only affected a few arteries, but it is important to consider given

it may result in artefacts.

As with all prospective studies in symptomatic individuals, the numbers are relatively
small. This is largely due to a combination of radiation exposure and cost. When
comparing symptomatic to asymptomatic arteries there was a clear trend of increased
uptake in the symptomatic side (in 23/26 participants for SUVx). However, when
considering the role of cardiovascular risk factors, both univariable and multivariable
modeling is potentially limited by small numbers that have the potential to skew data.
The overall cohort in this study appears suitably reflective of the broader large artery
atherosclerosis stroke population, with the possible exception of the sex balance.
However, it is important to note that the sex ratio of stroke secondary to carotid
atherosclerosis is not one-to-one, and high-risk plaque features have been associated
with male sex (Ota et al., 2010a, Ota et al., 2013). Therefore, observations should be
interpreted in this light and treated with a degree of caution. Further investigation of
the relationships between NaF uptake and cardiovascular risk factors will require

either larger studies or meta-analysis.

Although the term ‘asymptomatic’ to describe the contralateral artery, it is debatable
to what extent they are truly asymptomatic. By nature of having had a stroke
secondary to their carotid atherosclerosis, the participants have revealed themselves to
be high-risk individuals, and it is therefore likely that contralateral arteries will
demonstrate increased pathophysiology relative to either an asymptomatic or disease-
free populations. In effect, this contralateral asymptomatic (by nature of not causing a

stroke) artery acts as the individual’s own control, but should not be considered to be
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analogous to the broader asymptomatic population. Indeed, within this cohort there
are examples of NaF uptake measures being higher in one individual’s asymptomatic
artery than in another participant’s symptomatic artery. Hence, it is hard to define an
absolute NaF uptake value that denotes a vulnerable or symptomatic plaque. Such a
consideration currently limits their application to clinical practice, and instead should
be considered illustrative of pathological patterns or for measuring comparative

change in an individual in response to intervention.

While this aspect of the study demonstrates the utility of NaF-PET/CT to discriminate
between symptomatic and asymptomatic carotid atheroma, and illustrate how the
tracer uptake relates to cardiovascular risks and pathophysiology, an important piece
of the puzzle is missing. This missing piece is inflammation and how it relates to

these processes, and is covered in the next chapter.

3.5 Summary of findings

This chapter has covered:

1. NaF-PET uptake is higher in culprit atheroma and can discriminate between
symptomatic and asymptomatic plaques.

2. Uptake appears to be focal and predominantly occurs around the carotid
bifurcation (as shown by focal, but not whole vessel, measures of NaF uptake
reaching a statistically significant difference between symptomatic and
asymptomatic arteries).

3. Measures of NaF were highly reproducible, with high intra- and inter-rater
ICC.

4. There is a moderate-strong association between NaF uptake and carotid artery
Agatston score, though the relative spatial distributions appear to differ
between symptomatic and asymptomatic arteries.

5. Microcalcification and macrocalcification appear to share common vascular

risk factors.
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Chapter Four:
Dual Tracer FDG and NaF PET to Investigate the Relationship between

Inflammation and Microcalcification

4.1 Introduction

4.1.1 Aims of the chapter

The previous chapter considered the use of NaF-PET to discriminate between culprit
and non-culprit atheroma, as well as the spatial pattern of disease and
macrocalcification. This chapter develops these findings by considering the role of

inflammation in these processes, with the following specific questions:

1. Does FDG-PET also discriminate between culprit and non-culprit atheroma in
our exclusively DWI-lesion positive stroke cohort?

2. Is the spatial pattern of inflammation distinct from the spatial pattern of
microcalcification within the carotid artery?

3. What is the association between FDG uptake and both NaF uptake and

macrocalcification in carotid atherosclerosis?

The main hypotheses in this chapter are:

1. FDG uptake will be significantly higher in culprit atheroma versus non-culprit
atheroma.

ii.  FDG uptake will be diffuse along the artery compared to the focal uptake seen
with NaF.

Exploratory outcomes beyond the main hypotheses are:
1. Investigating the contribution of vascular risk factors to FDG uptake in our
cohort.

2. Testing the relationship between hsCRP and FDG and NaF uptake within the

atheroma.
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4.1.2 FDG-PET imaging of atherosclerosis

FDG is the mainstay radioligand in PET imaging and consequently has been the most
common radioligand used in imaging studies of atherosclerosis. Though primarily
used for oncological imaging, incidental findings of FDG accumulation in arterial
territories during whole-body scans heralded its utility for detecting and quantifying
inflammation within atheroma (Yun et al., 2001). FDG, a radionucleotide analogue of
glucose, accumulates intracellularly in proportion to cellular demand for glucose. It is
taken up into cells via facilitated glucose transporter type (GLUT) one and three,
which are upregulated during atherogenesis due to hypoxia within the atheroma core,
and once inside the cytoplasm undergoes phosphorylation by hexokinase to become
E_FDG-6-phosphate. '®F-FDG-6-phosphate lacks a 2’ hydroxyl group and
consequently is unable to enter the Krebs cycle and undergo glycolysis, subsequently
diffusing slowly out of the cell. This resulting accumulation is readily quantifiable
and can be used as a sensitive measure of metabolic activity, particularly given its
very high signal-to-noise ratios in tissues without high metabolic activity (such as
normal vessel wall and blood). The high concentration of proinflammatory
macrophages in the vulnerable plaque provides such a tissue with a high metabolic

activity.

The ability of FDG-PET to measure plaque inflammation non-invasively in a
symptomatic population was demonstrated in early work by Rudd et al. where FDG
uptake differentiated between symptomatic and asymptomatic carotid atheroma in
human subjects (Rudd et al., 2002), a finding that was corroborated in more recent
larger studies (Skagen et al., 2015). This increased uptake of FDG detected by
PET/CT has been shown to correlate with histological macrophage density in animal
models (Hyafil et al., 2009, Davies et al., 2010) and excised atheroma following
carotid endarterectomy (Tawakol et al., 2006, Liu et al., 2015b).

FDG uptake has been shown to identify symptomatic carotid plaques that were non-
stenotic on high-resolution MRI, supporting the concept that the severity of stenosis is
not the sole determinant for symptomatic plaque rupture (Davies et al., 2005).

However, this small study contrasted with another small pilot study that showed that
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although FDG uptake was higher in symptomatic arteries, uptake also correlated with
the degree of stenosis (Arauz et al., 2007). In a large FDG-PET study by Tahara et al.,
only 29% of asymptomatic individuals with carotid atherosclerosis found on Doppler
screening had FDG uptake within the plaque, with no difference observed in the
carotid intima-media thickness between inflamed and non-inflamed plaques (Tahara
et al., 2007a). The observed association between increased FDG uptake with high-risk
morphological plaque features measured by CT reinforces this finding and the
shortcomings of solely anatomical assessments of stenosis (Figueroa et al., 2012).
Multimodal imaging studies using FDG-PET and MRI have facilitated comparison of
tracer uptake with more accurate assessment of plaque morphological features.
Silvera et al. imaged individuals with vascular risk factors and found FDG TBRean to
be higher for lipid-rich plaques, which are often vulnerable to rupture, than for

collagen-rich or calcified plaques with a lower risk of rupture (Silvera et al., 2009).

In addition to its relation with the index plaque rupture, Marnane et al. demonstrated
that higher FDG uptake in carotid atheroma is associated with a higher risk of
recurrent cerebrovascular events, independent of the degree of luminal stenosis
(Marnane et al., 2012). This is supported by an association between higher FDG
uptake and microemboli detected by TCD (Moustafa et al., 2010).

FDG-PET techniques have helped elucidate the systemic nature of atherosclerosis.
FDG uptake correlates closely between neighbouring arterial territories, suggesting
inflammation is a global rather than localised phenomenon (Rudd et al., 2009). Joshi
et al. demonstrated that FDG uptake in the aorta reflected the clinical severity of
coronary syndromes, with a 20% higher TBR in the aortas of those with a recent
myocardial infarction than those with stable angina. Furthermore, within the group
with myocardial infarcts, the aortic FDG uptake was higher for those with an ST-
elevation myocardial infarction than those with a non-ST-elevation myocardial
infarction (Joshi et al.,, 2015). Similarly, carotid SUVpem and TBRpen are
significantly higher for cohorts with acute coronary syndrome then for those with

chronic stable angina (Kim et al., 2015).

A possible mechanism for this relationship has been demonstrated through the

association between arterial inflammation and systemic metabolic syndrome. Carotid
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TBRmax 1s higher in both non-obese individuals with metabolic syndrome and obese
individuals without metabolic syndrome compared to non-obese individuals without
metabolic syndrome (Yoo et al., 2015). Furthermore, both low-density lipoprotein and
total cholesterol has been shown to be independently associated with FDG uptake
(Chroinin et al., 2014, Kaida et al., 2014). These findings go some way to explaining

the association between higher Framingham risk factor scores and higher TBR.

Chroinin et al. measured symptomatic and contralateral carotid artery FDG and
fasting lipid profile within seven days of the index cerebrovascular event. 47.6% and
47% of the 60 participants were already taking statin and antiplatelet medication
respectively prior to the index event, which rose to 88.5% and 85% by the time of the
FDG-PET/CT. On univariable analysis, LDL-C and total cholesterol were both
associated with higher FDG SUVs (single hottest slice SUV ,ax, mean of whole vessel
SUVax, and mean of whole vessel SUVyean), triglycerides were associated with
SUVax measures, and HDL-C was inversely associated with SUV,,,x measures. On
multivariable analysis only LDL and TC emerged as independently associated with
FDG SUVn.. However, no association was observed between statin therapy and

plaque FDG uptake on bivariate analysis (Chroinin et al., 2014).

The accumulation of cholesterol crystals within atheroma has also been shown to
promote plaque inflammation and rupture in animal models, while crystal content
found in human carotid histology was found to be strongly associated with plaque
disruption, thrombus, and symptoms (Abela and Aziz, 2006, Vedre et al., 2009, Abela
et al., 2009). Though there is no PET radioligand for imaging cholesterol crystals,
instead relying on electron microscopy, their effect on inflammation within the plaque
may be measured. Patel et al. showed that ezetimibe reduced the cholesterol crystal
density on electron microscopy in the aortas of atherosclerotic rabbits, with a
corresponding decrease in inflammation as quantified by FDG uptake (SUVax), CRP
and MMP-9 levels (Patel et al., 2011).

The interface between systemic inflammation and atheroma inflammation has been
suggested by the association between periodontal inflammation and inflammatory
activity within atheroma, both of which reduced in response to atorvastatin and were

strongly correlated (Tonetti et al., 2007, Subramanian et al., 2013). Serum
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inflammatory markers have been found to be associated with an increased risk of
cardiovascular events, potentially representing either a cause or result of an
upregulated inflammatory response (Danesh et al., 2004, Sarwar et al., 2012,
Meuwese et al., 2007). Myeloperoxidase levels are associated with a higher FDG
TBR in carotid diseased segments, independent of other conventional cardiovascular
risk factors, although no independent relationship was found for hsCRP, IL-6, or
MMP-9 (Duivenvoorden et al., 2013). However, other studies have provided
conflicting results, with an association between higher TBR and higher levels of
hsCRP (Yoo et al., 2015, Yoo et al., 2011b) and MMP-9 (Rudd et al., 2009). In
comparison to blood biomarkers, FDG uptake can localise to focal sites of high
inflammatory activity. The focal plaque inflammation associated with a generally
upregulated inflammatory response may explain the neighboring arterial regions of

FDG uptake.

Recent FDG-PET studies have continued to provide insights into the interactions and
contributions of different aspects of the inflammatory process within atherosclerosis.
In a prospective FDG-PET study, regions of the aorta with high SUV were more
likely to develop calcification on subsequent CT imaging, independent of
cardiovascular risk factors (Abdelbaky et al., 2013). Furthermore, in a substudy of the
dal-PLAQUE study, Joshi et al. found that FDG TBRs reduced over six months if
carotid calcification was absent, though there was no interval change in tracer uptake
in carotid arteries where calcification was present (Joshi et al., 2016). Consequently,
the authors concluded that calcium deposition is a propagating factor for ongoing

arterial inflammation.

FDG-PET has a number of advantages compared to other imaging modalities. It is
highly reproducible with high intra-observer and inter-observer agreement (Rudd et
al., 2008). PET/CT using FDG has a high sensitivity for detecting inflammation in
plaques, but its utility to detect inflammation may be hindered by a lack of biological
specificity, especially when the ROI is in close proximity to other tissues with tracer
uptake due to high resting metabolic rates (such as neurons and myocardial tissue).
This may be further compounded by the low spatial resolution of PET (approximately
3 mm). Solutions for these problems are currently being developed with the advent of

more cell-specific ligands and PET/MRI. Dynamic contrast-enhanced (DCE) MRI has

154



been shown to have superior spatial resolution than PET/CT and contrast-
enhancement has been particularly effective in the assessment of fibrous cap thickness
and lipid core volume, where the former enhances whilst the latter fails to enhance
(Cai et al., 2005). Multicontrast-weighted MRI has been used in surveillance of
asymptomatic plaques and demonstrated larger lipid cores, thicker MWT,
thin/ruptured fibrous caps, and intraplaque hemorrhage to each have significantly
increased hazard ratios for subsequent symptomatic events (Takaya et al., 2006).
However, although MRI offers an effective method for imaging morphological
features associated with plaque vulnerability, it remains dependent on accurate coil
placement as well as the reproducibility of technical sequences and image generation.
These considerations, along with a desire to image directly the biological activity in
the plaque, has led to DCE MRI and PET/CT providing complementary imaging of
the plaque, though the advent of PET/MRI may enable a fusion of these techniques

and is discussed further below.

4.1.3 Lessons from dual FDG and NaF PET studies

Given the relatively recent use of NaF-PET to image vascular disease, there have been
few dual tracer vascular studies. Such studies in the coronary arteries have shown a
superior signal-to-noise ratio for NaF-PET. Dweck et al. found that across all four
coronary territories, NaF was interpretable in 96% of ROIs but FDG was only
interpretable in 51%, performing particularly poorly in the left main stem (25% of
ROIs interpretable) and circumflex (33% of ROIs interpretable). This improved once
into the ascending aorta (100% for both FDG and NaF) but demonstrates the potential
weakness of FDG-PET interpretation when in close proximity to metabolically active

structures, as is the case for the coronary and carotid arteries (Dweck et al., 2012).

A curious phenomenon has become apparent in the era of dual tracer studies. Both
Dweck et al. and Vesey et al. have reported no difference in FDG uptake between
those with atherosclerosis and controls, while NaF uptake has been significantly
higher in culprit atherosclerosis (Dweck et al., 2012, Vesey et al., 2017). This is
interesting for two reasons. Firstly, it appears to go against the general body of
opinion within the literature regarding increased uptake of FDG in vulnerable plaque

as discussed above. Secondly, given the aforementioned relationship between
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inflammation and microcalcification (potentially triggering a vicious cycle of
pathophysiology) it is curious that these studies suggest the development of the latter

without the former. These findings are explored further in later discussions.

No correlation between FDG and NaF uptake on a vessel-by-vessel basis has been
found in the ascending aorta, descending aorta, or coronary arteries (Dweck et al.,
2012). Furthermore, although FDG uptake has been shown to correlate across
neighbouring arterial regions, NaF uptake appears to show a more complex pattern.
Across a whole cohort, NaF uptake in the ascending aorta and coronary arteries did
correlate (r=0.525, p<0.001), but in those with high coronary NaF uptake this
relationship did not hold (r=0.157, p=0.33) (Dweck et al., 2012). This suggests that in
asymptomatic disease there may be low-grade widespread microcalcification but that
symptomatic disease is a focal process that does not upregulate the microcalcification

process in other regions (in contrast to inflammation).

4.2 Methods

Methodology for this chapter is discussed in Chapter Two.

4.3 Results

4.3.1 Study population

Of 31 participants recruited to the ICARUSS study, 28 underwent FDG-PET/CT. Of
the three that didn’t undergo scanning, two clinically deteriorated and one refused the
scan due to claustrophobia. Of the 28, one scan was disregarded due to an

uninterpretable asymptomatic carotid artery and was excluded from analysis.

Of the remaining 27 participants, 26 also underwent NaF-PET/CT scans (as described
in Chapter 3.3.1) The remaining participant underwent FDG-PET/CT but expedited
CEA prevented the complementary NaF-PET/CT. Consequently, analysis of the
spatial distribution of tracer uptake and its relationship with NaF uptake and

microcalcification used readings from only the 26 participants who also had
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accompanying NaF-PET/CT imaging. The data from the 27" participant was used

solely in the analysis of the effect of vascular risk factors upon FDG uptake.

The participant characteristics of the analysed cohorts are shown in Table 4.1 (for the

26 participant cohort) and Table 4.2 (for the 27 participant cohort).

Mean age (years) 74.8 (SD 9.7)
Men 18 (69.2%)
Median BMI 26 (IQR 3.9)
Smoking history 17 (65.4%)
(current or ex-

smokers)

Diabetes mellitus 4 (15.4%)
Hypertension 17 (65.4%)
Current statin 9 (34.6%)
Current 8 (30.8%)
antiplatelet

Cardiovascular 8 (30.8%)
history (previous

ischaemic  heart

disease or

myocardial

infarction)

Thrombolysed 6 (23.1%)
Median NIHSS 4.5 (IQR 10.75)
CEA (following 9 (34.6%)
imaging)

Modal degree of 70-89%
symptomatic

stenosis

Mean symptom- 9.1 (SD 4.5)

to-scan time

(days)

Table 4.1: Characteristics of the

26 participant cohort.

Mean age (years) 74.3 (SD 9.8)
Men 18 (66.7%)
Median BMI 25.8 (IQR 3.7)
Smoking history 18 (66.7%)
(current or ex-

smokers)

Diabetes mellitus 4 (14.8%)
Hypertension 17 (63.0%)
Current statin 9 (33.3%)
Current 8 (29.6%)
antiplatelet

Cardiovascular 8 (29.6%)
history (previous

ischaemic  heart

disease or

myocardial

infarction)

Thrombolysed 6 (22.2%)
Median NIHSS 5 (IQR 10.5)
CEA (following 10 37%)
imaging)

Modal degree of 70-89%
symptomatic

stenosis

Mean symptom- 9.0 (SD 4.4)

to-scan time

(days)

Table 4.2: Characteristics of the

27 participant cohort.

When comparing these two cohorts, there were no statistically significant differences

in any characteristics (all p>0.05).




Across the 26 participants, the median injected FDG dose was 252.6 MBq (IQR 9
MBq). The median uptake time was 90 minutes (IQR 0 minutes). There were no
adverse events during any scan. The mean onset to FDG-PET/CT interval was 9.1
days + 4.5 days. FDG-PET/CT preceded NaF-PET/CT in 13 (50%) of studies. The

median interval between scans was 1 day (IQR 0.75 days).

During the study, there were no new diagnoses of diabetes mellitus.

4.3.2 FDG uptake in symptomatic versus asymptomatic arteries

Comparisons of FDG uptake in symptomatic and asymptomatic arteries are shown for

SUV measures (Table 4.3) and TBR measures (Table 4.4) (Figure 4.1).

Symptomatic carotid | Asymptomatic carotid Significance
artery artery

SUV pax

Median SHS SUV .« 2.21 (0.65) 1.92 (0.45) p<0.001
(IQR)

Median MDS SUV .« 2.15(0.61) 1.87 (0.42) p<0.001
(IQR)

Mean WV  SUV .« 1.94 (0.45) 1.76 (0.34) p<0.001
(SD)

SUV mean

Median SHS SUV e 1.96 (0.47) 1.75 (0.33) p<0.001
(IQR)

Median MDS SUV jean 1.91 (0.42) 1.71 (0.36) p<0.001
(IQR)

Median WV SUV ean 1.69 (0.31) 1.59 (0.28) p<0.001
(IQR)

Table 4.3: Comparison of FDG SUV,.x and SUV o measures between symptomatic

and asymptomatic carotid arteries.
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Symptomatic carotid | Asymptomatic carotid Significance
artery artery

TBRax

Median SHS TBRx 2.14 (0.56) 1.94 (0.43) p<0.001
(IQR)

Median MDS TBR.x 2.08 (0.52) 1.89 (0.40) p<0.001
(IQR)

Mean WV  TBR.x 1.92 (0.41) 1.71 (0.31) p<0.001
(SD)

TBRyean

Median SHS TBRcan 1.88 (0.37) 1.75(0.41) p<0.001
(IQR)

Median MDS TBR,can 1.82 (0.31) 1.68 (0.41) p<0.001
(IQR)

Mean WV  TBRem 1.67 (0.32) 1.51 (0.25) p<0.001
(SD)

Table 4.4: Comparison of FDG TBR,.x and TBRyean measures between symptomatic

and asymptomatic carotid arteries.

Figure 4.1: Increased FDG uptake in symptomatic carotid atherosclerosis.
Carotid artery inflammation detected using FDG-PET. Axial CT (left), FDG-PET/CT
(centre), FDG-PET (right) showing FDG uptake in a culprit atheroma in the right

common carotid artery (white arrow).

There was no significant relationship between FDG SUVs and the degree of stenosis:
SHS SUVpa (p=0.32), MDS SUVnax, (p=0.25), SHS SUVpean (p=0.25), MDS
SUViean (p=0.19) (Figure 4.2).
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Figure 4.2: FDG SUVs by degree of luminal stenosis. All trends p>0.05.
Similar results were seen between FDG TBRs and the degree of stenosis: SHS

TBRmax (p=0.92), MDS TBR.x (p=0.91), SHS TBRyean (p=0.84), MDS TBRuean
(p=0.75) (Figure 4.3).
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Figure 4.3: FDG TBRs by degree of luminal stenosis. All trends p>0.05.

Even if only symptomatic arteries are considered, there are no significant trends
between the degree of stenosis and SUV (SHS SUVax p=0.31, MDS SUV i p=0.23,
SHS SUViean p=0.24, MDS SUViyean p=0.12) or TBR (SHS TBRyax p=0.54, MDS
TBRmax p=0.53, SHS TBRpean p=0.35, MDS TBRnean p=0.29).

4.3.3 Spatial patterns of inflammation, microcalcification, and macrocalcification

A similar approach to the one described in Chapter Three can be adopted to

investigate the spatial distribution of FDG uptake, and consequently indicate the

spatial distribution of arterial inflammation. The median uptake at each 3 mm slice
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along the carotid artery is shown for SUV . (Figure 4.4), SUV can (Figure 4.5),
TBRmax (Figure 4.6), and TBRyean (Figure 4.7).

Symptomatic Asymptomatic

FDG SUVmax
2.0
1
FDG SUVmax
2.0
1

302 0 #4243 +4 45 46 47 48 49 +10 302 0 #1243 +4 45 46 +7 48 49 +10

Level of carotid Level of carotid

Figure 4.4: Spatial distribution of FDG SUV 2. Median SUV ¢ values at each
axial slice along the artery for symptomatic and asymptomatic carotid arteries. 0 is the

carotid bifurcation.

Symptomatic Asymptomatic

FDG SUVmean
FDG SUVmean
5

30200 H 42 43+ 45 46+ 48 40 H0 32 0 H 12 43+ 45 46 47 48 40 H0

Level of carotid Level of carotid
Figure 4.5: Spatial distribution of FDG SUV yean. Median SUV ean values at each

axial slice along the artery for symptomatic and asymptomatic carotid arteries. 0 is the

carotid bifurcation.
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Figure 4.6: Spatial distribution of FDG TBR,,x. Median TBR;,.x values at each

axial slice along the artery for symptomatic and asymptomatic carotid arteries. 0 is the

carotid bifurcation.
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302 A0 M 42 43+ 45 46 47 48 49 H0 32 A0 M 42 43+ 45 46 47 18 49 0

Level of carotid Level of carotid
Figure 4.7: Spatial distribution of FDG TBRy,ean. Median TBR .oy values at each

axial slice along the artery for symptomatic and asymptomatic carotid arteries. 0 is the

carotid bifurcation.

These FDG uptake distributions appear uniform across the entire artery, with the
symptomatic artery consistently higher than the asymptomatic artery (Figures 4.8 and
4.9), supporting the finding that WV FDG uptake measures (WV SUVyax, WV
SUViean, WV TBRpa, and WV TBRyean) were all significantly higher in the

symptomatic artery.
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Figure 4.8: Composite FDG SUV spatial distributions. Median SUV .« (left) and
SUViean (right) at each axial slice along the artery (red line = symptomatic artery,
blue line = asymptomatic artery, solid line = median SUV, dashed lines = upper and

lower limits of interquartile range).
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Figure 4.9: Composite FDG TBR spatial distributions. Median TBR,.x (left) and
TBRpmean (right) at each axial slice along the artery (red line = symptomatic artery,
blue line = asymptomatic artery, solid line = median TBR, dashed lines = upper and

lower limits of interquartile range).
Given these distributions, and those of NaF uptake in the previous chapter, we

repeated the statistical comparison of bifurcation (+/- two slices either side of the

bifurcation slice) versus non-bifurcation uptake as described above. NaF tracer uptake
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was significantly higher in the bifurcation compared to the rest of the artery, while

FGD uptake showed very little difference in uptake (Table 4.5).

| Bifurcation | Non-bifurcation | Significance

FDG

Median SUV . (IQR) 1.87 (0.51) 1.82 (0.43) p=0.67
Median SUV nean (IQR) 1.64 (0.39) 1.63 (0.34) p=0.75
Median TBR .« (IQR) 1.67 (0.47) 1.61 (0.41) p=0.65
Median TBR . (IQR) 1.62 (0.35) 1.51 (0.39) p=0.89
NaF

Median SUV . (IQR) 1.65 (0.75) 1.26 (0.42) p<0.001
Median SUV pean (IQR) 1.35 (0.57) 1.12 (0.34) p<0.001
Median TBR .« (IQR) 2.19 (0.81) 1.71 (0.38) p<0.001
Median TBR . (IQR) 1.85 (0.68) 1.47 (0.29) p<0.001

Table 4.5: Comparison of FDG and NaF uptake in bifurcation and non-bifurcation

regions.

To confirm this significance was not due entirely to the symptomatic arteries, we

further subdivided arteries according to whether they were symptomatic (Table 4.6).

Symptomatic artery Asymptomatic artery
Bifurcation Non- Sig. Bifurcation Non- Sig.
bifurcation bifurcation
FDG
Median
SUViax (IQR) | 2.01 (0.62) | 1.87(0.48) | p=0.80 1.75 (0.36) 1.74 (0.46) p=0.53
Median
SUV nean 1.77 (0.40) | 1.66 (0.35) | p=0.63 1.59 (0.24) 1.59 (0.36) p=0.73
(IQR)
Median
TBR,.x (IQR) | 1.83 (0.39) | 1.69 (0.38) | p=0.78 1.59 (0.30) 1.54 (0.34) p=0.55
Median
TBRean 1.67 (0.31) | 1.63(0.42) | p=0.65 1.48 (0.37) 1.51 (0.36) p=0.69
(IQR)
NaF
Median
SUViax IQR) | 1.72 (0.77) | 1.28 (0.39) | p<0.001 1.52 (0.66) 1.21 (0.46) p<0.001
Median
SUV nean 1.45(0.53) | 1.13(0.23) | p<0.001 1.33 (0.61) 1.06 (0.37) p<0.001
(IQR)
Median
TBR,.x IQR) | 2.22(0.72) | 1.74 (0.29) | p<0.001 2.01 (0.94) 1.62 (0.37) p<0.001
Median
TBRean 1.92 (0.64) | 1.47(0.24) | p<0.001 1.81 (0.69) 1.44 (0.35) p<0.001
(IQR)

Table 4.6: Comparison of FDG and NaF uptake between bifurcation and non-

bifurcation regions according to symptomatic and non-symptomatic carotid arteries.
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It is worth noting that although these tests were performed using paired testing, non-
paired testing produced the same pattern of results, with no changes in what

differences were statistically significant.

For completeness, we repeated the analysis comparing only the bifurcation between
symptomatic and asymptomatic carotid arteries. All measures of FDG and NaF uptake
were higher in the symptomatic bifurcation compared to the asymptomatic bifurcation
(all p<0.01). In contrast, comparison of the ‘non-bifurcation’ regions found FDG
uptake was significantly higher in symptomatic arteries compared to asymptomatic
arteries (p<0.01 for all uptake measures) but NaF uptake did not differ significantly
(p>0.05 for all uptake measures).

4.3.4 Relationship between FDG uptake and macrocalcification

On an artery-by-artery basis, the correlations between FDG uptake measures and the

whole artery CACS are shown in Table 4.7.

Symptomatic artery Asymptomatic artery
Correlation Significance Correlation Significance
SHS SUV ax r=-0.19 p=0.34 r=-0.17 p=0.41
MDS SUV 1 r=-0.18 p=0.39 r=-0.17 p=0.41
WV SUV jax r=-0.21 p=0.30 r=-0.10 p=0.61
SHS SUV nean r=-0.13 p=0.52 r=-0.12 p=0.55
MDS SUVhean r=-0.10 p=0.61 r=-0.17 p=0.42
WV SUV ean r=-0.07 p=0.74 r=-0.08 p=0.69
SHS TBR ax r=-0.25 p=0.23 r=-0.29 p=0.15
MDS TBR 2« r=-0.21 p=0.30 r=-0.24 p=0.23
WV TBR r=-0.24 p=0.23 r=-0.18 p=0.37
SHS TBRyean r=-0.17 p=0.41 r=-0.30 p=0.14
MDS TBR can r=-0.15 p=0.47 r=-0.28 p=0.16
WYV TBRpean r=-0.02 p=0.93 r=-0.18 p=0.37

Table 4.7: Correlations between FDG uptake and whole artery CACS in symptomatic

and asymptomatic arteries.

Given the relatively small size of our cohort, we also investigated whether there was a
difference in FDG uptake if we dichotomised arteries based on their CACS. The range
of Agatston scores in the symptomatic artery was 0-2582 and in the asymptomatic
artery was 0-2320 (as discussed previously, there was no significant difference
between symptomatic and asymptomatic artery CACS, p=0.18). Consequently, cut-

offs for the dichotomisation used the median values for each: 405 and 306
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respectively. There was no significant difference in any measure of FDG uptake
between the low and high arterial CACS groups either when considering symptomatic

or asymptomatic arteries alone, or on pooled analysis (all p>0.05).

We also considered whether the above approach — considering the total CACS for an
artery — may be too broad a measure. As shown by the spatial distribution, the ‘most
diseased segments’ of tracer uptake may not correspond spatially with
macrocalcification in all arteries. Given the patterns seen in Figures 3.21 and 3.22 in
Chapter Three, this may be particularly true in asymptomatic arteries. Hence, we
decided to repeat the analysis in a pre-defined area in order to consider the local
interactions between FDG uptake and calcification. Therefore, we decided to test the
associations between FDG uptake and macrocalcification limited to one spatial region
that appears to represent the most diseased segment; the carotid bifurcation (defined

spatially as above).

When comparing tracer uptake between the ‘low’ and ‘high® CACS bifurcations
described in the previous chapter, the median FDG uptake is lower in more calcified
bifurcations (SUVmax, SUViean, TBRmax all p<0.05), but not TBRpyean (p=0.14)
(Figure 4.10).
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Figure 4.10: FDG uptake in the carotid bifurcation according to degree of

macrocalcification.

4.3.5 Variation in the relationship between FDG and NaF uptake according to

macrocalcification

As discussed above, the suggestion of an asymmetrical distribution of calcification
seen in symptomatic and asymptomatic arteries may mean that macrocalcification and
the ‘most diseased’ segment of the artery may not overlap. Once again, we used the
carotid bifurcation as indicative of the most diseased segment of the artery, and used

the cut-offs for ‘low” and ‘high’ calcification as discussed in the previous chapter (i.e.

an Agatston score of 450).
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Prior to considering macrocalcification, the correlations between are FDG and NaF
within the 52 bifurcations were: SUV pax 15=0.18 (p=0.20), SUV pean 1:=0.23 (p=0.10),
TBRpmax 15=0.24 (p=0.09), and TBR ean 1=0.30 (p=0.03).

The correlations between FDG and NaF uptake within the carotid bifurcations

dichotomised by CACS are shown in Table 4.8.

Low calcification High calcification
Correlation Sig. Correlation Sig.
SUV nax r=0.43 p<0.001 r=0.62 p=0.04
SUV nean r=0.42 p<0.001 r=0.66 p=0.02
TBRmax r=0.21 p=0.18 1,=0.80 p<0.01
TBR nean r=0.27 p=0.09 r=0.69 p=0.02

Table 4.8: Correlations between FDG and NaF uptake in the carotid bifurcations

according to the degree of macrocalcification.

4.3.6 FDG uptake in TIA versus stroke

The TIA cohort from the VISION Study included 10 participants, with a mean age of
73.3 + 6.40 years. 9 (90%) were male. Readings were performed by Dr Jason Tarkin
(Clinical Research Fellow, Division of Cardiovascular Medicine, University of

Cambridge) as part of his PhD study.

TBR measures in the culprit plaques in our stroke cohort were compared against TBR

measures of culprit plaques in a TIA cohort (Table 4.9).
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TIA Stroke Significance

(n=10) (n=26)
Symptomatic artery
Median SHS TBR,,« 2.22 (0.50) 2.14 (0.56) p=0.85
(IQR)
Median MDS TBRux 2.03 (0.49) 2.08 (0.52) p=0.75
(IQR)
Median WV TBR, 1.70 (0.40) 1.89 (0.40) p=0.34
(IQR)
Asymptomatic artery
Median SHS TBR,,« 2.10 (0.52) 1.94 (0.43) p=0.24
(IQR)
Median MDS TBRux 2.02 (0.47) 1.89 (0.40) p=0.26
(IQR)
Median WV TBR, 1.59 (0.27) 1.71 (0.36) p=0.41
(IQR)

Table 4.9: FDG uptake in TIA and stroke. Comparison of FDG uptake in TIA
(VISION Study) and ischaemic stroke (ICARUSS Study).

While there was no significant difference between TIA and stroke FDG TBR values,
it 1s worth noting that SHS and MDS TBR,,,x did not differ significantly between
symptomatic and asymptomatic arteries in the TIA cohort (p=0.43 and p=0.49
respectively), though WV TBRy,.« did differ significantly between symptomatic and
asymptomatic arteries (p=0.02), as per published results for the VISION Study
(Tarkin et al., 2017).

4.3.7 Effect of cardiovascular risk factors on FDG uptake

Univariable analysis of the effects of cardiovascular risk factors on FDG uptake is

included in Appendix D.

4.3.8 Multivariable analysis of FDG uptake according to risk factors

Reviewing the results of the univariable analysis indicates that there is an interaction

between diabetes mellitus and blood sugar in our cohort. Individuals with diabetes
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had a higher blood sugar after the overnight fast than those without diabetes (median
6.7 [IQR 0.8] and 5.3 [IQR 1.3] mmol/L respectively, p=0.02).

Given this, we included an interaction term between diabetes mellitus and blood sugar
in our regression model. The fit of the model (using SHS SUV ¢ as an example) was
assessed using the AIC for models with no interaction term (AIC 120.95), both
interaction and variables separately (AIC 121.37), and interaction only (118.34). This
makes logical sense, as diabetes mellitus and blood sugar are unlikely to be
sufficiently independent in our study to be included as independent factors,
particularly given the small numbers and the aforementioned difference in blood
sugar levels. Therefore, regression analysis with backwards elimination was

performed with the interaction of diabetes and blood sugar replacing diabetes and

blood sugar in the model (Table 4.10).

SHS TBRuax AIC = 86.98 Adjusted R* = 0.24 (p<0.001)
Coefficient Significance
Smoking 0.51 p<0.01
Diabetes:blood sugar -0.06 p=0.04
MDS TBRuax AIC = 82.729 Adjusted R* = 0.24 (p<0.001)
Coefficient Significance
Smoking | 0.49 p<0.01
Diabetes:blood sugar | -0.06 p=0.04
WYV TBRuax AIC =37.732 Adjusted R* = 0.26 (p<0.001)
Coefficient Significance
Smoking | 0.31 p<0.01
Diabetes:blood sugar | -0.04 p=0.07
Current antiplatelet | -0.17 p=0.09
SHS TBRuean AIC =44.259 Adjusted R* = 0.29 (p<0.001)
Coefficient Significance
Smoking | 0.37 p<0.001
Diabetes:blood sugar | -0.04 p=0.06
Current antiplatelet | -0.17 p=0.11
MDS TBRuean AIC =41.86 Adjusted R* = 0.27 (p<0.001)
Coefficient Significance
Smoking | 0.35 p<0.001
Diabetes:blood sugar | -0.04 p=0.07
Current antiplatelet | -0.17 p=0.10
WYV TBRuean AIC =9.67 Adjusted R* = 0.27 (p<0.001)
Coefficient Significance
Smoking | 0.24 p<0.01
Cardiovascular history:current | -0.22 p=0.01
statin

Table 4.10: Multiple linear regression for vascular risk factors and FDG TBRs.

It is worth noting several points in the above modeling. Firstly, inclusion of diabetes

and blood sugar as well as the interaction between them produced the same outcomes,
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as diabetes and blood sugar were eliminated in the backwards regression. Similarly,
inclusion of interactions between statins and total cholesterol, statins and antiplatelets,
antiplatelets and cardiovascular history, statin and cardiovascular history made no
differences to the modeling with the exception of WV TBRyean (Where an interaction

between cardiovascular history and statin use was found to be significant).

4.3.9 hsCRP and the inflammation/microcalcification/macrocalcification complex

For FDG, in symptomatic arteries the following correlations were observed between
hsCRP and SHS SUVpx (1=0.49, p=0.02), MDS SUVnax (1=0.49, p=0.02), WV
SUVinax (1:70.39, p=0.07), SHS SUVean (1:=0.42, p=0.06), MDS SUVean (r:=0.39,
p=0.08), WV SUVpean (1:=0.14, p=0.53), SHS TBRuax (r=0.57, p<0.01), MDS
TBRumax (1:=0.53, p=0.01), WV TBRpax (1:=0.50, p=0.02), SHS TBRpean (r:=0.52,
p=0.02), MDS TBRean (1=0.47, p=0.03), WV TBRpean (r:=0.28, p=0.20). For FDG
uptake in asymptomatic arteries, the following correlations were observed between
hsCRP and SHS SUVpx (1=0.13, p=0.57), MDS SUVnax (1=0.12, p=0.60), WV
SUVinax (1=-0.02, p=0.93), SHS SUV ean (1:=-0.12, p=0.59), MDS SUV ean (15=-0.13,
p=0.58), WV SUVpemn (1=-0.09, p=0.69), SHS TBRuax (1=0.28, p=0.21), MDS
TBRumax (1:=0.29, p=0.20), WV TBRpax (1:=0.24, p=0.28), SHS TBRpean (1s=0.15,
p=0.50), MDS TBRpean (1=0.12, p=0.59), WV TBRpean (1:=0.19, p=0.39). The
association between hsCRP and NaF uptake has already been discussed in the

previous chapter.
Given the previous findings, correlations between hsCRP with both FDG and NaF

uptake were adjusted by the degree of macrocalcification, and are shown in Tables

4.11 and 4.12 respectively.
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Low artery CACS High artery CACS
(CACS 0-499) (CACS >500)
Correlation | Sig. Correlation | Sig.

Symptomatic artery

SHS SUV r=0.89 p<0.001 r=-0.21 p=0.51
MDS SUV . r:=0.90 p<0.001 r=-0.18 p=0.57
WV SUV jax r:=0.93 p<0.001 r=-0.32 p=0.31
SHS SUVnean 1.=0.87 p<0.001 r=-0.29 p=0.37
MDS SUViean r=0.83 p<0.001 r=-0.22 p=0.48
WYV SUVnean r:=0.60 p=0.02 r=-0.27 p=0.40
SHS TBR s r=0.69 p<0.01 r=0.15 p=0.64
MDS TBR s r=0.68 p<0.01 r=0.12 p=0.72
WV TBRx r=0.62 p=0.02 r=0.13 p=0.70
SHS TBR nem r=0.45 p=0.11 r=0.13 p=0.68
MDS TBRemn r=0.46 p=0.10 r=0.13 p=0.68
WV TBR e r=0.26 p=0.37 r=0.13 p=0.68
Asymptomatic artery

SHS SUV r:=0.43 p=0.09 1.=0.07 p=0.88
MDS SUV r:=0.40 p=0.11 r:=0.02 p=0.98
WV SUV jax r:=0.30 p=0.24 r:=0.00 p=1.00
SHS SUVnean r=0.13 p=0.61 r:=0.03 p=0.95
MDS SUViean r=0.10 p=0.69 1.=0.07 p=0.88
WYV SUVnean r=0.18 p=0.48 1.=0.07 p=0.88
SHS TBR s r=0.44 p=0.08 r=-0.20 p=0.61
MDS TBR s r=0.38 p=0.13 rs=-0.15 p=0.71
WV TBR.x r=0.31 p=0.22 r:=0.02 p=0.98
SHS TBRem 1:=0.27 p=0.29 r:=-0.03 p=0.95
MDS TBR emn r=0.21 p=0.41 rs=-0.15 p=0.71
WV TBR e r=0.29 p=0.25 r=-0.10 p=0.81

Table 4.11: Correlations between FDG uptake measures and hsCRP by extent of

arterial calcification.
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Low artery CACS High artery CACS
(CACS 0-499) (CACS >500)
Correlation | Sig. Correlation | Sig.

Symptomatic artery

SHS SUV r:=0.43 p=0.12 r:=0.00 p=1.00
MDS SUV r:=0.43 p=0.12 r=-0.13 p=0.68
WV SUV jax r:=0.32 p=0.27 r=-0.22 p=0.50
SHS SUVnean r=0.31 p=0.29 r=-0.08 p=0.80
MDS SUViean r=0.37 p=0.19 r=-0.22 p=0.48
WYV SUVnean r:=0.53 p=0.05 r=-0.13 p=0.68
SHS TBR s r=0.43 p=0.12 r.=0.01 p=0.97
MDS TBR s r=0.47 p=0.09 1:=0.02 p=0.96
WV TBR.x r:=0.49 p=0.08 r:=-0.09 p=0.78
SHS TBRnem r=0.39 p=0.17 r=-0.06 p=0.85
MDS TBR emn r=0.40 p=0.16 r=-0.10 p=0.75
WV TBR e r=0.72 p<0.01 r=-0.13 p=0.70
Asymptomatic artery

SHS SUV r:=0.05 p=0.85 r=-0.13 p=0.74
MDS SUV . r:=0.18 p=0.49 r=-0.13 p=0.74
WV SUV jax r=0.24 p=0.35 r:=-0.02 p=0.98
SHS SUVnean r=0.02 p=0.93 r=-0.27 p=0.49
MDS SUV1ean r:=0.06 p=0.82 r=-0.27 p=0.49
WYV SUVnean r:=0.20 p=0.45 r=-0.10 p=0.81
SHS TBR r=0.13 p=0.62 r:=0.03 p=0.95
MDS TBR s r=0.16 p=0.53 1.=0.07 p=0.88
WV TBRx r=0.31 p=0.23 r=0.35 p=0.36
SHS TBRemn r=0.14 p=0.59 r=0.10 p=0.81
MDS TBR emn r=0.14 p=0.59 r:=0.17 p=0.68
WV TBR e r=0.22 p=0.39 r=0.18 p=0.64

Table 4.12: Correlations between NaF uptake measures and hsCRP by extent of

arterial calcification.

4.4 Discussion

4.4.1 FDG-PET can differentiate between symptomatic versus asymptomatic

atheroma in individuals with stroke

This study supports previous studies demonstrating the ability of FDG-PET to
differentiate between culprit atheroma and asymptomatic plaques. The increased FDG
uptake we see in the culprit plaque, as well as increased uptake in the contralateral
arteries in this symptomatic cohort, likely reflects the inflammatory burden (Tawakol
et al., 2005, Tawakol et al., 2006) and high-risk morphological features (Davies et al.,
2005, Figueroa et al., 2012, Silvera et al., 2009, Lei-xing et al., 2014) as demonstrated
by previous studies discussed in greater detail above. Here we demonstrate increased

FDG uptake in culprit plaques in an exclusively MRI-confirmed stroke cohort.
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Two recent dual tracer PET studies have recently reported significantly higher NaF
uptake, but interestingly not FDG uptake, in symptomatic atheroma (Vesey et al.,
2017, Quirce et al., 2016). Vesey et al. found no significant difference in any FDG
SUV or TBR measures between the culprit vessel and either the contralateral artery (p
values between 0.35 and 0.76) or controls who had recently experienced a stroke due

to a cause not attributed to carotid disease (p values 0.27 to 0.93) (Vesey et al., 2017).

In contrast, our study reports significantly higher NaF and FDG uptake in the SHS
and MDS focal regions, and higher WV FDG uptake, in the symptomatic carotid
artery compared to the asymptomatic carotid artery. There are a number of possible

explanations for why this may be the case.

Given the difference in our cohorts we also compared FDG uptake in culprit plaques
in individuals with strokes against those in individuals with TIAs. A parallel is the
difference in uptake with different severities of coronary syndromes. Increased FDG
uptake in the aorta was seen for myocardial infarction compared to stable angina,
while uptake with ST-elevation myocardial infarction was higher than uptake in non-
ST-elevation myocardial infarctions (Joshi et al., 2015). Higher carotid FDG uptake
was observed in individuals with acute coronary syndrome than those with chronic

stable angina (Kim et al., 2015).

Comparing the TBR measures of our exclusively stroke cohort against the TBR
measures in a TIA cohort (performed using a comparable protocol in another study
within our group) did not reveal any statistically significant differences. However, the
effect of cardiovascular risk profile and other intangible factors upon FDG uptake
means that these readings may not be readily comparable. As discussed previously,
our study, like a number of previous studies, uses the individual’s contralateral artery
to control for variations in cardiovascular risk profiles between individuals. Here it is
not possible to do that. In future studies, matching individuals between cohorts based
on vascular risk profile may be one way of overcoming this limitation, but in practice
the wide variation is likely to make this extremely difficult. The alternative method to
detect an absolute difference in FDG uptake in culprit plaques between TIA and

stroke cohorts would be to recruit large cohorts, thereby diluting this variation (an
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approach seen in the retrospective PET studies of asymptomatic oncological cohorts).
For example, based of these results, 184 participants (92 in each cohort) would need
to be recruited to detect a 10% reduction in FDG MDS TBRyax with 80% power at an
alpha of 0.05. Hence, our relatively small numbers may limit the ability to detect a

statistically significant difference given the very similar readings.

That said, it is curious that in the three studies with TIA with or without minor
strokes, there was no significant difference observed in FDG uptake at the most
diseased segment between symptomatic and asymptomatic arteries (Vesey et al.,
2017, Quirce et al., 2016, Tarkin et al., 2017). This is illustrated in the results from the
VISION study shown here. Although the absolute FDG TBR values did not differ
between TIA and stroke cohorts in our results, more severe neurological events
appeared associated with a statistically significant increase in FDG uptake in the most
diseased segment of the artery relative to the asymptomatic artery, while in the TIA
cohorts the FDG uptake in most diseased segment of the symptomatic artery showed
no statistical difference relative to the asymptomatic artery (i.e. the ‘culprit’ plaque
was not significantly higher than the basal state of vascular inflammation seen in
systemic atherosclerosis). Admittedly the participants in the TIA cohort did not have
MRI imaging to assess for infarction, but given the clinical improvement to baseline
neurological function, any infarct found on MRI is likely to be small. Nevertheless,
even if some of these TIAs were in fact ‘minor’ strokes, our stroke participants
presented with more severe clinical presentations as illustrated by their infarct
volumes and clinical severity. Ultimately, this observation is more hypothesis-
generating than it is definitive, and future work will need larger numbers (or pool data

in meta-analysis) in order to investigate further.

Further potential causes for a failure to differentiate between symptomatic and
asymptomatic plaques in these studies involve to the non-specific nature of FDG.
Although this may be a contributing factor, to find these results reproduced across
these studies, especially given the body of previous studies demonstrating the utility
of FDG-PET to detect culprit plaques, suggests a physiological cause rather than a
methodological one. Finally, the lack of a significant difference between individuals
with carotid atherosclerosis and controls seen by Vesey et al. may be due to the use of

controls who had recently had a stroke, albeit of non-carotid aetiology, as recent
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myocardial ischaemic injury may increase FDG uptake in non-culprit plaques, though
it is not known if the same occurs in cerebrovascular ischaemia (Tawakol et al., 2017,

Dutta et al., 2012, Emami et al., 2015a).

Our study found no relationship between the degree of stenosis and tracer uptake.
This supports reports from earlier studies (Chréinin et al., 2014, Lei-xing et al., 2014).
Indeed, culprit atheroma have been identified using FDG-PET in atheroma that would
be considered sub-clinical using a solely anatomical (>50% stenosis) clinical criterion
(Davies et al., 2005). Interestingly, in a longitudinal FDG-PET study of an
asymptomatic oncological cohort, a significant decrease in mean luminal area within
the carotid arteries was observed despite a significant reduction in carotid TBR, again
suggesting a lack of direct associations between the degree of stenosis and tracer

uptake (Hetterich et al., 2015).

Arauz et al. did report a significant correlation between the degree of carotid stenosis
and FDG uptake, but it should be noted that this was a small study using a
dichotomised SUV measure (SUV >2.7 and <2.3) with only 2 of 13 symptomatic
participants demonstrating weak uptake (Arauz et al., 2007). Muller et al. also found a
weak but statistically significant correlation between the degree of stenosis and FDG
uptake, though this study only considered stenoses >50% and in symptomatic arteries
the difference between the moderate and severely stenosed arteries did not reach
statistical significance (Muller et al., 2014). This study also reinforced the importance
of factors other than the degree of stenosis, as no correlation was observed between

the degree of stenosis and the presence of symptoms or MES (Muller et al., 2014).

Increased FDG uptake has been observed even at the earliest stages of atherosclerosis.
FDG TBR is correlated with the degree of endothelial dysfunction — an early change
in atherogenesis (Ross, 1993) — independently of conventional cardiovascular risk
factors (Honda et al., 2016). This, along with increased FDG uptake with
cardiovascular risk factors and atheroma core development, partly explains increased
uptake in asymptomatic arteries, and why this ‘background’ level of tracer uptake will
vary between individuals. This variability, along with heterogeneous populations,
methodologies, and outcome measures, has limited the capacity to define tracer

uptake thresholds to risk-stratify vulnerable plaques. This is further compounded by
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the typically small sample sizes of the studies. van der Valk et al. propose a FDG
maximum TBR of 1.84 as the upper limit of physiological uptake in the carotid,
corresponding to the 90™ centile of controls (van der Valk et al., 2016). However, it is
important to note that in this study the average BMI was 25, which may increase
tracer uptake as part of a metabolic syndrome as described above. This threshold is
supported by Tawakol et al., who found an incremental increase in the macrophage
area of carotid plaques with increasing TBR: plaques below 1.8 had a macrophage
area of 0-5%, between 1.8-2.8 had 5-15%, and above 2.8 had a macrophage areas
above 15% (Tawakol et al., 2006). Marnane et al. found a one unit increase in
symptomatic artery FDG mean SUV resulted in an adjusted (for age and degree of
stenosis) hazard ratio of recurrent stroke at 90 days of 6.1 (95% CI 1.3-28.8, p=0.02),
with a mean SUV threshold of 1.85 providing an optimal balance of sensitivity
(61.5%) and specificity (78.7%) to discriminate between individuals at low and high
risk of recurrence (Marnane et al., 2012). For PET to be utilised clinically for risk
stratification, risk thresholds need to be established for tracer uptake and future work

should look towards harmonising study protocols to facilitate meta-analysis.

In this study we compared the symptomatic carotid artery to the contralateral artery,
as per well-established methodology (Rudd et al., 2002). Typically the participants in
this study had bilateral carotid atherosclerosis, though the degree of stenosis was not
necessarily symmetrical (Appendix B). However, as seen above, the degree of
stenosis did not appear to have a relationship between tracer uptake. What it does
mean is that each contralateral carotid serves as a control having been exposed to the
same patient-specific vascular risk factors as the symptomatic artery. Consequently,
the finding that FDG uptake was higher in the symptomatic artery in 23/26 (88.5%)
participants (for SHS SUVy,,x and SHS TBRy.y) in risk factor-matched conditions
suggests that the additional uptake represents the key inflammatory process leading to

plaque rupture.

Finally, a degree of caution should be applied when considering the different metrics
of tracer uptake. Although a similar pattern of results is seen for SUV and TBR
measures, it is important to note that most of these metrics are related. Consequently,

it is important to consider the potential for type one errors from multiple comparison
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testing, and hence further replication and validation in larger samples (with pre-

specified endpoints and subgroup analyses) would be advantageous.

4.4.2 Spatial distribution of inflammation relative to microcalcification

Our findings demonstrate that FDG and NaF uptake showed two distinct spatial
patterns of uptake, suggesting different patterns of inflammation and

microcalcification within atherosclerosis. This can be best visualised by combining

the previous spatial distribution plots (Figures 4.11-4.14):

FDG SUVmax NaF SUVmax

25 1 25 1

FDG SUVmax
NaF SUVmax

320 #1243+ 45 46 47 48 49 H0 32 0 #4243 45 46 47 48 49 +10
Level of carotid Level of carofid

Figure 4.11: Comparative spatial distributions of FDG and NaF SUV . Left =
FDQG, right = NaF; solid lines = symptomatic arteries, dashed lines = asymptomatic

arteries.
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Figure 4.12: Comparative spatial distributions of FDG and NaF SUV yean. Left =

FDG, right = NaF; solid lines = symptomatic arteries, dashed lines = asymptomatic

arteries.
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Figure 4.13: Comparative spatial distributions of FDG and NaF TBR.y. Left =

FDG, right = NaF; solid lines = symptomatic arteries, dashed lines = asymptomatic

arteries.
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Figure 4.14: Comparative spatial distributions of FDG and NaF TBRcan. Left =
FDG, right = NaF; solid lines = symptomatic arteries, dashed lines = asymptomatic

arteries.

This pattern suggests that microcalcification is not simply an automatic consequence
of inflammation. If that were the case, then one would expect the NaF uptake curves
to mirror the FDG uptake curves (i.e. NaF curves would appear relatively flat).
Instead we see two distinct patterns. The FDG uptake curves appear flat with the
symptomatic curve with higher uptake typically running parallel to the curve the
asymptomatic artery, suggesting that inflammation is upregulated and diffuse along
the artery with no obvious nidus. This pattern of FDG uptake is consistent with
previous FDG studies that indicate that atherosclerosis is a diffuse inflammatory
disease (Rudd et al., 2009, Joshi et al., 2015). Our findings that generalised (WV)
uptake is significantly higher in symptomatic arteries than asymptomatic arteries

supports this.

In contrast, the NaF curve shows peak uptake around the distal bifurcation/proximal
internal carotid artery. As shown by the spatial distribution curves, and discussed in
the previous chapter, the curves for the symptomatic and asymptomatic arteries
overlap for large portions of the artery, with divergence focused around the peak
uptake in the bifurcation. This illustrates the finding of higher focal measures (SHS
and MDS) of NaF uptake in symptomatic arteries to be strongly statistically

significant.
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The results of comparing the bifurcation with non-bifurcation support the bifurcation
being a focal point of NaF uptake — statistically higher than in the rest of the artery —
and that the most diseased segments are typically found in this region, while FDG
uptake is diffuse with no higher uptake seen at the bifurcation than along the rest of
the artery. Furthermore, the focal pattern of NaF uptake and diffuse pattern of FDG
uptake is significantly higher in symptomatic arteries compared to asymptomatic

arteries.

The presence of a peak around the bifurcation/proximal internal carotid artery
suggests a biomechanical element. A similar phenomenon has been observed in
apolipoprotein E”" mouse models, where there was a strong association between the
presence of macrophages and osteogenic activity but osteogenic signal peaked at the

carotid bifurcation (Aikawa et al., 2007).

The interaction between the haemodynamics and the endothelium within arteries is
complex. Shear stress, the force per unit area created when a tangential force (such as
blood flow) acts on a surface (Davies, 2009), prompts a mechanically-triggered
release of endothelial-derived factors (Corson et al., 1996, Griffith, 2002). Chronic
changes in shear stress may also prompt structural remodeling of the arterial wall
(Langille and O'Donnell, 1986), including conditions seen in atherosclerosis with
signaling such as heparin-binding epidermal growth factor-like growth factor (Zhang

et al., 2008, Reynolds et al., 2002).

Disturbed flow was found to be associated with up-regulation of inflammatory gene
expression (including IL-la, IL-6, MCP-1), some molecules related to cellular
adhesion (e.g. von Willebrand factor and CD44, but not VCAM-1, ICAM-1, e-
selecting, or p-selectin), and antioxidative enzymes in regions of disturbed flow in pig
aortas (Passerini et al., 2004). Other studies support this, finding that laminar flow
was associated with an atheroprotective gene expression profile while disturbed flow
prompted upregulation of atherogenic gene expression, though have found
upregulation of NF-kB and VCAM-1 associated with non-laminar flow (Brooks et al.,
2002, Mohan et al., 1997).

182



It has been recognised for some time that the carotid bifurcation represents a focal
point for atherogenesis, with the majority of atherosclerotic plaques occurring within
this region (Wolf and Werthessen, 1979, Glagov et al., 1988). Early stress modeling
reported that the carotid bifurcation represented a point of maximal circumferential
stress, with the point of bifurcation (corresponding to our ‘slice 0’) experiencing
approximately 9-14 times the circumferential stress of the distal common carotid
artery focused over a small area, while the carotid sinus bulb experienced increased
but lower (3-4 times) the stresses compared to the common carotid artery (Salzar et
al., 1995). The same study also considered the angle between the internal and external
carotid arteries at the point of bifurcation, finding the angle to be between 27-50° in
their samples, and this variation fits with earlier findings that plaques occurred at sites

demonstrating most transformation (Macfarlane et al., 1983, Salzar et al., 1995).

Shear stress behaves in a different manner,
with disordered flow and low shear stresses
found to be associated with intimal thickening
(Zarins et al., 1983, Ku et al., 1985). Arterial
branch points are particularly prone to
disordered flow due to the phenomenon of
‘flow separation;” in effect a pocket of

turbulent flow downstream of the bifurcation

demonstrating oscillatory and multidirectional

Figure 4.15: Blood flow at an arterial
branch point. Shaded area represents an
(Figure 4.15) (Davies, 2009). Development of area of flow separation due to the angle of

the branch (adapted with permission from
the plaque also distorts the geometry of the Davies et al., 2009).

flow with fluctuating gradients of shear stress

bifurcation, potentially expanding the area experiencing flow separation seen at both

the bifurcation and distal to the plaque.

This in turn may become a vicious cycle as the development of the plaque further
reduces shear stress. However, it is important to note that there are two regions of
shear stress change neighbouring the plaque that experience opposite effects.
Although Poiseuille flow rarely exists in large arteries due to their curve and
branches, the Navier-Stokes equation is frequently utilised to estimate haemodynamic

values (Davies, 2009):
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Where:

T = shear stress
7=4pQ/R’ u = fluid viscosity

Q = flow rate

R = arterial radius

This equation demonstrates clearly how shear stresses across the plaque will be
increased by the narrowing of an artery during stenosis. However, the flow distal to
the plaque also experiences flow separation with disrupted flow downstream of the
lesion (Figure 4.16) (Davies, 2009). Both endothelial cell density and gene
expression varies spatially across the plaque, with impaired cellular regulation noted
in the regions of disrupted flow (DePaola et al., 1992, DePaola et al., 1999, Davies et
al., 1999, Passerini et al., 2004).

Increased shear stress

<a\C7C7

Low shear stress

—

v
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Figure 4.16: Blood flow across an atherosclerotic plaque (adapted with permission

from Davies et al., 2009).

The mechanically-induced cellular response within endothelial cells in response to
shear stresses involves both the cell cytoskeleton and nuclear transcription (Ni et al.,
2010, Wu et al., 2015). However, overall this process remains poorly understood. The
above discussion may explain the initiation and propagation of inflammation in a
plaque that in turn provokes the systemic inflammatory response within
atherosclerosis described above, but does not explain the focal peak of NaF uptake

suggesting a focal microcalcific process.
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The majority of research investigating haemodynamic effects on vascular biology has
focused on the endothelium. This largely reflects their position as the cell type most
exposed to haemodynamic forces. However, in the context of microcalcification it is
likely that the osteoblast-like cell derived from vascular smooth muscle cells is the
key cell type. In healthy vessel walls the VSMCs are less affected by shear stresses
due to their location in the media, and hence protected by the endothelial cells and
intima. However, vascular injury (including inflammatory injury) and remodeling
may affect VSMCs, including their differentiation into different phenotypes, either
through three possible mechanisms: (1) cytokine signaling from endothelial cells, (2)
exposure of VSMCs to transmural interstitial flow shear stresses, (3) direct exposure
of the superficial layer of VSMCs to blood flow shear stress (Shi and Tarbell, 2011).
Wang et al. report that VSMCs can be subjected to shear stress through normal
transmural interstitial flow at a level approximately one tenth the level of experienced
by endothelial cells, though this level is sufficient to affect VSMC biology (Wang and
Tarbell, 1995, Alshihabi et al., 1996, Tada and Tarbell, 2000).

Non-laminar shear stress has been implicated in the promotion of VSMC
differentiation into the synthetic phenotype (Asada et al., 2005, Klein et al., 2017,
Wang et al., 2006). Transmission of mechanical signals (including tensile,
compressive, or shear forces) may be transmitted through the extracellular matrix and
trigger change from contractile to synthetic phenotypes (Stegemann et al., 2005).
Cellular bioengineering models have found that cyclic tensile stress increased alkaline
phosphatase expression and mineralisation activity in aortic VSMCs through a
mechanism independent of the recognised mitogen-activated protein kinase (MAPK)
signaling pathway (Simmons et al., 2004). The effect of concomitant cyclic strain and
low shear stress in triggering a phenotypic change away from a contractile type was
further exacerbated by chronic hyperglycaemia (Chawla et al., 2016), a finding that

may important in the context of restenosis after intervention.

The constellation of these results raises several possibilities, while also requiring an
appreciation of the limitations of the study. The diffuse FDG uptake may represent a
diffuse inflammatory response to a focal mechanical shear stress-induced injury.

However, the diffuse infiltration by inflammatory cells is more likely to account for
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the higher FDG uptake, as well as explaining why the symptomatic artery had higher
uptake than the contralateral artery. It is also important to consider the non-specific
nature of FDG uptake and whether this may limit the ability to observe a focal peak.
However, the fact that FDG uptake was consistently higher in the symptomatic artery
would make this less likely. One way to determine between these different
considerations would be to use a radiotracer with improved specificity for
inflammatory cells. Consequently, we intend to perform a similar spatial analysis of
recent work using ®*Ga-DOTATATE-PET in carotid atherosclerosis. DOTATATE
demonstrates high specific binding activity to SST,, which is upregulated on the cell
surface of macrophages (Dalm et al., 2003, Armani et al., 2007) and its use as a novel

PET radiotracer will be discussed further in Chapter Eight.

As discussed in the previous chapter, NaF has a much higher specificity for
microcalcification than FDG has for inflammation. The peak observed in NaF, but not
for FDG, suggests that either this difference is due to the difference in specificities
(i.e. both inflammation and microcalcification have a similar histological distribution
that was not reflected here) or that microcalcification is a more focal process and
more affected by mechanical shear forces. Given the above discussions, the latter
appears more likely given previous histological findings that microcalcification is a
focal process. Whether this focal disease relates to the local effects of shear stress,
either through an endothelium-mediated process or directly upon VSMCs, requires

further work to elucidate the mechanism.

Ultimately these results support the concept of inflammation as a diffuse process and
microcalcification as a focal process, with biomechanical factors contributing more to
the development of the latter than the former. With this in mind, work in collaboration
with the bioengineers (Dr Zhongzhao Teng, Senior Research Associate, Biomedical
Engineering, University of Cambridge) is currently being undertaken to perform
stress analysis specific to the carotid arteries in our cohort, with the aim of relating

this to the spatial pattern of FDG and NaF uptake.
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4.4.3 Physiological relationship between inflammation and macrocalcification

While the above section considered the spatial distribution of tracer uptake — and their
molecular targets — relative to the anatomy and mechanical forces of the carotid
artery, it is also possible to measure the physiological processes (inflammation,
microcalcification, and macrocalcification) relative to each other. The previous
chapter has already considered the relationship between microcalcification and
macrocalcification, so in this chapter we will consider how inflammation fits within

this trinity.

In our study, bifurcations with higher CACSs had statistically lower median FDG
SUVimaxs SUViean, and TBRyax. This supports the suggestion of negative associations
between FDG uptake and macrocalcification in the artery-based analysis. Given our
relatively small sample size, dichotomising calcification rather than assessing
correlations using continuous scores may provide sufficient statistical power to detect
differences. Furthermore, it also indicates that the relationship between FDG and
macrocalcification is local; considering inflammation in the same region as
macrocalcification (as per the bifurcation-based analysis) as opposed to the artery-
based analysis that considers how inflammatory activity affects the overall CACS of
the artery (as dichotomising the artery-based CACS did not reveal any difference in
FDG uptake). Arguably the co-localised disease processes of the bifurcation-based
analysis are more likely to illustrate localised interactions in the pathophysiology,
while the artery-based analysis considers how the inflammatory activity anywhere in
the artery may drive calcification wherever the peak macrocalcification falls spatially

within the artery.

Studies comparing FDG uptake and macrocalcification in larger samples have been
performed retrospectively in neurovascularly asymptomatic cohorts, and appear to
support the negative association observed in our study. FDG TBR was found to be
reduced, but present, in calcified versus non-calcified carotid plaques and this
matched histological measures of inflammation with reduced inflammation in
calcified plaques (Figueroa et al., 2012). In an early retrospective study of 122
individuals with cancer, Ben-Haim et al. found atherosclerotic lesions at 349 sites in

100 individuals. Of these, 7% demonstrated co-localised FDG uptake and
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calcification, 8% FDG uptake without overt macrocalcification, and 85% had
macrocalcification without FDG uptake. Hence, of all lesions demonstrating FDG
uptake, 55.8% did not demonstrate calcification. It is important to note that in this
study, only 11 lesions (3.2%) were found in the carotid artery. Of these, 1 (9.1%) had
co-localised FDG uptake and macrocalcification, and the remainder (10, 90.9%)
demonstrated macrocalcification without FDG uptake. Those without any lesions
detectable either using PET or CT were typically younger and were less likely to have

smoked (24% versus 55%) (Ben-Haim et al., 2004).

Different arterial regions have been found to display different rates of progression for
inflammation and macrocalcification. The interval increase of both FDG SUV,,,x and
Agatston score in the abdominal aorta was greater than that seen in the thoracic aorta.
Furthermore, for the whole aorta the rate of FDG SUV .« increase was independently
associated with visceral fat while the rate of Agatston score increase was associated
with age and smoking habit (Ryu et al., 2013). Similarly, a longitudinal FDG-PET/CT
study in an oncology cohort (mean follow-up 14.6 + 3.6 months) found that TBR
decreased significantly over this period only in the carotid artery (thoracic aorta,
abdominal aorta, and iliac arteries remained unchanged) — though disease activity was
low throughout (TBR of 1.26 £+ 0.20 reducing to 1.19 £ 0.20) — but Agatston score in
all arterial territories increased significantly. This increase was independently
associated with hypertension in the thoracic aorta and iliac arteries, but not in the

carotid arteries (Hetterich et al., 2015).

Our ability to draw conclusions for the associations between FDG uptake and
macrocalcification is in part limited by the large variation in macrocalcification, with
no significant difference observed between symptomatic and asymptomatic cohorts
(as discussed in the previous chapter). The greater sensitivity of NaF may provide a
more sensitive means to detect the interaction between inflammation and active

calcification.
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4.4.4 Physiological relationship inflammation and microcalcification, and modulation

by macrocalcification

In a retrospective analysis of a cohort of individuals undergoing dual FDG-PET/CT
and NaF-PET/CT, 221 asymptomatic atheroma (26 non-calcified, 195 calcified)
across all arterial territories were divided into groups based upon macrocalcification
(“non-calcified” calcium density <130 HU, “mildly calcified” calcium density 130-
399 HU, and “severely calcified” calcium density >400 HU). The TBR,x of both
tracers was observed to correlate across all lesions (r:=0.5, p<0.01). The highest
TBR..x for each tracer was observed in the non-calcified lesions, but no correlation
between them was found in these lesions (r=0.06, p=0.76). However, in mildly
calcified and severely calcified plaques FDG and NaF TBR;,.x were correlated (r=0.7
and r=0.4 respectively, both p<0.01), although tracer uptake was lower. Finally, of
interest in future longitudinal studies, NaF TBR;.x increased significantly (and
macrocalcification increased, but narrowly missed statistical significance) while FDG
TBRmx decreased by repeat imaging at 15+4 months, though it is important to note
that individuals taking statins, ezetimibe, or PCSK9 inhibitors were excluded, as were
any individuals who developed symptomatic disease between baseline and follow-up

scans (Li et al., 2017).

In our study, the bifurcation approach showed FDG uptake falls and NaF rises in
regions with higher macrocalcification. When considering the correlation between
FDG and NaF uptake, these correlations are statistically significant for SUV in both
calcification cohorts, and approaching significance for TBR. As shown by the SUV
values, the strength of the association between FDG and NaF uptake at the bifurcation
increases between low and high calcification (r,=0.43 and r=0.62 respectively, both

p<0.05).

Given our relatively small sample it was felt appropriate simply to dichotomise
macrocalcification within the bifurcation in order to maximise statistical power to
detect a difference and correlations. Larger studies or meta-analyses of FDG and NaF
correlations in symptomatic disease would help elucidate this further, but this study
demonstrates that macrocalcification influences the strength of these associations and

that it is an important factor to include in future studies.
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Our observation that the degree of calcification strengthens the association between
FDG and NaF uptake in symptomatic cohorts, alongside similar findings by Li et al.
in an asymptomatic cohort (Li et al., 2017), raises the question of what
pathophysiological interactions are occurring in the plaque. Li et al. hypothesise that
their results indicate the progression of plaque from macrophage-induced osteogenic
differentiation of smooth muscle cells to cause mineralisation, which is further
promoted by ongoing macrophage infiltration, with late changes associated with
ongoing inflammation complemented by apoptosis of lipid-laden macrophages
inducing calcium deposition in smooth muscle cells (Li et al., 2017, New et al., 2013,
Proudfoot et al., 2000). IL-1B, IL-6, IL-8, TNF-a, and TGF-B production by
macrophages has been implicated in promoting mineralisation of vascular cells
(Watson et al., 1994, Parhami et al., 2002, Tintut et al., 2000). Supporting this,
inflammation appears to precede mineralisation in in vivo animal models (Aikawa et

al., 2007).

In apolipoprotein E”"mouse models a strong correlation between macrophage burden
and osteogenic activity, as well as spatial co-localisation, was observed. Both
increased concomitantly with age and decreased concomitantly with statin treatment.
There was also an increase in the concomitant uptake with time (r=0.12 at 20 weeks
versus 1=0.46 at 30 weeks) (Aikawa et al., 2007). Interestingly, this study also showed
an increase in osteogenic activity with age, supporting our findings of age being

independently associated with both NaF uptake and macrocalcification.

Like most symptomatic vascular PET/CT studies, our study is limited by relatively
small numbers. This is accentuated when diving into sub-groups based upon
calcification. The relatively small sample may result in correlations being influenced
by outliers, arguably more for symptomatic arteries than for asymptomatic arteries
when observing the spread. It would be advantageous to validate this trend in a larger

sample.

The above discussion has assumed that the observed FDG uptake entirely reflects
inflammation. However, there is a more complex process potentially at play. In more

advanced atherosclerotic plaques, increasing necrotic core size, plaque thickness,
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distance from the luminal wall, and increased oxygen demand from foam cells, all
contribute to hypoxia within the plaque (Leppanen et al., 2006). This hypoxia has
recently been imaged using PET using '‘F-fluoromisonidazole (FMISO), a 2-
nitroimidazole that undergoes selective bioreduction and accumulates within hypoxic
cells (Takasawa et al., 2008). Importantly, higher FMISO uptake has been observed in
symptomatic than asymptomatic atheroma and correlated with FDG uptake, consistent
with hypoxia as either a contributing factor to inflammation or playing a direct role in
FDG uptake (Joshi et al., 2017). Consequently, the FDG uptake in the older, more
calcified plaques in our study may be influenced by increasing levels of hypoxia.
Hypoxia, and consequent apoptosis, may in turn lead to increased calcification in
these more advanced plaques. In this current study it is not possible to measure the
relative effects on FDG uptake of inflammation and hypoxia, but future dual FMISO
and NaF-PET studies may help elucidate this relationship.

4.4.5 Risk factors affecting FDG uptake

In contrast to the emerging relationships between vascular risk factors and NaF uptake
discussed in the previous chapter, the relationships between the vascular risk factors
affecting FDG uptake are well defined. Arguably our cohort, given their high-risk and
symptomatic nature, is not the most appropriate cohort in which to evaluate the effect
of cardiovascular risk factors on FDG uptake. Instead, larger studies in asymptomatic
oncological cohorts are likely to be more reflective of the physiological influences on
arterial FDG uptake. However, the results in our cohort do suggest that smoking and
the interaction between diabetes and blood sugar were significantly associated with
FDG uptake, consistent with previous findings. These findings fall outside the scope
of this chapter, and indeed the overall study, but for completeness are considered in

further detail in Appendix E.

4.4.6 hsCRP as a biomarker in specific plaque types

The exploratory endpoint of hsCRP as a biomarker is discussed further in Appendix
F.
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4.5 Summary of findings

Returning to the aims of this chapter, the following areas have been addressed:

1. FDG-PET was found to discriminate between culprit and non-culprit atheroma
in our exclusively DWI-lesion positive cohort.

2. FDG uptake was spatially diffuse in contrast to the largely focal uptake of
NaF, indicative of two related but distinct pathophysiological processes.

3. It is important to consider the pathophysiological interactions between
inflammation, microcalcification, and macrocalcification within a co-localised
area rather than on an artery-basis. Consideration of these processes at the
carotid bifurcation revealed:

a. FDG uptake is significantly lower and NaF uptake significantly higher
in bifurcations with higher macrocalcification.

b. FDG and NaF uptake correlated with increasing strength of association
with increasing macrocalcification.

4. Smoking proved to be risk factor consistently independently associated with
FDG uptake. The interaction between diabetes and blood sugar also appeared
to have a very mild negative association with FDG uptake.

5. A positive correlation between hsCRP and FDG uptake was observed in
arteries with a lower burden of macrocalcification, but not in arteries with

more extensive macrocalcification.
The previous two chapters have considered the localised pathophysiology within the

carotid plaque. The next step is to consider how these processes relate to both acute

and chronic cerebrovascular pathology.
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Chapter Five:
Carotid Atherosclerosis and Small Vessel Disease

5.1 Introduction

5.1.1 Aims of this chapter

So far in this thesis we have considered the local implications of tracer uptake for the
plaque and its stability. In this next section of the thesis we will now investigate how
vascular pathophysiology may have downstream consequences affecting the brain,
first considering chronic cerebrovascular disease before addressing acute
cerebrovascular pathology in the next chapter. The specific question for this chapter

1S:

1. Is inflammation within carotid atheroma is associated with the extent of

chronic cerebral small vessel disease?

The main hypothesis is:

1.  Increased FDG TBR within the carotid arteries will be associated with more

severe chronic small vessel disease (measured using the Fazekas scale).

5.1.2 Introduction to small vessel disease

Small vessel disease (SVD) represents a spectrum in both its pathophysiology and its
clinical consequences. SVD may be defined as “a sporadic intrinsic process affecting
small cerebral arterioles, capillaries and sometimes venules” (Wardlaw et al., 2013),
though the term has largely become synonymous with ischaemic change resulting
from disease of the small arteries and arterioles. Such ischaemic change is typically a
late consequence of arteriosclerosis and characterised by changes including fibrinoid

necrosis, lipohyalinosis, and microatheroma (Pantoni, 2010).

SVD may include focal lacunar infarcts, accounting for up to 25% of ischaemic
strokes, or subcortical vascular disease resulting in diffuse white matter change

characterised by neuronal loss, demyelination, and gliosis (Markus et al., 2000).
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Imaging of the small vessels themselves has historically proven difficult, though the
emergence of 7-T MRI is likely to improve this. Until this technique becomes more
widespread, the mainstay of imaging has been with 1.5T or 3T MRI that is able to
detect ‘leukoaraiosis;’ the effects on cerebral tissue from diffuse white matter disease.
Leukoaraiosis, also known as white matter hyperintensities (WMHs), appear
hyperintense on T2-weighted fluid-attenuated inversion recovery (FLAIR) sequences
without prominent hypointensity on T1-weighted images (Debette and Markus, 2010)
or periventricular lucency on CT. Leukoaraiosis typically occurs in regions of the
brain at the terminal end of penetrating arterioles, primarily the periventricular regions
and the centrum semiovale, which will be most vulnerable to hypoperfusion (Pantoni

and Garcia, 1997).

The NASCET study provided an estimate of the prevalence and natural history of
white matter disease in individuals with symptomatic carotid artery disease. Of 596
(40.6%) participants without evidence of leukoaraiosis at baseline, 21% (18%
restricted leukoaraiosis, 3% widespread leukoaraiosis) developed leukoaraiosis over
an average follow-up of 6.4 years. These individuals were significantly older than
those who did not develop leukoaraiosis. Over a similar time period, 28 (31.5%) of
the 89 patients with pre-existing leukoaraiosis at baseline showed radiological
progression. The individuals who developed leukoaraiosis were 1.5Times more likely
to have a stroke during this follow-up period compared to those who did not develop
leukoaraiosis (after adjustment for age and severity of carotid stenosis), with
approximately two thirds having large artery aetiology and one third having lacunar

strokes (Streifler et al., 2003).

WMHs are common and become increasingly prevalent with age. In a substudy of the
Framingham Heart Study, 313 (14%) individuals were found to have extensive
WMHs and were older than the cohort without extensive WMHs (Debette et al.,
2010). The link between increasing age and incidental finding of WMHs is well
recognised (Habes et al., 2016).

The clinical consequences of ischaemic SVD are numerous. It is a major risk factor
for future stroke and dementia, with one large meta-analysis finding hazard ratios of

3.3[95% CI 2.6 —4.4] and 1.9 [95% CI 1.3 — 2.8] respectively with WMHs (Debette
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and Markus, 2010). Severity of SVD has also been implicated in cognitive
impairment in independently-living elderly individuals (van der Flier et al., 2005),
depression (Herrmann et al., 2008, Khalaf et al., 2015, Taylor et al., 2003), gait
disturbance and falls (de Laat et al., 2011, Baezner et al., 2008, Blahak et al., 2009),
urinary continence (Poggesi et al., 2008), and general functional decline (Inzitari et

al., 2009).

Small vessel disease may influence stroke recurrence. In individuals with TIA or
minor stroke, white matter disease was independently associated with an increased
risk of stroke recurrence after adjustment for cardiovascular risk factors (van Swieten

etal., 1992).

Leukoaraiosis has important implications for prognosis after stroke. In individuals
who experienced mild strokes, the presence of severe leukoaraiosis was associated
with a poorer recovery (both NIHSS and mRS) at 90 days, independent of age
(Onteddu et al., 2015). Similar results have been seen in stroke recovery up to six
months after adjustment for cardiovascular risk factors, NIHSS, and acute infarct
volume (Henninger et al., 2012, Arsava et al., 2009). Individuals with severe
leukoaraiosis were 11-times more likely to have final infarct volumes greater than 27
mL (a threshold with sensitivity 0.86 and specificity 0.69 to predict favourable mRS
outcomes) with both infarct volume above this threshold and leukoaraiosis being
independently associated with poor 90-day mRS outcomes (mRS 3-6) (Henninger et
al., 2014), and this effect may be more pronounced in men than women (Henninger et
al., 2013). Associated with this, leukoaraiosis was found to correlate with the amount
of penumbra that progressed to infarction (Ay et al., 2008). Final infarct volume
thresholds associated with 90 day mRS outcomes were significantly larger for
individuals with absent/mild versus more extensive leukoaraiosis (Patti et al., 2016).
It is also an important consideration affecting the correlation between infarct volume
and NIHSS, as well as being influenced by the hemisphere (Helenius and Henninger,
2015, Helenius et al., 2016). Finally, the poor outcomes seen with increasing
leukoaraiosis appear to vary between stroke subtypes, with poorer mRS outcomes
found across WMH quintiles for large artery atherosclerosis subtypes but not in small

vessel and cardioembolic subtypes (Ryu et al., 2017).
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5.1.3 Relationship between carotid disease and small vessel disease

A number of studies have considered the relationship between carotid pathology and
the development of WMHs, with varying results. In part, these differing findings may
be explained by different cohorts and methods, in particular the pattern of WMHs
assessed (ipsilateral hemisphere or globally) and what measure of carotid disease is

used (such as IMT, presence of plaque, degree of luminal stenosis).

In the 1980s, Fazekas et al. investigated the relationship between carotid disease and
white matter disease; finding that the presence of global WMHs were associated with
an increased prevalence of asymptomatic subclinical carotid artery disease (<50%
stenosis) and lower cerebral blood flow, as well as a history of diabetes, hypertension,
and cardiovascular disease. However, no participants were found with carotid artery
stenosis of >50% (Fazekas et al., 1988). More recently, Romero et al. performed
semi-automated volumetric measurement of global WMH burden in a cohort from the
Framingham Study and found that ICA IMT, but not CCA IMT, was significantly
independently associated with a higher prevalence of large WMHs (OR 1.19, 95% CI
1.03—1.38). Furthermore, asymptomatic ICA stenoses of >25% and >50% were
independently associated with large WMHs (OR 1.76 [95% CI 1.27-2.45] and OR
2.35 [95% CI 1.08-5.13] respectively) after adjustment for cardiovascular risk factors
(Romero et al., 2009). Of relevance for later chapters, this study also found stenosis
>50% to be associated with poorer executive function (but not verbal memory or
nonverbal memory) after adjustment for cardiovascular risk factors (Romero et al.,

2009).

Manolio et al. found that the extent of global white matter disease (measured using a
visual score) was independently associated with ICA IMT, but not degree of stenosis,
after adjustment for age, sex, and cardiovascular risk factors. However, the degree of
stenosis was associated with WMH burden when adjusted only for age and sex.
Interestingly, of those with measurable plaque, the effect of lesion density on white
matter burden narrowly missed a significant trend when adjusting for age, sex, and
cardiovascular risk profile (p=0.07), with calcified lesions associated with the highest
burden of white matter disease, but further adjustment for IMT or carotid stenosis

reduced this trend further (p=0.15) (Manolio et al., 1999). This finding was supported
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by later work that found that Agatston score at the carotid bifurcation in
neurovascularly asymptomatic trauma patients was not independently associated with
white matter change after adjustment for age (r=0.07, p=0.14) (Fanning et al., 2006).
This study also found carotid calcification and white matter score were independently

associated with age, a finding replicated in our study.

In the Rotterdam study, Bots et al. considered the right carotid artery only and found
an independent association between white matter change and CCA IMT (with an
increase of 0.1 mm associated with a 50% increase in the probability of white matter
lesions) and the presence of plaque at the carotid bifurcation, but not the degree of

luminal stenosis (Bots et al., 1993).

Other studies have not found an association between carotid stenosis and global
WMH burden after adjustment for other cardiovascular risk factors in both
asymptomatic and stroke cohorts (Lindgren et al., 1994, Schmidt et al., 1992, Adachi
et al.,, 1997). Indeed, in one early study of 31 individuals who had experienced a
stroke, significant carotid disease (>50% stenosis) was actually less common than in
age-matched controls who had stroke but no leukoaraiosis (Bogousslavsky et al.,

1987).

In contrast to the global assessment of WMHs, other studies have considered the
presence of white matter lesions in the ipsilateral hemisphere to carotid stenosis. In a
large substudy of the NASCET study, there was no association found between the
degree of leukoaraiosis on CT and the degree of ipsilateral symptomatic carotid
stenosis (Streifler et al., 1995). In a more recent study, Potter et al. found no
association between carotid stenosis and white matter lesion measured using the
Fazekas scale, both before and after adjustment for conventional cardiovascular risk

factors (Potter et al., 2012).

The possible roles of plaque morphology and biomechanics in WMH development
have been investigated in recent years, with conflicting results. Altaf et al. reported
that histologically complicated type VI carotid plaques, in contrast to uncomplicated
AHA type V plaques, were associated with an approximate doubling in the number of

WMHs in the ipsilateral hemisphere, but the age-adjusted increased WMH volume
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narrowly missed statistical significance. Furthermore, the degree of carotid stenosis
did not appear to have an effect (Altaf et al., 2006). Later work found that the
presence of intraplaque haemorrhage detected on fat-suppressed black-blood TI1-
weighted MRA was associated with larger WMH volumes in both the ipsilateral and
contralateral hemispheres. Again, they found no relationship between WMH volumes
and the degree of stenosis (Altaf et al., 2008). In contrast, Patterson et al. performed
high-resolution MRI quantification of the carotid plaque morphology and tested the
associations with a modified Scheltens score (a semi-quantitative score of lesions
incorporating scoring of peri-ventricular disease, white matter lesions in each of the
lobes, basal ganglia lesions, and infra-tentorial foci of hyperintensities (Scheltens et
al., 1993)), and found no associations between WMH severity and the proportion of
lipid core, intraplaque haemorrhage, fibrous cap status, or modified AHA score for

the plaque (Patterson et al., 2009).

Recently Rundek et al. have reported that a larger carotid diameter in diastole,
suggestive of outward remodeling, was independently associated with global log-
transformed WMH volume in a large cohort of stroke-free individuals in the Northern
Manhattan Study (Rundek et al., 2017). A large meta-analysis has also shown that
carotid artery stiffness was associated with an increased risk of SVD (van Sloten et
al., 2015). Once again this association may not be entirely due to haemodynamics, as
an association between inflammation and carotid stiffening has been reported and

may be contributory (van Bussel et al., 2011, van Bussel et al., 2012).

Berman et al. also considered the vulnerability of the plaque, rather than just the
degree of stenosis, and any association with WMHs. Increased carotid plaque strain,
detected by ultrasound-based strain imaging and indicative of decreasing plaque
stability, was associated with both increased microembolic signals on TCD and
increased WMH burden, with the presence of microembolic signals itself being
positively associated with WMH volume after adjustment for other cardiovascular

factors (Berman et al., 2015).

The apparent differences between IMT, presence and number of plaques, and degree
of carotid stenosis was illustrated in a systematic review of 32 studies including

17,721 patients: 7 of 23 studies reported a significant association between carotid
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stenosis and leukoaraiosis, 11 of 14 studies reported a significant association between
carotid plaque and leukoaraiosis, and 9 out of 9 studies found a significant association
between carotid IMT and leukoaraiosis (Liao et al., 2015). Meta-analysis of these
subgroup results report positive associations with leukoaraiosis for the presence of
plaque (OR 3.53, 95% CI 1.83-6.79) and IMT (mean difference 0.11, 95% CI 0.01-
0.22), but curiously produced a negative association with the degree of stenosis (OR
0.53, 95% CI 0.32-0.87) (Liao et al., 2015). The reason, and possible mechanism, for
this is not clear. The heterogeneity of the pooled cohort with symptomatic and
asymptomatic carotids is one possibility, with the consequent secondary prevention
medication (particularly blood pressure control) likely to reduce the development of
white matter disease. It may also be indicative of inflammation, rather but not

stenosis, as a possible mechanism.

5.1.4 Pathophysiology of small vessel disease

There are several contributing pathophysiological processes proposed in the aetiology
of small vessel disease, including (1) hypoperfusion, (2) arteriolosclerosis, and (3)
blood-brain barrier permeability. White matter lesions as a straightforward product of
cerebral hypoperfusion is a controversial hypothesis, given the lack of a strong
positive association between carotid stenosis and leukoaraiosis. In one study carotid
stenosis >70% was found to be significantly associated with both reduced cerebral
blood flow (CBF) and increased leukoaraiosis compared to controls, but the reduction
in CBF was not associated with the severity of leukoaraiosis (Patankar et al., 2006). It
is likely that the reduced CBF associated with small vessel disease is more local, with
MR perfusion imaging having shown reduced white matter but normal grey matter

CBF in individuals with ischaemic leukoaraiosis (Markus et al., 2000).

Arteriolosclerosis involves a constellation of pathological changes in small vessels —
loss of smooth muscle cells from the tunica media, deposition of fibro-hyaline
material, thickening of the vessel wall, and narrowing of the lumen — typically in
response to age and hypertension (Pantoni, 2010). Microatheroma may contribute to
local hypoperfusion; resulting in chronic, diffuse, subclinical ischaemia that causes
incomplete infarction (typified by demyelination, loss of oligodendrocytes, and

axonal damage) that produces leukoaraiosis, or acute localised ischaemia resulting in
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focal complete infarction and pan-necrosis to produce a lacunar infarct (Pantoni,
2010). The pathophysiology underlying leukoaraiosis, and associated cognitive
decline, has been investigated extensively using a range of animal models and injury

mechanisms (Hainsworth et al., 2012, Jiwa et al., 2010).

The pathological mechanisms between periventricular white matter lesions and
subcortical white matter lesions may differ, with periventricular white matter lesions
found to be associated with both the number of carotid plaques and IMT, while
neither were associated with subcortical white matter, in a large population study (de
Leeuw et al., 2000). This may be due to the greater vulnerability of the periventricular
regions in relation to reduced blood flow (Pantoni and Garcia, 1997). However, others
have questioned whether different mechanisms are involved or whether differences in

distribution represent different stages of disease (Wardlaw et al., 2013).

The final pathology of interest is one that is increasingly recognised and is likely to
play a mechanistic role in our cohort; endothelial failure and blood-brain barrier

dysfunction.

5.1.5 Endothelial failure, inflammation, and blood-brain barrier dysfunction

Endothelial dysfunction has been observed both locally and systemically in
individuals with SVD. In CADASIL (cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy) - a hereditary arteriopathy — there is
evidence of impaired endothelium-dependent vasodilatation in peripheral arteries
(Stenborg et al., 2007). Similar findings have been suggested in pilot work in
individuals with sporadic SVD, and that systemic endothelial dysfunction correlates
with the extent of leukoaraiosis (Zupan et al., 2015). Interestingly, both the
cerebrovascular endothelial and systemic endothelial dysfunction found in individuals
with lacunar infarcts and matched vascular risk factors were improved with
atorvastatin treatment (Pretnar-Oblak et al., 2006). This suggests further pleiotropic
effects of statins, such as their anti-inflammatory effect or activation of eNOS

(Balakumar et al., 2012).
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The potential systemic nature of endothelial dysfunction has implications for the
blood-brain barrier (BBB); a network that regulates the transport of metabolites and
nutrients into the brain, controls transport of metabolic waste products into the blood,
and limits the entry of potentially neurotoxic plasma components and pathogens from
the systemic circulation (Zhao et al., 2015). Endothelial cells form the main
anatomical element of the BBB, though it is important to note that these endothelial
cells are specialised compared to endothelial cells found elsewhere, with continuous
intercellular tight junctions, a lack of fenestrations, and low rates of transcytosis
(Abbott et al., 2006, Obermeier et al., 2013). Maintenance of the BBB is provided by
interaction with astrocytes, pericytes, and extracellular matrix components

(Obermeier et al., 2013).

Loss of BBB integrity is observed across a range of CNS pathologies, as well as in
normal ageing (Farrall and Wardlaw, 2009), though it remains a subject of debate
over whether it is a cause or effect and to what extent it involves a vicious cycle
between the two. Oxidative stress may affect BBB integrity either through direct
damage to the cells themselves, their interaction through tight junctions, or through

promotion of inflammatory cytokines and MMPs (Pun et al., 2009).

MMPs, particularly MMP-9, have been implicated in BBB dysfunction in both acute
stroke and in small vessel disease. MMP-9 may be directly involved in disruption of
the BBB. At the basal lamina of the BBB unit, type IV collagen and laminin are
MMP-9 substrates, and MMP-9 has been implicated in the disruption of the integrity
of the BBB (Gidday et al., 2005, Kumari et al., 2011, Guo et al., 2008). The tight
junctions between the endothelial cells of the BBB are normally maintained by a
variety of specialised proteins, including ZO-1, which has been found to be a MMP-9
substrate (Harkness et al., 2000). Degradation of these tight junctions was reduced in

MMP-9 knock-out rats, as was 24-hour infarct volumes (Asahi et al., 2001).

There is evidence of increased BBB permeability in individuals with WMHs, with the
highest permeability seen within the centre of WMHs and in those with the most
extensive white matter disease (Hanyu et al., 2002, Taheri et al., 2011a, Starr et al.,

2003). BBB permeability was also increased in the normal-appearing white matter in
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individuals with leukoaraiosis, suggesting that BBB disruption is causative in the

development of WMHs (Topakian et al., 2010).

Given the aforementioned role of MMPs, particularly MMP-9, in atheroma
destabilisation, we sought to establish the relationship between carotid plaque

inflammation measured using FDG-PET/CT and the presence of leukoaraiosis.

5.2 Methods

Methodology for this chapter is discussed in Chapter Two.

5.3 Results

5.3.1 Study cohort

Twenty-six participants were included in this substudy, corresponding to the 26
participant cohort who underwent complete baseline investigations (FDG-PET/CT,
NaF-PET/CT, and baseline brain MRI). As a cohort, their overall clinical details were
described in previous chapters. For this substudy, the cohort was dichotomised
according to the global Fazekas scale: no/mild leukoaraiosis: 15 participants,
moderate/severe: 11 participants. The pattern of disease was predominantly peri-

ventricular. The clinical characteristics are shown in Table 5.1.
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No/mild leukoaraiosis Moderate/severe Significance
n=15 leukoaraiosis
n=11

Mean age (SD) (years) 71.5 (£8.5) 79.4 (£9.7) p=0.04
Number of males (%) 11 (73.3%) 7 (63.3%) p=0.60
Mean BMI (SD) 26.0 (+4.2) 28.3 (£5.3) p=0.26
Current/former smoker 10 (66.7%) 7 (63.3%) p=0.87
(%)
Diabetes mellitus (%) 1 (6.7%) 3(27.3%) p=0.15
Hypertension (%) 11 (73.3%) 6 (54.5%) p=0.32
Current statin (%) 7 (46.7%) 2 (18.2%) p=0.13
Current antiplatelet (%) 5(33.3%) 3(27.3%) p=0.74
History of cardiovascular 5(33.3%) 3(27.3%) p=0.74
disease (%)
Total cholesterol 4.55 (£1.3) 4.5 (£0.88) p=0.91
Median NIHSS (IQR) 5(12) 4 (8) p=0.70
Thrombolysed 2 (13.3%) 4 (36.4%) p=0.17
Modal degree of
symptomatic artery 70-89% 70-89%
stenosis
Maximum stenosis in
symptomatic artery:

CCA 1 (6.7%) 1 (9.1%)

ICA 14 (93.3%) 10 (90.9%) p=0.82
Modal degree of
asymptomatic artery 30-49% 30-49%
stenosis
Maximum stenosis in
asymptomatic artery:

CCA 3 (20%) 2 (18.2%)

ICA 12 (80%) 9 (81.8%) p=0.90
CEA 5(33.3%) 4 (36.4%) p=0.87
Mean onset-to-FDG- 9.2 (+4.8) 8.9 (+4.7) P=0.88
PET/CT (SD) (days)
Table 5.1: Clinical characteristics according to dichotomised severity of

leukoaraiosis.
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5.3.2 FDG uptake according to leukoaraiosis severity

FDG uptake according the severity of leukoaraiosis is illustrated in Figure 5.1 and

full results shown in Table 5.2.

No/mild Moderate/severe

Figure 5.1: Carotid FDG uptake according to leukoaraiosis severity. Left: no/mild
leukoaraiosis (hyperintensity represents acute infarction) with associated low carotid
FDG uptake; Right: moderate/severe leukoaraiosis with higher associated carotid
FDG uptake. Both FDG-PET/CT images are set at the same scale, with the scale bar
showing FDG SUV.
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Culprit artery Non-culprit artery
ot ot
=% |3 % s 2 »
EE |zt |z ET |zE g
2 § 2 2 § 2
SHS SUV .« 2.21 2.63 p=0.38 1.86 2.28 p=0.04
(0.53) (0.60) (0.24) (0.53)
MDS SUV 2.15 2.56 p=0.36 1.82 2.22 p=0.02
(0.52) (0.55) (0.26) (0.53)
WV SUV jax 1.90 2.04 p=0.41 1.68 1.99 p<0.01
(0.45) (0.47) (0.23)* (0.30)*
SHS SUV ean 1.94 2.19 p=0.26 1.66 2.28 p=0.04
(0.31) (0.51) (0.24) (0.53)
MDS SUV ean 1.87 2.11 p=0.26 1.82 2.22 p=0.02
(0.31) (0.48) (0.26) (0.53)
WYV SUV jean 1.67 1.92 p=0.09 1.68 1.99 p<0.01
(0.24)* (0.42)* (0.23)* (0.30)*
SHS TBR 2.07 2.23 p=0.20 1.79 2.09 p=0.11
(0.38) (0.57) (0.32)* (0.53)*
MDS TBRax 2.03 2.19 p=0.15 1.74 2.03 p=0.10
(0.30) (0.56) (0.31)* (0.48)*
WV TBR.x 1.85 2.01 p=0.35 1.60 1.82 p=0.06
(0.36)* (0.49)* (0.27)* (0.30)*
SHS TBRyean 1.74 1.91 p=0.15 1.58 1.88 p=0.04
(0.37) (0.24) (0.25)* (0.38)*
MDS TBRean 1.72 1.84 p=0.12 1.54 1.82 p=0.04
(0.31) (0.24) (0.24)* (0.36)*
WV TBR e 1.59 1.75 p=0.22 1.42 1.61 p=0.047
(0.28)* (0.37)* (0.23)* (0.24)*

Table 5.2: Comparison of FDG uptake between Fazekas score dichotomisation for
culprit and non-culprit carotid arteries. All values expressed as median (IQR), except

where denoted with an asterisk, where values are mean (SD).
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There was no significant difference in blood sugar at the time of scan between cohorts
(no/mild leukoaraiosis: median 5.7 mmol/L [IQR 1.9], moderate/severe leukoaraiosis:

5.4 mmol/L [IQR 1.05], p=0.96).

5.3.3 Logistic regression of vascular features in relation to leukoaraiosis severity

It is important to consider the terms included within the logistic regression, most of
which have already been discussed in Chapter Four. We included an interaction term
between FDG uptake and the interaction of diabetes mellitus and blood sugar, as this
was observed in our cohort. We also included the following interaction terms for
variables that were found on the revised multivariable analysis in Chapter Four: (1)
FDG and smoking, (2) statin use and total cholesterol. No association between FDG
uptake and age was observed with our cohort, and repeat univariable correlation
showed no correlation between these variables (all p>0.05). Hence, they were treated
as independent variables within our logistic regression model. All other variables in
the univariable analysis (with total cholesterol used for lipid profile) were included in

the model prior to backwards elimination.

Results for the regression analysis for non-culprit (‘asymptomatic’) arteries are shown

in Table 5.3.

206



SHS TBRax AIC =20.1 Adjusted R’
=0.63 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.40 4.06 [1.91 —8.63] p<0.01
Smoking 1.82 6.21[1.42-27.1] p=0.03
Age 0.03 1.03[1.02 - 1.05] p<0.001
Current statin -0.34 0.71 [0.54 — 0.93] p=0.02
FDG:Smoking interaction -1.06 - p=0.02
FDG:diabetes:blood sugar 0.07 - p<0.001
interaction
MDS TBR . AIC =20.6 Adjusted R’
=0.62 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.38 3.98 [1.84 —8.59] p<0.01
Smoking 1.71 5.55[1.23 -25.0] p=0.04
Age 0.03 1.03[1.02 - 1.05] p<0.001
Current statin -0.35 0.71 [0.54 — 0.93] p=0.02
FDG:Smoking interaction -1.00 - p=0.03
FDG:diabetes:blood sugar 0.07 - p<0.001
interaction
WV TBR, AIC =239 Adjusted R’
=0.57 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.82 6.18 [2.10 - 18.2] p<0.01
Age 0.03 1.03[1.01 — 1.05] p<0.01
Current statin -0.33 0.72 [0.53 - 0.97] p=0.04
Diabetes 0.76 2.15[1.41 —3.28] p<0.01
Smoking 2.12 8.34[1.14 - 61.0] p=0.05
FDG:smoking interaction -1.30 - p=0.05
SHS TBRuean AIC =19.0 Adjusted R’
=0.65 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.76 5.84[2.47-13.79] p<0.001
Smoking 1.97 7.19 [1.41 — 36.63] p=0.03
Age 0.03 1.03[1.02 - 1.05] p<0.001
Diabetes 0.76 2.15[1.48 -3.12] p<0.001
Current statin -0.29 0.75[0.57 — 0.98] p=0.05
FDG:diabetes:blood sugar -1.23 - p=0.02

207




interaction
MDS TBRcan AIC =19.1 Adjusted R’
=0.64 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.74 5.70 [2.40 — 13.54] p<0.001
Smoking 1.86 6.40 [1.25-32.79] p=0.04
Age 0.03 1.03[1.02 - 1.05] p<0.001
Current statin -0.31 0.74 [0.56 — 0.97] p=0.04
Diabetes 0.76 2.13[1.46 —3.12] p<0.001
FDG:diabetes:blood sugar -1.18 - p=0.03
interaction
WV TBR pean AIC =24.6 Adjusted R’
=0.56 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 2.14 8.48 [2.28 — 31.57] p<0.01
Age 0.03 1.03[1.02 - 1.05] p<0.001
Current statin -0.33 0.72 [0.53 - 0.97] p=0.04
Diabetes 0.75 2.11[1.36 —3.28] p<0.01
Smoking 2.34 10.37 [1.09 — 98.21] p=0.06
FDG:diabetes:blood sugar -1.60 - p=0.05
interaction

Table 5.3: Multiple logistic regression for factors associated with severity of

leukoaraiosis for the non-culprit artery.

Repeating the analyses with interaction terms between (1) FDG uptake and age, and

(2) FDG uptake and current statin use did not affect the results.

We also performed the same regression analysis on the culprit (‘symptomatic’)

arteries (Table 5.4).
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SHS TBRax AIC =29.2 Adjusted R’
=0.48 (p<0.01)
Coefficient OR (95% CI) Significance
FDG uptake 0.74 2.09 [1.07 —4.10] p=0.04
Age 0.03 1.03[1.01 — 1.05] p<0.01
Current statin -0.43 0.65[0.47 — 0.90] p=0.02
Smoking 1.12 3.08 [0.69 — 13.71] p=0.16
FDG:Smoking interaction -0.60 - p=0.13
FDG:diabetes:blood sugar 0.06 - p<0.01
interaction
MDS TBR . AIC =28.9 Adjusted R’
=0.48 (p<0.01)
Coefficient OR (95% CI) Significance
FDG uptake 0.76 2.14 [1.07 — 4.28] p=0.04
Age 0.03 1.03[1.01 — 1.05] p<0.01
Current statin -0.44 0.64 [0.46 — 0.89] p=0.02
Smoking 1.09 2.96 [0.66 — 13.32] p=0.17
FDG:Smoking interaction -0.60 - p=0.14
FDG:diabetes:blood sugar 0.06 - p<0.01
interaction
WV TBR, AIC =272 Adjusted R’
=0.49 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 0.42 1.52[1.06 — 2.17] p=0.03
Age 0.03 1.03[1.01 — 1.05] p<0.01
Current statin -0.46 0.63[0.46 — 0.86] p<0.01
FDG:diabetes:blood sugar 0.05 - p<0.01
interaction
SHS TBRuyean AIC =239 Adjusted R’
=0.57 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.46 4.30[1.67 - 11.06] p<0.01
Smoking 1.94 6.98 [1.19 — 41.03] p=0.04
Age 0.03 1.03[1.02 - 1.05] p<0.01
Current statin -0.41 0.67 [0.50 — 0.89] p=0.01
FDG:Smoking interaction -1.20 - p=0.03
FDG:diabetes:blood sugar 0.07 - p<0.01

interaction
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MDS TBRcan AIC =24.7 Adjusted R’
=0.56 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.52 4.59 [1.65 —12.78] p<0.01
Smoking 2.04 7.71[1.21 —49.29] p=0.04
Age 0.03 1.03[1.01 — 1.05] p<0.01
Current statin -0.41 0.66 [0.50 — 0.89] p=0.01
FDG:Smoking interaction -1.28 - p=0.03
FDG:diabetes:blood sugar 0.07 - p<0.01
interaction
WV TBR pean AIC =226 Adjusted R’
=0.59 (p<0.001)
Coefficient OR (95% CI) Significance
FDG uptake 1.91 6.72 [2.05 — 22.00] p<0.01
Smoking 2.17 8.79 [1.20 — 64.37] p=0.046
Age 0.03 1.03[1.02 - 1.05] p<0.001
Current statin -0.41 0.66 [0.50 — 0.87] p<0.01
FDG:Smoking interaction -1.49 - p=0.04
FDG:diabetes:blood sugar 0.08 - p<0.01
interaction

Table 5.4: Multiple logistic regression for factors associated with severity of

leukoaraiosis for the culprit artery.

Again, there was no interaction seen between FDG uptake and age or between FDG

uptake and current statin use in our regression model.

5.3.4 NaF uptake according to leukoaraiosis severity

Given the association found between FDG uptake and WMHs, we also looked at

whether there was any accompanying association between NaF uptake and WMHs

(Table 5.5).
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Culprit artery Non-culprit artery
() o () o o o
2 s - 2 s -
SHS 1.94 2.28 p=0.54 1.51 1.99 p=0.36
SUV max (0.80) (0.35) (0.59)* (0.44)*
MDS 1.80 2.07 p=0.54 1.70 1.88 p=0.35
SUV nax 0.71) (0.34) (0.57)* (0.41)*
wvV 1.46 1.48 p=0.88 1.19 1.46 p=0.22
SUV nax (0.38)* (0.43)* (0.38) (0.46)
SHS 1.70 1.82 p=0.47 1.80 1.70 p=0.31
SUV nean (0.52) (0.42) (0.50)* (0.41)*
MDS 1.55 1.68 p=0.44 1.43 1.62 p=0.27
SUV nean (0.50) (0.37) (0.47)* (0.38)*
wv 1.19 1.17 p=1.00 1.08 1.22 p=0.10
SUV nean (0.26) (0.35) (0.28) (0.36)
SHS 2.61 2.96 p=0.28 2.37 2.62 p=0.35
TBR ax (0.87) (0.60) (0.78)* (0.53)*
MDS 2.44 2.81 p=0.24 2.23 2.48 p=0.32
TBR ax 0.77) (0.69) (0.73)* (0.50)*
WV TBR.x 1.84 1.85 p=0.72 1.58 1.92 p=0.18
0.47) (0.14) (0.51) (0.40)
SHS 2.18 2.37 p=0.33 1.97 2.23 p=0.22
TBR nean (0.62) (0.80) (0.60)* (0.45)*
MDS 2.10 2.25 p=0.33 1.87 2.13 p=0.19
TBR e (0.56) (0.64) (0.58)* (0.41)*
wvV 1.57 1.57 p=0.65 1.43 1.63 p=0.08
TBR nean (0.28) (0.17) (0.39) (0.23)

Table 5.5: Comparison of NaF uptake between dichotomised leukoaraiosis severity
cohorts for culprit and non-culprit carotid arteries. All values expressed as median

(IQR), except where denoted with an asterisk, where values are mean (SD).
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5.3.5 Macrocalcification and leukoaraiosis severity

There was no significant difference between the no/mild and moderate/severe
leukoaraiosis cohorts for total carotid artery calcification score (494 [IQR 1492.5]
versus 909 [IQR 742], p=0.68), culprit carotid artery calcification score (258 [IQR
803] versus 408 [IQR 556], p=0.92), or non-culprit carotid artery calcification score
(294 [1IQR 425] versus 328 [IQR 485.5], p=0.76).

5.3.6 hsCRP and leukoaraiosis severity

There was no significant difference between hsCRP levels between the no/mild and
moderate/severe leukoaraiosis cohorts (median 5.6 [IQR 8.27] versus 5.89 [IQR
28.46] mg/L, p=0.16).

5.3.7 Fazekas score reproducibility

Inter-rater reproducibility of Fazekas scoring had an ICC of 0.91.

5.4 Discussion

5.4.1 Association between carotid plaque physiology and white matter disease

Our study is novel in relating the presence of leukoaraiosis to the physiological
activity within atherosclerosis measured using PET, rather than simply the degree of
anatomical luminal stenosis, and we demonstrate an independent association between

FDG TBR and the severity of leukoaraiosis.

This relationship, and the regression models themselves, were stronger when
considering the contralateral non-culprit (“asymptomatic”) artery rather than the
culprit artery. This is likely to be because the non-culprit artery in effect acts as a
‘barometer’ for the systemic inflammation within atherosclerosis, as suggested by the
correlation between neighbouring arterial regions demonstrated by Rudd et al. (Rudd

et al., 2009). In contrast, the symptomatic artery represents a region with potentially
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disproportionate uptake. The median absolute difference between MDS TBR,,,x in
culprit and non-culprit arteries was 0.24 (IQR 0.37) and median relative ratio was
1.13 (IQR 0.18). This represents a peak focus of disease that may not be reflective of
the general burden of atherosclerotic inflammation either spatially or temporally. This
is reflected in the superior applicability of the models in the non-culprit artery.
Furthermore, the above results indicate that as one moves towards more diffuse
measures of FDG uptake in the culprit artery (i.e. TBRyean rather than TBR,x, and
the median WV), the results start to approximate those of the non-culprit artery.
Given that WMH represent chronic disease developing over a longer time course than
acute stroke, it is therefore likely that the non-culprit artery gives a better

representation of the long-term pathophysiology to which the brain has been exposed.

Previous studies have demonstrated an association between FDG uptake and serum
MMP-9 concentrations. The mean of whole carotid artery FDG TBR,.x was found to
have a moderate correlation with serum MMP-9 concentrations (r=0.50, p=0.01) and
an inverse correlation with serum plasminogen activator inhibitor-1 (r=-0.39, p=0.03)
(Rudd et al., 2009). Other studies have also reported an association between FDG
uptake and serum MMP-9 concentrations (Saito et al., 2013, Wu et al., 2012).
Supporting these findings is the observation that a 12-week course of atorvastatin 40
mg/day resulted in a significant reduction in both atheroma TBR and MMP-9 over the
study period, and that there was a moderate correlation between the reduction in
plaque TBR and reduction in MMP-9 concentration (r=0.56, p=0.05) (Wu et al.,
2012).

Given the aforementioned relationships between MMP-9 levels and BBB dysfunction,
and between BBB permeability and the development of leukoaraiosis, there is a clear
line of potential causality between the chronic inflammation within carotid plaques

and the development of leukoaraiosis.

These findings are consistent with the global impression that leukoaraiosis is
associated with carotid IMT and the presence of plaques, but not stenosis (which may
be physiological heterogeneous, with some a spectrum of plaque vulnerability). The
contradictory findings with stenosis may be due to different plaque activity within

different cohorts, as we have shown that FDG uptake does not appear to relate to the
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degree of luminal stenosis (Chapter Four). It may also agree with studies
demonstrating an association between plaque morphology and the development of

leukoaraiosis, as FDG (Silvera et al., 2009, Figueroa et al., 2012).

Furthermore, in the studies investigating the association between carotid disease and
leukoaraiosis discussed above, it is not always considered what medication an
individual is taking (or may have started taking during a follow-up period). This may
have implications for the physiological status of the carotid plaque and may contribute
to conflicting results between studies only assessing the degree of luminal stenosis.
For example, in Schmidt et al. (Schmidt et al., 1992), the stroke cohort are likely to
have received secondary prevention and this may contribute to carotid stenosis being
found to be significant on univariable but not multivariable analysis. Similarly,
Adachi et al. recruited participants who had evidence of unilateral or bilateral carotid
stenosis but there is no comment on medication or inclusion of these in the regression

analyses (Adachi et al., 1997).

5.4.2 Risk factors associated with leukoaraiosis

Previous reviews have highlighted the inconsistent associations found between
leukoaraiosis and a range of vascular risk factors (Grueter and Schulz, 2012). A
notable exception is age, which most studies have found to be independently
associated with the development of WMHs (Padovani et al., 1997, Lindgren et al.,
1994, van Swieten et al., 1992). Our results agree with this, finding a small but
significant increase in the odds of moderate/severe leukoaraiosis for each year
increase in age. This risk did not appear to interact with FDG uptake in the carotid in

this cohort, supporting our earlier regression analysis of vascular risk factors.

Hypertension has previously been reported to be strongly associated with WMHs
(Padovani et al., 1997, Streifler et al., 1995, Adachi et al., 1997). We did not find this
association in our study. The most likely reason is the combination of a small sample
in individuals where there is a high prevalence of hypertension (by nature of our

cohort compared to the general population).
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5.4.3 Limitations

We observed a high prevalence of extensive white matter disease in this study (42%).
This is likely due to the overall age of the cohort (mean age 74.8+9.7) and age of the
moderate/severe leukoaraiosis cohort (mean age 79.449.70). Furthermore, our cohort
is not reflective of the general population. Our cohort demonstrates both a higher
burden of cardiovascular risk factors and all have had a stroke. However, we feel that
this study provides important mechanistic insights with potential implications in this

high-risk vascular group.

Our study was performed in individuals with symptomatic carotid stenosis rather than
in an asymptomatic cohort. Increased FDG uptake has been reported following
myocardial infarction (Dutta et al., 2012), though whether FDG uptake increases in
plaques following stroke is unclear. However, we observed no difference between
TIA and stroke patients in terms of carotid FDG uptake, suggesting that cerebral
infarction is not associated with higher uptake than those with ischaemia but no
infarction. Hence, due to this and the consistent lower uptake in the non-culprit artery
that we observed in this cohort, we feel that the non-culprit artery is likely to remain a
reasonable barometer for atherosclerotic inflammation for an individual rather than be

dramatically upregulated following an ischaemic event.

Our study measured carotid FDG uptake at a single time point, and that time point
was after the stroke event. Consequently, it is not possible to consider the length of
exposure between the inflamed carotid plaque and any BBB disruption and
development of leukoaraiosis. The radiation exposure involved in PET scanning
precludes repeated imaging, and this is further compounded by uncertainty over when
to image. This is likely to preclude future longitudinal PET studies investigating this
association. Whether structural imaging and serum MMP-9 concentrations are

sufficiently predictive would be an important area to consider in future work.
We did not measure MMP-9 levels in our study, so cannot assess its role as a potential

mechanistic link between FDG uptake and leukoaraiosis. Previous work

demonstrating an association between FDG uptake and MMP-9 would suggest this as
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a plausible mechanism, but future work should include this biomarker to support this

hypothesis.

5.4.4 Implications and future work

Although white matter disease may be a ubiquitous incidental finding and appear
asymptomatic, it is not a benign pathology. A number of studies have found increased
severity of WMH is associated with poorer cognitive performance, particularly
executive tasks (Brickman et al., 2011). Cognitive performance for our cohort is

discussed in Chapter Seven.

In this part of the study we have not measured white matter volumes, nor have we
investigated the three-month repeat imaging for changes in leukoaraiosis burden.
Semi-quantitative scale changes have been shown to be less reliable for measuring
progression of white matter disease (Gouw et al., 2008), so future work assessing this
will require use of either progression scales (such as the Rotterdam Progression Scale)
or volumetric measurement. Furthermore, our study is limited by a small sample size.

To corroborate these findings, replication in a larger sample is required.

A possible association between inflamed plaques and leukoaraiosis and cognitive
decline would strengthen an argument for screening for disease and early intervention.
This intervention would likely require systemic treatment with anti-inflammatory
medication rather than surgical intervention given the diffuse nature of the disease.
For example, the presence of ‘asymptomatic’ carotid disease on ultrasound,
potentially risk stratified by MMP-9 concentrations, may facilitate targeted therapy
with systemic treatment to reduce the metabolic activity of the plaque and its

downstream consequences.
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5.5 Summary of findings

This chapter has discussed:

1. The severity of leukoaraiosis is associated with FDG within carotid plaques,
with the non-culprit atheroma providing a better model of the association.

2. This association remains independent of other cerebrovascular risk factors.

3. Age is also independently associated with leukoaraiosis severity, while statins
appear to be negatively associated (independent of their effect upon FDG
uptake within the carotid plaque).

While leukoaraiosis represents a chronic cerebrovascular pathology, similar

mechanisms may also influence acute cerebrovascular pathology. We will explore this

in the next chapter.
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Chapter Six:
Inflammation within Carotid Atheroma and the Evolution of Cerebral

Infarction

6.1 Introduction

6.1.1 Aims of this chapter

The previous chapter considered how inflammation within the carotid plaque was
associated with chronic cerebrovascular disease. Many of the mechanisms are also
implicated in acute infarction. This chapter will consider how inflammation
influences the evolution of the acute ischaemic lesion, and has the following specific

questions:

1. Is inflammation within the carotid plaque associated with the size of the initial
infarct?
2. How does inflammation within the carotid plaque affect the evolution of the

infarct during the early post-stroke period?

The main hypothesis is:

1. Higher FDG uptake within the carotid plaque will be associated with larger

infarct volumes.

The secondary hypothesis is:

i1.  Higher FDG uptake within the carotid plaque will be associated with greater

expansion of the infarct in the early (three month) post-stroke period.

6.1.2 Inflammatory pathways contributing to infarct volumes

The inflammatory response to stroke has been acknowledged for some time. In
contrast, the contribution of inflammation to stroke pathogenesis is now increasingly

recognised. There are a number of proposed pathways through which inflammation
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may affect the volume of the acute infarct and its development. These pathways may
occur in isolation or may interact. The main pathways we will consider in this chapter

are.

1. The microglial response around the infarct.

2. Disruption of the BBB in acute stroke.
3. Infiltration of circulating inflammatory cells into the CNS.
4. Thromboinflammation.

Each of these will be considered in greater detail below, along with how imaging has

informed our understanding of the evolution of the infarct.

6.1.3 The microglial response in ischaemic stroke

Ischaemic injury to the brain provokes a reactive gliosis involving activation of
astrocytes and microglia, the resident macrophages of the central nervous system.
Although neuroinflammation is generally seen as contributing to pathophysiology in
most neurodegenerative conditions, it is believed to play a complex dual role

following ischaemia.

Microglia express toll-like receptors (TLRs) and nucleotide-binding oligomerisation
domain-like receptors (NOD-like receptors, NLRs) that detect pathogenic material or
cellular injury, such as ischaemic injury (Taylor and Sansing, 2013). The post-infarct
microglial response involves two arms: pro-inflammatory M1 and anti-inflammatory
M2 microglial subtypes, with an early polarisation from M2 to M1 subtypes in peri-
infarct regions (Wang and Feuerstein, 2004). M1 microglia exert neurotoxic effects
through production of reactive oxygen species and pro-inflammatory proteins, which
may themselves perform a dual role. MMP-9 produced by M1 microglia exacerbates
ischaemic damage by promoting blood-brain barrier disruption and neuronal death in
the early stages post-infarct, but may promote brain regeneration and neurovascular
remodeling in latter phases (Amantea et al., 2009, Kriz, 2006). The M2 microglial
subtype is predominantly protective, with associated neuronal survival (Xia et al.,

2015).
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Arterial occlusion from a thromboembolus results in ischaemia, cell death, generation
of ROS, and release of cellular contents from necrotic cells (Iadecola and Anrather,
2011, Bours et al., 2006). ATP released from necrotic cells has been found to trigger
cytokine release (particularly IL-6) from microglia via stimulation of the P2X7
receptor (Shieh et al., 2014). Further activation of microglia comes from cellular
release of danger-associated molecular pattern molecules (DAMPs) that bind to TLRs

(Marsh et al., 2009).

A dynamic spatiotemporal relationship has been observed in microglial activation and
phenotype following ischaemic injury in mouse models. M2 microglia were found
early after ischaemia but ischaemic neurons promoted polarisation to the MI
phenotype over time with accumulation of these cells around the peri-infarct
boundary (Hu et al., 2012). Furthermore, induction of microglia to the M2 phenotype
was associated with improved neuronal survival compared to those induced to the M1
phenotype, and that a mix of M1 and M2 microglia also promoted neuronal survival

(Hu et al., 2012).

Hu et al. further demonstrated a polarisation of microglia/macrophages towards the
destructive M1 phenotype from the neuroprotective M2 phenotype after transient
cerebral ischaemia in mouse models (Hu et al, 2012). A pro-inflammatory
environment, such as that found with arterial atheroma, also modulated the activation
of bone marrow-derived macrophages, with pro-inflammatory cytokines and
increasing age associated with macrophage infiltration across the blood-brain barrier

in rat models (Barrett et al., 2015).

Minocycline, a tetracycline derivative with anti-inflammatory and anti-microglial
activity, reduced MMP-9, TNF-a, and IL-1p levels in hypertensive rats following
MCAQO compared to the contralateral cortex and was associated with enhanced
expression of tight junction proteins at the BBB, lower BBB permeability, activation
of neuroprotective microglia/macrophage phenotypes, and smaller infarct sizes (Yang
et al.,, 2015b). Whilst the results of this study demonstrate the detrimental role of
inflammation in stroke, the wide-ranging effects of minocycline means that it is

difficult to know whether its observed beneficial effects are driven primarily through
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effects on blood brain barrier permeability or the modulation of

microglia/macrophage subtypes.

However, the purpose of this section is not to consider simply how microglia are
activated following ischaemic injury, but rather to explore how inflammation may
affect this interaction. As alluded to above, it has been found possible to trigger
microglial polarisation in vitro using either pro-inflammatory cytokines (e.g. IFN-y
and LPS) or anti-inflammatory cytokines (IL-4 and IL-10) (Ding et al., 1988,
Durafourt et al., 2012).

Animal studies have suggested that cerebrovascular risk factors and co-morbidities
may in some way ‘prime’ the brain for larger stokes. Drake et al. found that corpulent
(obese, atherosclerotic-prone, and insulin-resistant) rats had increased intracerebral
""F-DPA-714 uptake on PET and immunohistochemical evidence of microglial
activation (Drake et al., 2011). DPA-714 (*F-N,N-diethyl-2-(2-(4-(2-
fluoroethoxy)phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide) is a
radiotracer specific to the translocator protein 18kDa (TSPO) expressed on microglia
(and upregulated upon their activation) but not astrocytes following ischaemic
damage (Stephenson et al., 1995), and hence this finding suggests increased activity is

present before any acute infarction.

Furthermore, the same study reported a pilot study of eight humans (four with
vascular risk factors but no evidence of brain damage and four age-matched controls)
who underwent PK11195 intracerebral PET. The risk-factor group had higher CRP at
baseline (mean 9.15 [range 12.99-13.26] versus 0.76 [range 0.55-1.00]) and three of
the four had increased PK11195 signal across neocortical areas but not periventricular

or white matter regions (compared to none of the four controls) (Drake et al., 2011).
6.1.4 Disruption of the blood-brain barrier in acute stroke
As well as its presence in the carotid plaque, MMP-9 is produced by activated

microglia (Liuzzi et al., 1999, Gottschall and Deb, 1996). The previous chapter has

discussed the association observed between MMP-9 concentrations and FDG uptake
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in a carotid plaque, as well as the proposed direct effects of MMP-9 upon the BBB.

Here we consider its role, and the integrity of the BBB, following acute infarction.

Animal models indicate that BBB dysfunction after stroke is biphasic: an initial
increased permeability within hours of infarct and then a second period 24-72 hours
following infarct (Kuroiwa et al., 1985, Belayev et al., 1996). This biphasic response
may reflect the different mechanisms at work: reperfusion-driven oxidative stress at
the BBB is associated with increased transcytosis in endothelial cells through an
increase in the number of vesicles facilitating this process (Engelhardt and Sorokin,
2009). In rat models, this has been shown to occur as early as 6-hours after stroke
while tight junction disruption, typically mediated by MMP-9 and MMP-3, occurred
two days later (Knowland et al., 2014, Rosenberg and Yang, 2007). In a hypertensive
rat model, MMP-2 was found in peri-vascular astrocytes and was increased within
three hours of reperfusion. In contrast, MMP-3 and MMP-9 (localising to activated
microglia and ischaemic neurons, with MMP-9 also detected at endothelial cells and
neutrophils) were observed at 24 hours (Rosenberg et al., 2001). Similar results were
seen by Yang et al., and that BBB degradation was reversed by inhibition of MMPs
(Yang et al., 2007).

In humans, Brouns et al. found that MMP-9 levels rose in the acute phase and then
dropped over the first 24-hours in those individuals with no stroke progression and a
3-month mRS 0-2. In contrast, those with stroke progression and poor mRS outcomes
had a different temporal pattern, with MMP-9 levels increasing over the first 72-hours
(for individuals with stroke progression) or steady over the first 72-hours (for
individuals with 3-month mRS >3) (Brouns et al., 2011). Post-mortem human brains
have shown a spatial distribution of MMP-9, with MMP-9 concentrations found
highest in the infarct core, though peri-infarct tissue also showed elevated levels

compared to the contralateral hemisphere (Rosell et al., 2006).

In acute cardioembolic stroke, MMP-9 concentrations independently predicted final
NIHSS (r=0.486, p=0.002), correlated with infarct volume (r=0.385, p=0.02), and
were significantly reduced by reperfusion (Montaner et al., 2001a). MMP-9 levels are
implicated in an increased risk of late haemorrhagic transformation in cardioembolic

strokes (Montaner et al.,, 2001b), and large parenchymal haemorrhage after
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thrombolysis (Montaner et al., 2003). The addition of tissue plasminogen activator
was found to upregulate MMP-9 concentrations in vivo in rats, and in human cerebral
microvascular endothelial cells in vitro (Tsuji et al., 2005, Wang et al., 2003). Further
work has suggested that a potential disruption of BBB permeability by tPA is not
limited to the MMP-9 pathway (Copin et al., 2011). Finally, a small study has found a
positive correlation between post-stroke MMP-9 concentration and serum tau protein
concentration, itself likely representing the extent of neuronal injury and stroke

volume (Kurzepa et al., 2010, Bitsch et al., 2002).

Pre-ischaemic exercise was shown to have a beneficial effect in rats, with associated
increased expression of TIMP-1, reduced BBB permeability, and smaller infarct
volumes (Guo et al., 2008). In similar models, pre-ischaemic exercise was associated
with reduced cerebral oedema after transient MCAO via down-regulation of
aquaporin-4 (Shamsaei et al., 2017, He et al, 2014, Han et al., 2015).
Pharmacological reduction of MMP-9 in rat models was also associated with a
reduction in post-ischaemic oedema and improved neurological recovery (Zhou et al.,

2011, Liu et al., 2014).

6.1.5 Infiltration of circulating inflammatory cells into the central nervous system

The infiltration of systemic activated cytotoxic monocyte/macrophages into the brain
remains controversial but several studies have suggested movement across a disrupted
blood brain barrier directly contributing to hypoxic neuronal cell damage in animal

models of stroke (Tanaka et al., 2003, Girard et al., 2013).

The migration of neutrophils post-stroke remains subject to debate. Enzmann et al.
found polymorphonuclear granulocytes were limited to the luminal surfaces and
perivascular surfaces with no evidence of parenchymal infiltration in human
specimens (Enzmann et al., 2013). However, the post-mortem study by Rosell et al.
found neutrophils present in the core of the infarct, and localised with MMP-9 (Rosell
et al., 2006). Furthermore, the role of neutrophils is also unclear. When administered
acutely, neutrophil inhibition reduced infarct volumes after transient MCAO in rats,
but not with permanent occlusion (Jiang et al., 1998). However, a similar approach in

human stroke patients did not improve clinical recovery. No measurement of infarct
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volumes was conducted, but given the lack of clinical efficacy in this large sample it
is unlikely an effect was present (Krams et al., 2003). Hence, this implies a limited

contribution from neutrophils.

Diet-induced atherosclerosis was found to be associated with leucocyte infiltration in
ApoE-/- mice, and the presence of atherosclerotic plaques was associated with

microglial and leucocyte recruitment within the brain (Drake et al., 2011).

6.1.6 Inflammatory cytokines and their effect on infarct development

Non-cellular aspects of immunity may also contribute to injury. Chemokine-binding
protein (binding a broad spectrum of CC, CXC, XC, MCP-1 and CXCL2/MIP-2
chemokines) have been found to reduce infiltration of leukocytes transiently and
reduce infarct volumes, with improved neurological recovery observed (Lee et al.,
2015b). Such chemokines have also been found to be upregulated in atherosclerosis

and indicated in its pathophysiology (Lin et al., 2014).

6.1.7 Thromboinflammation

In addition to inflammatory cell infiltration, another mechanism affecting the size of
the infarct and severity of the stroke is thrombus burden. The contribution of
inflammation within the plaque through thromboinflammation has been discussed
previously (Chapter 1.1.8). Essentially, the thrombogenic environment appears to be
influenced by both the level of inflammation (either locally to the plaque or
systemically) and morphology of the atheroma. Hence, higher macrophage-driven
atheroma inflammation may be associated with increased thrombus formation and/or

size, and in consequently associated with larger infarcts.

6.1.8 Understanding the evolution of acute ischaemic stroke using PET

Just as PET imaging of carotid atherosclerosis has informed our understanding of the

physiological processes taking place in vivo, so too has intracerebral PET informed

our understanding of the pathophysiology of acute ischaemic injury, the salvageable
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penumbra, and subsequent neuroinflammation. All are relevant in this context and

discussed below.

6.1.8.1 PET imaging of the developing acute infarct

Early °O-PET measuring tissue perfusion (using CBF) and cerebral metabolic rate of
oxygen consumption (CMRO,) identified three distinct groups within a cohort of
ischaemic stroke patients: extensive areas of greatly reduced CBF and CMRO,,
extensive moderate CBF reduction but only focal areas of marked CMRO, reduction,
and increased CBF with only focal areas showing reduced CMRO,. Although small
studies, these patterns showed proof of principle and matched clinical outcomes, with
poor, variable, and good outcomes respectively, independent of initial neurological
status (Marchal et al., 1993, Marchal et al., 1995). Acute '*O-PET has found
salvageable penumbra of 10-52% of the infarct volume up to 17 hours post-infarct
(Marchal et al.,, 1996). The presence of penumbra beyond conventional clinical
thrombolysis windows has led some to call for prospective studies assessing the
selection for thrombolysis on a case-by-case physiological basis (most likely assessed
by CT-perfusion) rather than absolute time cut-offs (Agarwal et al., 2015, Bivard et
al., 2015).

Findings of co-registered ’O-PET and DWI indicated that the DWI lesion includes
not only an infarct core but also penumbra (Guadagno et al., 2004). This was
supported by further work mapping CBF, CMRO,, and oxygen extraction fraction
(OEF) onto DWI lesions, which showed a heterogeneous pattern of oxygen
metabolism within the DWI lesion, as well as variation between individuals, and
supported the patterns of oxygen metabolism seen in the earlier "O-PET work
(Guadagno et al., 2005, Marchal et al., 1993), indicating that some of DWI lesion may
be reversible and represent salvageable tissue. Furthermore, “misery perfusion” —
regions exhibiting low CBF, high OEF, but only moderately reduced CMRO; — was
the predominant pattern in the DWI lesion and was also seen outside of the DWI ROI,
suggesting that there is regional variation determining different perfusion thresholds
(Guadagno et al., 2005, Guadagno et al., 2006). The use of voxel-based mapping in
®O-PET has allowed thresholds for irreversible tissue damage to be estimated: 8.43

mL/100 mL/min for CBF and 0.87 mL/100 mL/min for CMRO,. Infarcts with higher
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proportions of voxels below these thresholds were associated with larger final infarct
volumes and poorer neurological outcomes at two months (Marchal et al., 1999). The
reversibility of DWI lesions, and the salvageable tissue it may contain, has important
implications for both research methodology, including our study, that measure infarct

volume as an endpoint, as well as clinical practice.

Penumbral mapping has advanced with the introduction of newer PET radiotracers.
FMISO, accumulating within hypoxic but viable cells, was seen in the peripheries of
the infarct in 9 of 13 of individuals scanned within 48-hours of infarction but none of
those scanned at 6-11 days (Read et al., 1998). Studies using MRI data to strictly
define the infarct core found FMISO uptake in both the penumbra and core (Alawneh
et al., 2014). FMISO studies have demonstrated temporospatial evolution of
infarction, with tracer uptake moving from the centre to the periphery with increasing
time post-infarct (Markus et al., 2003, Markus et al., 2004a). This suggests that there
is a region of the core that, while unsalvageable and destined to infarct, still
demonstrates sufficient activity for FMISO uptake. Conversely, FMISO uptake is also
seen in tissue beyond the symptomatic tissue on co-registered MRI, suggesting

oligaemic tissue also experiences hypoxia (Alawneh et al., 2014, Spratt et al., 2009).

FMISO uptake in the acute stage may also be able to predict outcomes, with 80% of
those with uptake showing an increase in infarct volume compared to no infarct
growth in those without FMISO uptake (Lee et al., 2015a). This is unsurprising given
the nature of the tissue represented by FMISO uptake, but given the limited ability of
MRI to differentiate between penumbra and benign oligaemia, this method for
quantifying vulnerable tissue may have important implications for prognostication. A
higher proportion of surviving tissue measured by FMISO-PET at 12 hours and
between 12-48 hours post-stroke was associated with better neurological recovery at 3
months (Markus et al., 2004b). Supporting the findings of >O-PET, FMISO uptake
has also been seen up to 131 hours after the stroke (Lee et al., 2015a). These findings

suggest potentially salvageable tissue beyond current clinical intervention windows.

Impaired functional recovery despite successful reperfusion of penumbra is an
important clinical issue. ''C-flumazenil (FMZ) offers insights into this phenomenon

by allowing in vivo imaging of selective neuronal loss (SNL) following ischaemic
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stroke. SNL differs from “pannecrosis” — the widespread necrosis of cells including
glial cells, neurons, and white matter — in that there is selective death of neurons but
other cells and the extracellular matrix are preserved (Baron et al., 2014). This
selective loss of neurons is associated with poorer functional recovery as these
activated neurons, found predominantly in the peri-infarct cortical areas, determine

neuroplasticity after stroke (Cramer, 2008).

FMZ is an antagonist to the benzodiazepine binding site of gamma aminobutyric acid-
type A (GABA-A) receptors, mainly found on neurons. Consequently, SNL results in
decreased FMZ uptake. FMZ-PET shows potential in differentiating unsalvageable
tissue from viable penumbra, with the region of decreased FMZ uptake corresponding
with final infarct volume (Heiss et al., 1998). The ability to differentiate between
viable and non-viable tissue has implications for reperfusion therapy. In 11 patients
undergoing thrombolysis with decreased CBF, only the 4 individuals with decreased

FMZ uptake showed evolution to an infarct (Heiss et al., 2000).

FMZ-PET has suggested significant SNL in salvaged penumbra, with the reduction in
FMZ binding proportional to acute-stage hypoperfusion and resulting in reduced
neuronal activation on MRI (Guadagno et al., 2008, Carrera et al., 2013). Such
findings have clear ramifications for the functional recovery in such salvaged
penumbra, as well as a potential mechanism to explain mismatch of functional deficit

and radiological findings in the sub-acute to chronic setting.

Similar findings associated with carotid stenosis have been seen with decreased FMZ
binding borderzone territories with reduced CBF but without evidence of infarction,
suggesting that haemodynamic compromise from large artery disease may be

associated with SNL (Kuroda et al., 2004).

FMZ-PET has informed our understanding of oedema formation after middle cerebral
artery infarction. The use of infarct volume as the conventional predictor for
malignant oedema has a low positive predictive value. In contrast, FMZ-PET within
24-hours of infarct found that volume of severe ischaemia, rather than total perfusion
deficit, predicted development of malignant oedema with a high positive predictive

value (Dohmen et al., 2012).
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6.1.8.2 PET imaging of post-infarct neuroinflammation

Imaging neuroinflammation in vivo is possible through the use of PK11195 targeting
translocator protein (TSPO) expressed on microglia (and upregulated upon their
activation) but not astrocytes following ischaemic damage (Stephenson et al., 1995).
The temporal pattern of microglial activity in humans post-infarct with PK11195-PET
shows minimal binding within 72-hours, increasing within a week before falling by
25-30 days (Price et al., 2006). The spatial distribution of tracer uptake mirrored that
described in hypoxia, with uptake initially seen in the core at 7-14 days before the
peri-infarct zone showed a higher degree of uptake in the sub-acute phase.
Importantly, there was also increased tracer uptake in the contralateral hemisphere at
latter time points, suggesting that neuroinflammation extends beyond the infarct
(Price et al., 2006, Thiel and Heiss, 2011). Similar temporal patterns were seen by
Gerhard et al., though spatial evolution of PK11195 uptake showed movement from
the peri-ischaemic region to increasing overlap with the MRI-defined infarct region
(Gerhard et al., 2005). This study, along with others, suggests longterm microglial
activation remote from the infarct up to 150 days post-infarct (Gerhard et al., 2005,

Pappata et al., 2000).

It 1s important to note that differences in spatial patterns may be due to a combination
of small samples and slightly different time intervals, potentially catching different
stages of systemic infiltration. More recent animal studies demonstrated a lack of
PK11195 in the infarct core, instead localising to normoperfused peri-infarct regions
and co-localising with increased FDG uptake suggesting increased energy demand in
these regions (Schroeter et al., 2009). However, caution should again be exercised

when comparing binding behavior between species.

Remote microglial activation likely indicates Wallerian degeneration along
anatomically-connected neural networks (Katchanov et al., 2003, Weishaupt et al.,
2016). Co-registering PK11195 with diffusion tensor imaging (DTI), which images
the direction of water diffusion in order to identify neural tracts, after subcortical
infarction showed uptake occurred only in an antegrade direction and only if the

pyramidal tracts were affected, suggesting the spread of activated microglia is specific
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to affected tracts rather than a non-specific disseminated response (Radlinska et al.,
2009, Thiel et al., 2010). The extent of remote microglial activation appears
independent of infarct size or clinical severity. One clinical study has shown differing
clinical patterns depending upon the location of activated microglial activity; initial
PK11195 uptake in the tracts was associated with improved clinical outcomes while
persistent tracer uptake in the infarct was associated with poorer clinical outcomes

(Thiel et al., 2010).

Quantification of these temporospatial patterns of PK11195 uptake is challenging due
to non-specific binding, resulting in sub-optimal signal-to-noise ratios, and difficulty
in defining a reference region for comparison, hence study results should be
interpreted with this caveat. Newer second-generation TSPO radioligands have
increased specificity (resulting in improved signal-to-noise) and advantageous
pharmacokinetics. However, an emergent physiological factor has limited their wider
adoption. ''C-PBR28 was shown to have improved specificity by a dual PK11195 and
PBR28 rat study (Imaizumi et al., 2007), but subsequent work comparing receptor
binding between animal models and humans found receptor binding to be markedly
lower in humans compared to monkeys, and that there was variation in the human
binding with some showing no specific binding (Fujita et al., 2008). Subsequent
studies have revealed polymorphism in the gene Alal47Th that results in high-affinity
and low-affinity binders, with heterozygous individuals displaying intermediate
affinity binding (Owen et al., 2011, Kreisl et al., 2013). In contrast, PK11195 does not
appear to have variable affinity as it binds to a different site on the TSPO (Owen et
al., 2010). These findings show it is important to exercise caution when comparing
tracer pharmacokinetics between different animal species and humans, as well as

human subject comparisons.

The short half-life of ''C-labeled radiotracers has important implications for research
and clinical use. The half-life of 20.38 minutes for PK11195 means that an on-site
cyclotron is essential (Chauveau et al., 2008). In contrast, the 110-minute half-life of
'8F_labeled radiotracers makes imaging possible without a cyclotron onsite. One
example is ]8F-N,N—diethyl-2-(2-(4-(2-ﬂuor0ethoxy)phenyl)-S,7-
dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide (DPA-714). DPA-714 rapidly

accumulates within the infarct, with detectable uptake reaching a peak 5 minutes after
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tracer injection, and supports earlier findings that the extent of microglial activation
does not correlate with the size of the infarct (Ribeiro et al., 2014). No direct
comparison between PK11195 and DPA-714 has been performed in humans, though
direct comparison in rat models shows DPA-714 to have a superior signal-to-noise
ratio (Boutin et al., 2013, Chauveau et al., 2009). ''C-vinpocetine demonstrated
higher uptake in infarct core, peri-infarct region, and contralateral hemisphere that
PK11195 in human subjects post-infarct, though the difference did not reach
statistical significance (Gulyas et al., 2012b, Gulyas et al., 2012a). Newer TSPO
ligands, such as '"*F-GE-180, have shown superiority to PK11195 in animal models
but their application within humans is yet to be seen. Furthermore, it remains to be
seen if DPA-714, vinpocetine, and GE-180 are also affected by variable TSPO
affinity.

6.1.9 Pathophysiology of MRI lesions

It is believed that the different pathophysiologies of post-infarct oedema may have
different patterns of lesions on MRI. Cytotoxic oedema, and the consequent reduction
in extracellular water content, reduces the diffusivity of water molecules and increases
the signal on DWI without a change in T2 signal. In contrast, vasogenic oedema and
the associated increased tissue water content increases T2 and FLAIR signals (Ayata
and Ropper, 2002). FLAIR lesions have been found to have a high sensitivity for
detecting cerebral ischaemia (Noguchi et al., 1997), but typically occur at a later time
point. DWI hyperintensities are believed to occur within minutes of insult, while in rat
models undergoing permanent MCAO, it took 3.5 hours for T2 hyperintensities to
develop (Loubinoux et al., 1997).

6.2 Methods

Methodology for this chapter is discussed in Chapter Two.
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6.3 Results

6.3.1 Study cohort

This aspect of the study considers three cohorts: (1) the cohort of 26 participants who
underwent complete baseline investigations, (2) the cohort of 24 participants who
underwent complete baseline and follow-up imaging, and (3) the cohort of 19
participants who had baseline FLAIR volumes >1mL (Figure 6.1). No infarct

appeared consistent with a lacunar subtype in terms of size and location.

Cohort 1 26 participants completed all baseline
g investigations

| 2 deaths prior to follow-up scan

Cohort 2 24 participants had follow-up 3 month
MRI
5 participants with baseline
infarct volumes < Iml
Cohort 3 19 participants had follow-up 3 month
g MRI with infarct volumes > Iml

Figure 6.1: Derivation of cohorts in the ischaemic lesion volume part of the study.

Cohort one was used for investigating baseline DWI and FLAIR lesion volumes in
relation to FDG uptake, cohort two was used for investigating follow-up FLAIR
lesion volumes in relation to FDG uptake, and cohort 3 was used for comparing the

change in FLAIR lesion volumes.

Clinical characteristics of each cohort are shown below (Table 6.1). Although groups
are not directly compared, statistical analysis for significant trends across the groups
are included for completeness (these cohorts did not differ significantly in relation to

their clinical characteristics).
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Cohort 1 Cohort 2 Cohort 3 Sig.
(n=26) (n=24) (n=19)

Mean age (SD) 74.8 (9.7) 73.5(8.9) 73.6 (9.4) p=0.90
Male sex 18 (69.2%) 18 (75%) 14 (73.7%) p=0.94
Median BMI 26 (3.9) 26 (3.4) 25.8(3.2) p=0.98
(IQR)
Smoking history 17 (65.4%) 16 (66.7%) 12 (63.2%) p=0.71
Diabetes mellitus 4 (15.4%) 3 (12.5%) 2 (10.5%) p=1.00
Hypertension 17 (65.4%) 16 (66.7%) 11 (57.9%) p=0.77
Current statin 9 (34.6%) 9 (37.5%) 6 (31.6%) p=0.80
Current 8 (30.8%) 7 (29.2%) 4 (21.1%) p=0.79
antiplatelet
Cardiovascular 8 (30.8%) 7 (29.2%) 4 (21.1%) p=0.79
history
Mean symptom- 7.2 (3.8) 7 (3.6) 6.9 (2.7) p=0.99
scan time (SD)
(days)
CEA 9 (34.6%) 9 (37.5%) 8 (42%) p=0.75
Thrombolysis 6 (23.1%) 6 (25%) 5(26.3%) p=1.00

Table 6.1: Clinical characteristics of each cohort.

Follow-up imaging was performed at a median of 98 (IQR 12.5) days following

stroke onset.

6.3.2 Baseline infarct volumes

In our cohort the median baseline DWI total volume was 3.38 mL (IQR 17.14 mL).
The median baseline FLAIR total volume was significantly larger at 5.96 mL (IQR
16.80 mL) (p=0.04), with a median difference of 0.30 mL (IQR 2.26 mL). The
median FLAIR:DWI ratio was 1.32 (IQR 0.79).

If considering only the baseline primary lesion, the range of DWI volumes was
slightly lower, predominantly in the range of DWI volumes. The median DWI lesion
volume was 3.34 mL (IQR 5.96 mL) and median FLAIR lesion volume was 5.96 mL
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(IQR 17.08 mL) (p=0.003). The median absolute difference between FLAIR and DWI
lesion was 0.30 mL (IQR 1.89 mL) and median FLAIR:DWTI ratio 1.32 (IQR 0.78).

6.3.3 Follow-up infarct volumes and evolution

Comparing median total FLAIR volumes at baseline and at three months showed a
significant decrease in lesion volume (5.96 mL [IQR 16.80 mL] versus 2.38 mL [IQR
19.23 mL] respectively, p=0.04). Similar results were seen when comparing median
primary lesion FLAIR volumes at baseline and three-month follow-up (5.96 mL [IQR
17.08 mL] versus 2.05 mL [IQR 19.23 mL] respectively, p=0.04).

In contrast, there was no significant difference seen between baseline total DWI
volumes and follow-up total FLAIR volumes (p=0.62) or between baseline primary
lesion DWI volumes and follow-up primary lesion FLAIR volume (p=0.99). In fact,
baseline and follow-up DWI volumes were strongly correlated: baseline DWI total
lesion volume and follow-up FLAIR total lesion volume (1.=0.76, p<0.001), and DWI
primary lesion volume and follow-up FLAIR primary lesion volume (r=0.77,

p<0.001).

6.3.4 Relationship between FDG uptake and baseline DWI volume

The relationships between FDG TBR measures and baseline DWI total lesion volume

and baseline DWI primary lesion volume are shown below (Tables 6.2 and 6.3).

Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.17 p=0.45 0.30 p=0.17
MDS TBR ax 0.13 p=0.55 0.28 p=0.20
WV TBR 0.25 p=0.24 0.14 p=0.53
SHS TBRyean 0.23 p=0.29 0.22 p=0.32
MDS TBR ean 0.23 p=0.30 0.22 p=0.30
WV TBR e 0.20 p=0.37 0.16 p=0.48

Table 6.2: Correlations between FDG TBR measures and baseline DWI total lesion

volume.
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.14 p=0.52 0.27 p=0.21
MDS TBR ax 0.10 p=0.64 0.26 p=0.22
WV TBR 0.24 p=0.26 0.12 p=0.57
SHS TBRyean 0.20 p=0.36 0.20 p=0.36
MDS TBR ean 0.19 p=0.38 0.20 p=0.36
WV TBR e 0.17 p=0.45 0.14 p=0.52

Table 6.3: Correlations between FDG TBR measures and baseline DWI primary

lesion volume.

6.3.5 Relationship between FDG uptake and baseline FLAIR volume

The relationships between FDG TBR measures and baseline FLAIR total lesion
volume and baseline FLAIR primary lesion volume are shown below (Tables 6.4 and

6.5).

Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.24 p=0.25 0.39 p=0.06
MDS TBR ax 0.22 p=0.30 0.38 p=0.07
WV TBR.x 0.38 p=0.07 0.27 p=0.19
SHS TBR em 0.30 p=0.15 0.32 p=0.13
MDS TBR ean 0.30 p=0.16 0.31 p=0.14
WV TBR e 0.28 p=0.19 0.25 p=0.25

Table 6.4: Correlations between FDG TBR measures and baseline FLAIR total lesion

size.
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.22 p=0.31 0.38 p=0.07
MDS TBR ax 0.19 p=0.38 0.36 p=0.08
WV TBR.x 0.36 p=0.08 0.26 p=0.22
SHS TBRyean 0.27 p=0.20 0.30 p=0.15
MDS TBR ean 0.26 p=0.21 0.29 p=0.17
WV TBR e 0.25 p=0.24 0.24 p=0.27

Table 6.5: Correlations between FDG TBR measures and baseline FLAIR

primary lesion size.

6.3.6 Relationship between FDG uptake and baseline DWI and FLAIR mismatch

Associations between FDG TBR and the difference between DWI and FLAIR
volumes at baseline were calculated for total lesion volumes (Table 6.6) and primary

lesion volumes (Table 6.7).

Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.18 p=0.47 0.09 p=0.72
MDS TBR ax 0.19 p=0.44 0.04 p=0.87
WV TBR 0.22 p=0.38 0.13 p=0.60
SHS TBR em 0.05 p=0.86 0.09 p=0.74
MDS TBR ean 0.08 p=0.75 0.05 p=0.83
WV TBR e -0.02 p=0.93 -0.07 p=0.77

Table 6.6: Correlations between FDG TBR measures and difference in volume

between FLAIR and DWI total lesion volumes.
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.25 p=0.32 0.10 p=0.69
MDS TBR ax 0.25 p=0.32 0.04 p=0.87
WV TBR.x 0.20 p=0.43 0.15 p=0.55
SHS TBRyean 0.12 p=0.64 0.07 p=0.79
MDS TBR ean 0.16 p=0.53 0.05 p=0.84
WV TBR e 0.01 p=0.98 -0.03 p=0.90

Table 6.7: Correlations between FDG TBR measures and difference in volume

between FLAIR and DWI primary lesion volumes.

6.3.7 Relationship between FDG uptake and follow-up FLAIR volume

The relationships between FDG TBR measures and follow-up FLAIR total lesion

volume and follow-up FLAIR primary lesion volume are shown below (Tables 6.8

and 6.9).

Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.31 p=0.14 0.48 p=0.02
MDS TBR ax 0.29 p=0.17 0.47 p=0.02
WV TBR.x 0.49 p=0.02 0.36 p=0.08
SHS TBR em 0.39 p=0.06 0.38 p=0.07
MDS TBR ean 0.39 p=0.07 0.38 p=0.07
WV TBR e 0.36 p=0.09 0.35 p=0.10

Table 6.8: Correlations between FDG TBR measures and follow-up FLAIR total

lesion size.
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.29 p=0.17 0.47 p=0.02
MDS TBR ax 0.27 p=0.21 0.46 p=0.03
WV TBR.x 0.48 p=0.02 0.35 p=0.09
SHS TBRem 0.37 p=0.08 0.37 p=0.07
MDS TBR ean 0.36 p=0.08 0.37 p=0.08
WV TBR e 0.33 p=0.12 0.33 p=0.11

Table 6.9: Correlations between FDG TBR measures and follow-up FLAIR primary

lesion size.

6.3.8 Relationship between FDG uptake and FLAIR lesion evolution

Of the 24 participants with baseline and follow-up FLAIR volumes, 5 (20.8%) had
initial FLAIR volumes below 1 mL and were excluded from primary analysis. Of the
remaining 19 participants, 12 (63.2%) demonstrated a decrease in FLAIR volume at
repeat imaging, with the remainder seen to have an increase in FLAIR volume
between the two time points. In the group with a FLAIR volume increase, the median
percentage increase was 19.5% (IQR 124%). For those with a decrease in FLAIR

volume, the median volume decrease was 61.8% (IQR 64.7%).

Alternatively, if those with a volume change of +10% from baseline are considered as
a separate “no change” cohort, 10 (52.6%) participants showed a FLAIR volume
decrease, 5 (26.3%) showed no change in volume, and 4 (21.1%) showed an increase

in FLAIR volume between baseline and repeat imaging.

The relationships between FDG TBRs are shown for volume change (mL) in the total

lesion volume (Table 6.10) and primary lesion volume (Figure 6.2, Table 6.11).
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ax 0.31 p=0.19 0.47 p=0.04
MDS TBRax 0.31 p=0.19 0.52 p=0.02
WYV TBRx 0.45 p=0.05 0.57 p=0.01
SHS TBRean 0.44 p=0.06 0.47 p=0.04
MDS TBR ean 0.42 p=0.08 0.49 p=0.04
WYV TBRyean 0.51 p=0.03 0.71 p=8.9x10"

Table 6.10: Correlations between FDG TBR and FLAIR total volume change (mL).

Baseline Follow-up

7 N

FLAIR
volume
decrease

FLAIR
volume
increase

Figure 6.2: FLAIR lesion evolution. Axial FLAIR images at baseline (left column)
and follow-up (right column) illustrating FLAIR primary lesion volume decrease (top

row) or increase (bottom row).
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Symptomatic carotid Asymptomatic carotid

I Sig. I Sig.
SHS TBR ;ax 0.38 p=0.11 0.51 p=0.03
MDS TBR ax 0.38 p=0.11 0.57 p=0.01
WV TBR.x 0.49 p=0.04 0.61 p=0.007
SHS TBRyean 0.51 p=0.03 0.50 p=0.03
MDS TBR ean 0.48 p=0.04 0.52 p=0.02
WYV TBRean 0.56 p=0.01 0.72 p=6.8x10"

Table 6.11: Correlations between FDG TBR and FLAIR primary lesion volume

change.

Using the asymptomatic WV TBRuyen as an example, the relationship can be

visualised as per Figure 6.3.
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Figure 6.3: Association between FDG uptake and change in FLAIR volume.
Scatterplot showing change in FLAIR primary lesion volume according to

asymptomatic FDG WV TBRean.
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Similarly, visualisation of WV TBR,.x of the asymptomatic carotid artery and change
in FLAIR volume lesion (with the above outlier removed for illustrative purposes)

shows a positive association (Figure 6.4).
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Figure 6.4: Association between FDG uptake and change in FLAIR volume
(adjusted). Scatterplot of asymptomatic artery WV TBRp.x and change in FLAIR

lesion volume (mL) (with outlier removed for illustrative purposes).

6.3.9 Role of thrombolysis in lesion evolution

Of the 19 participants with sufficient volumes for reliable comparisons, 5 (26.3%)
were thrombolysed. There was no difference between the change in FLAIR volumes
for total lesion volumes (-0.49 [IQR 5.27] and -1.53 [IQR 4.89] mL for thrombolysed
and non-thrombolysed participants respectively, p=0.62). Similar results were seen in
FLAIR volume change in the primary lesion (-0.44 [IQR 5.45] versus -1.45 [IQR
4.85] mL, p=0.62).
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6.3.10 Carotid endarterectomy in lesion evolution

Of the 19 participants with sufficient volumes for reliable comparisons, 8 (42.1%) had
a CEA performed between baseline and follow-up MRI assessment. Between the
CEA and non-CEA cohort, there was no difference in FLAIR lesion change for total
lesion volumes (-1.04 [IQR 6.72] and -1.46 [IQR 5.78] mL, p=1.00) or primary lesion
volumes (-1.02 [IQR 7.13] and -1.4 [IQR 5.85] mL, p=1.00).

6.3.11 Stroke event to baseline MRI interval and lesion characteristics

There was a non-significant, but approaching significance, negative association
between the time between the onset-to-MRI interval and both change in FLAIR total
lesion volume change (rs=-0.37, p=0.12) and FLAIR primary lesion volume change

(r,=-0.41, p=0.08).

There was a significant positive correlation between the onset-to-MRI interval and the
difference between DWI and FLAIR volumes for both total lesion volumes (r:~=0.69,

p=0.002) and primary lesion volumes (rs=0.62, p=0.006).

6.3.12 Regression analysis of carotid FDG uptake and FLAIR lesion evolution

Regression analysis was performed for power- and log-transformed FLAIR primary
lesion volume change (transformed to meet assumptions for regression), and
modeling included interaction terms for FDG uptake and smoking, and the interaction
between FDG uptake, diabetes, and blood sugar (as per chapter 4). Results for this

regression analysis are shown in Table 6.12.
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Culprit artery

Non-culprit artery

Adjusted Adjusted
SHS TBR . R*=0.95 SHS TBR . R*=0.95
(p<0.001) (p<0.001)
Coefficient Adjusted Coefficient Adjusted
significance significance
FDG uptake 0.08 p=0.38 FDG uptake 0.34 p=0.047
Diabetes -9.30 p<0.001 Diabetes -10.34 p=<0.001
Current -0.56 p=0.02 CEA 0.33 p=0.03
antiplatelet
Onset to scan -0.08 p<0.01 Thrombolysis -0.39 p=0.02
interval
Current statin 0.44 p=0.06 Onset to scan -0.06 p=0.02
interval
Hypertension -0.29 p=0.06 Hypertension -0.27 p=0.08
Thrombolysis -0.31 p=0.05 Male sex -0.18 p=0.16
Current statin 0.16 p=0.33
Adjusted Adjusted
MDS TBRa R*=0.95 MDS TBR . R*=0.96
(p<0.001) (p<0.001)
Coefficient Adjusted Coefficient Adjusted
significance significance
FDG uptake 0.08 p=0.37 FDG uptake 0.40 p=0.03
Diabetes -9.41 p<0.001 Diabetes -10.25 p<0.001
Current -0.56 p=0.02 CEA 0.34 p=0.02
antiplatelet
Onset to scan -0.08 p<0.01 Thrombolysis -0.40 p=0.02
interval
Current statin 0.44 p=0.06 Onset to scan -0.06 p=0.02
interval
Hypertension -0.29 p=0.06 Hypertension -0.25 p=0.08
Thrombolysis -0.31 p=0.05 Male sex -0.18 p=0.14
Current statin 0.16 p=0.31
Adjusted Adjusted
WYV TBR R*=0.96 WYV TBR R*=0.98
(p<0.001) (p<0.001)
Coefficient Adjusted Coefficient Adjusted
significance significance
FDG uptake 0.32 p=0.04 FDG uptake 0.81 p<0.01
Diabetes -10.96 p<0.001 Diabetes -10.05 p<0.001
CEA 0.36 p=0.01 CEA 0.49 p<0.01
Thrombolysis -0.43 p<0.01 Thrombolysis -0.52 p<0.001
Onset to scan -0.07 p<0.01 Onset to scan -0.06 p<0.01
interval interval
Hypertension -0.18 p=0.12 Hypertension -0.13 p=0.17
Male sex -0.11 p=0.24
Current 0.15 p=0.28
antiplatelet

Table 6.12: Regression analysis of factors associated with FLAIR primary lesion

volume evolution.
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6.3.13 hsCRP and infarct evolution

There was no association between hsCRP and baseline DWI total volume (rs=0.10,
p=0.65), baseline FLAIR total lesion volume (rs=0.25, p=0.23), the difference
between baseline FLAIR and DWI total volumes (rs=-0.13, p=0.61), or the difference
in FLAIR lesion total volumes between baseline and follow-up (r:=0.34, p=0.15).

There was a non-significant, but nearing significance, positive association between
hsCRP and follow-up FLAIR total lesion volume (r;=0.39, p=0.06), follow-up FLAIR
primary lesion volume (r;:=0.40, p=0.05).

6.4 Discussion

Our results in this aspect of the study indicate that although carotid atheroma
inflammation does not appear to play a role in determining baseline lesion size, it is
associated with the evolution of the FLAIR lesion and there is suggestion that it may
also be related to final FLAIR lesion volume. This discussion will consider the

development of the infarct in chronological order.

6.4.1 Carotid inflammation and baseline infarct volume

We found no association between carotid FDG uptake and either baseline DWI or
FLAIR lesion volumes. Some associations between baseline FLAIR volumes and
FDG uptake (SHS and MDS TBR;.x in the asymptomatic artery, and WV TBR,x in
the symptomatic artery) approached but did not reach statistical significance.
Considering only those who did not receive thrombolysis did not move any

relationships to statistical significance.

These results are not entirely unexpected. The development of ischaemic lesions will
be affected by the extent of a participant’s collateral arteries, as well as the extent of
any clot fragmentation. We also do not know the extent and duration of ischaemia
(including the timing of any reperfusion) in these individuals, all of which may affect

baseline lesion development. In rat models, the severity of ischaemia has been
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implicated in the time taken for infarcts to develop and their reversibility (Du et al.,

1996, Neumann-Haefelin et al., 2000, Schwamm et al., 1998).

Another possibility is methodological. Our participants showed a variation in the
interval between the onset of symptoms and MRI scanning. This variation was due to
a number of reasons: waiting for carotid imaging and availability of MRI scanning
were the two main contributing factors, but other factors including clinical status and
rehabilitation, and fitting imaging around other study investigations, affected the time
taken to perform baseline imaging. DWI lesions have been found to increase in the
subacute period (appearing to peak at approximately 70 hours) before reducing in size
after the first week (Beaulieu et al., 1999, Lansberg et al., 2001). Hence, this
variability in the interval between symptom onset and MRI may affect our observed
relationship between FDG uptake and DWI volume, and the difference in volumes

between FLAIR and DWI lesions.

Time from onset was not found to correlate with DWI lesion volume in humans with
stroke, supporting the argument that other factors are more influential in the
development of the infarct and that growth is not simply a linear, with a wide
variation in growth rates from <1 mL/h to >70 mL/h (Hakimelahi et al., 2014). This
lack of a clear relationship persisted even if sub-categorised the site of occlusion. It is
interesting to note that the quoted figure of the loss of 1.9 million neurons per minute
after infarct corresponds to an infarct growth rate of 5.4 mL/h, approximately half the
rate in the study by Hakimelahi et al. (Saver, 2006, Hakimelahi et al., 2014). Hence,
simply considering the infarct volume as a function of time fails to account for the

variable effects of collateral supply.

6.4.2 Carotid inflammation, final lesion size, and lesion evolution

While the previous section has considered lesion evolution in the acute and sub-acute
period, evolution of the lesion in the early recovery period has received less attention.
However, lesion evolution has also been dynamic over the first month after stroke. In
our study we found that of the 19 individuals analysed for FLAIR primary lesion
volume change between baseline and follow-up, 12 (63.2%) showed a decrease in

FLAIR volume to below 90% of the baseline volume, 4 (21.1%) showed a stable
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appearance (within +£10% of the baseline FLAIR volume), and 3 (15.8%) showed an
increase (>10% increase above the baseline FLAIR volume). We have shown that the
absolute primary lesion volume difference is correlated with asymptomatic artery and
generalised (i.e. whole vessel) symptomatic artery FDG uptake, and atheromatous

inflammation by inference.

As discussed above, the increase in lesion volume, and difference between FLAIR
and DWI lesion volumes, in the subacute setting likely reflects the development of
vasogenic oedema. Ritzl et al. found that although day eight FLAIR lesions were
larger than corresponding DWI lesion volumes, day 124 FLAIR lesions were all
smaller than day eight FLAIR lesions and baseline DWI lesions, with a correlation
coefficient of 0.8 (p=0.02) between acute DWI lesion and final FLAIR volume (Ritzl
et al., 2004). Importantly to note, 7 (58.3%) of the cohort had been thrombolysed
(compared to 5, 26.3%, in our comparison cohort). Our results broadly support this,

with the majority reducing in volume, suggesting resolving vasogenic oedema.

However, the FLAIR hyperintensity may represent more than simply vasogenic
oedema. Other potential factors include reactive gliosis or leukocyte infiltration, both
of which will contribute to the FLAIR lesion. Increased atherosclerotic inflammation,
may exacerbate each of these three processes and mean that the FLAIR lesion fails to
resolve; remaining either static or even increasing in volume. Indeed, when
comparing those who had FLAIR lesion decrease (at least a 10% reduction from
baseline volume) to a pooled cohort of those with static (+10% of baseline volume)
and increased (>10% of baseline) volumes, we find the latter have increased
asymptomatic artery values consistent with the above results (median asymptomatic

MDS TBRuax 1.80 [IQR 0.30] versus 2.03 [IQR 0.26] respectively, p=0.04).

Although the stronger relationship was seen for FDG uptake and FLAIR primary
lesion volume change, there was also suggestion of a relationship between focal
asymptomatic FDG uptake (SHS and MDS TBRpax) or symptomatic WV TBR .« and
follow-up FLAIR primary lesion volume (with other measures approaching
significance, as shown above). These similar patterns of associations between

generalised atheromatous inflammation and infarct development appear consistent:
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the inflammation appears to be associated with both greater interval change and

greater final volumes.

The pattern that we see of asymptomatic artery rather than symptomatic artery having
an association with the pattern of disease is consistent with the results seen with small
vessel disease in the previous chapter. Once again, the non-culprit artery is likely to
serve as a ‘barometer’ of atheroma inflammation; giving an overall impression of the
extent of inflammation in contrast to the disproportionately elevated activity seen in

the culprit plaque.

The potential pathophysiological mechanisms behind these observed results were
described above and reflect similar pathologies to those already discussed in the
development of small vessel disease in the previous chapter. The lack of an
association between FDG measures and baseline infarct volume suggests that
inflammation within the culprit plaque did not lead to bigger clot formation. However,
the consistent association between FDG measures and FLAIR lesion evolution and an
indication of an association with final infarct volume suggests that the atheromatous
inflammation plays more of a role in infarct development, most likely through a
MMP-9-mediated disruption of the BBB. From our results it is difficult to say how
much of the lesion evolution may be due to pre-existing BBB disruption and
‘priming’ of the brain for injury (Drake et al., 2011) or whether it enhances the extent
and duration BBB permeability in the acute and early recovery period remains

unclear, though the pattern of results is perhaps more consistent with the latter.

This change in lesion volumes in the weeks following stroke raises the
methodological concern of when to image the ‘final infarct’ volume. The typical final
volume of a large vessel, supratentorial ischaemic stroke is 54 mL (Saver, 2006), but
there is wide variation. Beaulieu et al. performed serial lesion imaging with MRI,
finding that the DWI lesion volume increased and reached a peak at five to seven days
post-infarct, but that DWI lesion at 30 days was on average 180% of the volume of
the lesion in the early (< 7 hours after onset) phase, with 7 (47%) showing DWI lesion
enlargement, 3 (20%) remaining unchanged, and 5 (33%) decreasing in volume over

this time (Beaulieu et al., 1999). Our results are consistent with the findings that MRI
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hyperintensities continue to evolve in between the subacute and early chronic phase

post-infarct.

Our results found no significant difference between baseline DWI volumes and
follow-up FLAIR lesion volumes, in contrast to the significant difference between
baseline and follow-up FLAIR lesion volumes, and that baseline DWI volumes and
follow-up FLAIR lesion volumes were highly correlated. Similar associations have

been reported previously (Beaulieu et al., 1999, Schwamm et al., 1998).

The finding of hsCRP having a near-significant association with final FLAIR primary
lesion volume is consistent with some earlier studies showing a relationship between
infarct volume and CRP (Youn et al., 2012, Ormstad et al., 2011, Smith et al., 2004).
However, in our study we cannot show causation in this association; whether raised
hsCRP levels are a reflection of the more extensive cerebral tissue involvement or

relate to the increased inflammation within the carotid plaque remains unclear.

Finally, it is appropriate to consider the other cardiovascular variables in our
regression models. The high adjusted R” values indicate that the model explains a
large extent of our data, but it is important to recognise that the size of the cohort is
relatively small. It is likely that the large effect of diabetes, and its negative
association with FLAIR lesion growth, is due to the small proportion of participants
with diabetes in a small sample having a disproportionate effect. The negative
association between FLAIR lesion evolution and thrombolysis appears to have a more
plausible mechanism, perhaps reflecting a favourable effect on the penumbra. The
positive association between FLAIR lesion growth and CEA is a curious result, and it
is possible that it may be a consequence of the small sample size or may represent a
physiological phenomenon, such vasogenic oedema or inflammatory change,
following reperfusion. For example, new BBB disruption, revealed by delayed
gadolinium enhancement of cerebrospinal fluid space on FLAIR imaging, associated
with carotid intervention was found in 17.8% of cases 24-hours following CEA or
carotid stenting, and development of symptoms was associated with age,
leukoaraiosis, and higher post-procedural systolic blood pressure (Cho et al., 2014).
There i1s little work exploring how carotid intervention influences the development of

FLAIR lesions between the subacute and early chronic phases, and may be an avenue
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for further work. However, the move towards early carotid intervention after stroke
alongside the evolution of MRI hyperintensities in the subacute setting may cause

significant confounding.

6.4.3 Limitations

As mentioned above, the variation in the onset-to-MRI interval has a confounding
effect when investigating the association between FDG uptake and baseline lesion
volume. Hence, it is difficult to make conclusions based upon these results. Future
work will require a fixed onset-to-MRI interval, which will necessitate expedited
investigations and scanning. However, the results for the evolution of the lesion and
final infarct volume are less likely to be affected by this initial interval, and
adjustment for this interval on multiple regression analysis did not alter the significant
associations seen between FDG uptake and FLAIR lesion evolution on univariable

analysis.

Ischaemic lesion dynamics in humans remain hard to investigate, and typically rely on
extrapolation from animal models. Hence, it is particularly important to consider this
point when applying the results from animal studies of infarct evolution (typically
showing a logarithmic expansion) to human evolution, where the human cerebrum
and vasculature is more complex (Markus et al., 2003, Zhang et al., 2015, Bardutzky
et al., 2005a). Indeed, there is also variation within species (Bardutzky et al., 2005b).
Furthermore, the experimental model of ischaemia may also affect lesion evolution,
with embolic MCAO found to develop larger infarcts and to have more extensive
diffusion/perfusion mismatch of longer duration than mechanical MCAO in rat

models (Henninger et al., 2006).

As with previous chapters, another consideration is the small cohort studied here, as
occurs frequently for symptomatic PET studies. This may limit the ability to detect
significance in some instances, particularly those approaching statistical significance
(such as with the baseline FLAIR and follow-up FLAIR volumes, and the association
between final FLAIR volume and serum hsCRP). Larger sample sizes would be

advantageous to test further these associations. Future multicentre studies would help
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address this issue, though it would be essential that common protocols and

harmonised measuring techniques are used across centres as discussed previously.

6.4.4 Future work

The most significant advance would be to delineate the mechanism underlying the
persistence or increase in FLAIR hyperintensity volume. One potential approach to
differentiate between cellular effects versus vasogenic oedema would be through
considering the degree of local anatomical distortion on neighbouring cerebral
structures that occurs with oedema. Co-registration of T1 and T2 maps using rigid
body and non-linear registration methods currently under development and described
by Harston et al. can then identify an ‘oedema metric’ (Harston et al., 2017). Work to
analyse the ICARUSS study dataset using these techniques in collaboration with Dr
George Harston (Clinical Lecturer, Acute Vascular Imaging Centre, Radcliffe

Department of Medicine, University of Oxford) is in the initial stages.

6.5 Summary of findings

This chapter has discussed:

1. There was no association between carotid FDG uptake and baseline lesion
volumes on DWI or FLAIR.

2. There was an association between carotid FDG uptake in the asymptomatic
artery, and the diffuse measures of uptake in the symptomatic artery, and
FLAIR volume change between baseline and follow-up.

3. There is a suggestion that some measures of FDG uptake were associated with

final lesion volume.
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Chapter Seven:

Clinical Outcomes

7.1 Introduction

7.1.1 Aims of this chapter

Previous chapters have demonstrated how inflammation detected by FDG-PET is
associated with the presence of chronic small vessel disease and the evolution of the
acute infarct. In this chapter we aim to investigate the clinical impact upon the

individual, with the following questions:

1. Is inflammation within the carotid plaque associated with poorer functional
(mRS) and disability (BI) outcomes?
2. Is inflammation within the carotid plaque associated with poorer cognitive

performance?

The main hypotheses are:

1. Inflammation will be associated with poorer functional outcomes and greater
disability following stroke.

il.  Inflammation will be associated with poorer performance on cognitive testing.

7.1.2 Functional outcomes

Inflammation may be implicated in functional recovery following stroke through a
number of mechanisms. As discussed in the previous chapter, atheromatous
inflammation measured by FDG uptake appears to be associated with increased

FLAIR lesion volume expansion in the early post-stroke period.
Baseline volume measured using CT at 6-11 days post-infarct showed a moderate

correlation with three-month clinical outcomes (NIHSS: r=0.56, Barthel Index:

r=0.46, mortality: r=0.32) (Saver et al., 1999). However, others have reported that
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infarct volume does not provide any additional predictive value to a seven-day NIHSS

for predicting clinical outcomes at three months (Johnston et al., 2002).

Alternatively, inflammation has been implicated to affect clinical outcomes through
mechanisms other than infarct size. For example, CRP has also been implicated in
neurological recovery from stroke. In a large study of 3,653 patients with first-ever
ischaemic stroke, higher hsCRP levels were significantly associated with modified
Rankin scores >3 at 3 months, after adjustment for age, sex, baseline NIHSS, stroke
subtype, conventional cardiovascular risk factors and thrombolysis (Matsuo et al.,

2016).

There are potential shortcomings with the use of inflammatory biomarkers after
stroke. IL-6 exhibits a temporal pattern of expression after stroke; increasing in the
first 10 hours after a stroke prior to reaching a plateau until 72 hours after the event.
By seven days, levels had returned to baseline (Fassbender et al., 1994). Furthermore,
IL-6 concentrations had moderate correlations with the volume of infarct (4-hour IL-6
r=0.78, day 1 r=0.62, day 5 r=0.68, all p<0.05), and inverse correlations with
neurological outcomes (r=-0.70 with Barthel Index at 14-21 days (Fassbender et al.,
1994). This raises two important considerations. Firstly, the timing of testing is
important. Secondly, the correlation between inflammatory biomarkers and lesion
volume does not help differentiate between two possible causative pathways, i.e.
whether inflammation exacerbates infarct volume or larger infarct volumes increase

IL-6 levels. Given the temporal evolution of IL-6 expression, the latter is more likely.

CRP was elevated in 21% of individuals with acute ischaemic stroke compared to 4%
of a TIA control group, with CRP concentrations >7 mg/L having an increased risk of
severe stroke and larger volumes of infarction (Luo et al., 2012). Another small study
found a positive association between CRP and prognosis after acute ischaemic stroke,

but no relationship between cytokine levels and infarct volume (Sahan et al., 2013).

Serum CRP was also found to rise over the 48-hours after acute ischaemic stroke, and
this appeared to be driven primarily by an increase in CRP in the large artery
atheroma subtype between day one and two: no significant difference in CRP was

seen between small vessel occlusion and large artery atheroma cohorts on day one,
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and while there was no change in CRP levels for the small vessel occlusion group
between day one and two, CRP rose significantly in the large artery atherosclerosis
group by day two and was also significantly higher than for small vessel occlusion
cohort at this time point (Park et al., 2012). Furthermore, day two CRP, but not day
one CRP, was significantly correlated with infarct volume (r=0.38), NIHSS (r=0.46),
and 3 month mRS (r=0.36) (Park et al., 2012).

Further associations between inflammatory marker peak concentrations and CT-
measured cerebral infarct volume at 5 days (IL-6: 1=0.62, p=0.006; CRP: r=0.66,
p<0.01), NIHSS at 5-7 days (IL-6: r=0.66, p<0.001; CRP: r=0.54, p<0.001), 3-month
mRS (IL-6: r=0.72, p<0.001; CRP: r=0.63, p<0.001), 3-month Barthel Index (IL-6:
=-0.74, p<0.001; CRP: r=-0.58, p<0.001), and 12 month mRS (IL-6: r=0.77,
p<0.001; CRP: r=0.65, p<0.001) were reported by Smith et al., and the authors report
exclusion of individuals with overt infection did not materially alter these findings,
but did not report the exact figures for CRP (Smith et al., 2004). It is important to note
that it was not possible in this study to assess the relationship of clinical outcomes
with inflammatory markers after adjustment for infarct volume due to the small

sample.

7.1.3 Post-stroke cognition

Both carotid disease and inflammation have been implicated in cognitive dysfunction
following stroke. In a middle-aged (mean 45.3, SD 3.6, years at baseline) cohort,
increased CCA IMT was independently negatively associated with processing speed,
narrowly missed significance for a negative association with executive function
(p=0.07), but showed no association with verbal memory (Zeki Al Hazzouri et al.,

2015).

More developed atherosclerosis has also been implicated with effects on cognition,
with the presence of plaque, number of plaques, and total plaque area found to be
associated with poorer outcomes on verbal memory testing after adjustment for
cardiovascular risk factors and education in the large Tromse study (Arntzen et al.,
2012). However, this study did not find an effect of CCA IMT after adjustment with

this more extensive regression analysis.
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Given earlier findings that only ICA IMT, and not CCA IMT, was associated with
WMHs (Romero et al., 2009), it is important to consider in these cognition studies

whether the location of testing may affect outcomes.

In a follow-up study of the Northern Manhattan Study, no association was found
between plaque burden and cognition. As the authors acknowledge, their participants
with carotid plaques may have received primary prevention that may have attenuated
the disease. However, carotid IMT (average of CCA, bifurcation, and ICA IMT
bilaterally in this study) was associated with poorer baseline episode memory,
semantic memory, and processing speed but only in individuals who were APOE &4

carriers (Gardener et al., 2017).

Interestingly, Brickman et al. suggest that cognitive reserve (psychosocial factors
including exposure to cognitively-stimulating activity throughout life) has a
modifying effect on the relationship between WMHs and cognitive function, but only
in women. When adjusting for the degree of cognitive function, there was a positive
association between the degree of cognitive reserve and WMH volume, suggesting
that a larger extent of WMH can be accommodated to produce the same level of
executive function in individuals with higher cognitive reserve. The same

phenomenon was not observed in men (Brickman et al., 2011).

Inflammatory cytokines have been implicated in cognitive dysfunction in individuals
without focal brain injury. IL-6 was independently negatively associated with mini-
mental state examination (MMSE) scores after adjustment for sociodemographic and
vascular risk factors in a cohort of stroke-free individuals enrolled in the Northern
Manhattan Study (Wright et al., 2006). An association between IL-6 and cognitive
function have been reported elsewhere in a prospective analysis (Mooijaart et al.,
2013). CRP has also been found to be negatively associated with a range of cognitive
features using a range of cognitive tests (Kuo et al., 2005, Komulainen et al., 2007),
though other studies have found no association (Dik et al., 2005). CRP has been found
to be positively associated with cognitive performance after adjustment for vascular

risk factors and disease (Mooijaart et al., 2011). Finally, there is evidence that there
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may be a dose-response relationship to inflammatory molecules, and that particular

allelic variants may enhance the effect (Schram et al., 2007).

7.2 Methods

Methodology for this chapter is discussed in Chapter Two.

7.3 Results

7.3.1 Modified Rankin scale outcomes

The distribution of mRS for the study participants at baseline and at three-month

follow-up is shown in Figure 7.1.

Baseline

Three-month follow-u

Figure 7.1: Modified Rankin scale for study participants at baseline and three

months.

7.3.1.1 Baseline modified Rankin scale

At baseline, there was no significant difference in FDG TBRs between the mRS 0-1
group and the mRS 2-6 groups in symptomatic arteries (SHS TBR.x p=0.52, MDS

TBRmax p=0.57, WV TBRuax p=0.38, SHS TBRpean p=0.47, MDS TBRpean p=0.43,
WV TBRyean p=0.34) or asymptomatic arteries (SHS TBRy.x p=0.62, MDS TBR .«
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p=0.73, WV TBRuax p=0.91, SHS TBRuean p=0.70, MDS TBRyuean p=0.68, WV
TBRmean p=0.52).

Furthermore, relaxing the criteria for a ‘good’ outcome to mRS 0-2 did not affect the
results. There was no statistically significant difference in FDG TBRs between ‘good’
and ‘bad’ outcome groups for either the symptomatic artery (SHS TBRuy.x p=0.52,
MDS TBRpax p=0.57, WV TBRuax p=0.38, SHS TBRyean p=0.47, MDS TBRyean
p=0.43, WV TBRyean p=0.34) or asymptomatic artery (SHS TBR.x p=0.62, MDS
TBRmax p=0.73, WV TBRuax p=0.91, SHS TBRpean p=0.79, MDS TBRpean p=0.68,
WYV TBRean p=0.52).

7.3.1.2 Three-month modified Rankin scale

At three-month follow-up, there was no significant difference in FDG TBRs between
the mRS 0-1 group and the mRS 2-6 groups in symptomatic arteries (SHS TBR .«
p=0.47, MDS TBRuax p=0.61, WV TBRuax p=0.44, SHS TBRpean p=0.68, MDS
TBRpmean p=0.68, WV TBRpean p=0.88) or asymptomatic arteries (SHS TBRpax
p=0.54, MDS TBRuax p=0.57, WV TBRuax p=0.57, SHS TBRpean p=0.68, MDS
TBRmean p=0.68, WV TBRpean p=0.33).

Similarly, considering mRS 0-2 to be a ‘good’ outcome did not reveal statistically
different FDG TBRs between ‘good’ and ‘bad’ outcome groups for either the
symptomatic artery (SHS TBR.x p=0.42, MDS TBRax p=0.39, WV TBR.x p=0.26,
SHS TBRean p=0.59, MDS TBRpean p=0.55, WV TBRecan p=0.52) or asymptomatic
artery (SHS TBRu.x p=0.82, MDS TBRuux p=0.74, WV TBRuax p=0.59, SHS
TBRmean p=0.86, MDS TBRyyean p=0.78, WV TBRyean p=0.42).

7.3.2 Barthel index

7.3.2.1 Baseline Barthel index

The median BI at baseline was 90 (IQR 50). No significant associations were found

between BI and TBR measures in either the symptomatic or asymptomatic arteries

(Table 7.1).
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Symptomatic artery Asymptomatic artery

Correlation Sig. Correlation Sig.
SHS TBR ax r=-0.31 p=0.12 r=-0.26 p=0.20
MDS TBR 2« r=-0.30 p=0.13 r=-0.27 p=0.19
WV TBR.x r=-0.37 p=0.06 r=-0.22 p=0.28
SHS TBRyean r=-0.33 p=0.10 r=-0.19 p=0.37
MDS TBR ;can r=-0.33 p=0.10 r=-0.18 p=0.37
WYV TBRean r=-0.29 p=0.15 r=-0.26 p=0.19

Table 7.1: Associations between FDG TBRs and baseline BI.

7.3.2.2 Three-month Barthel index

The median BI at three months post-event was 95 (IQR 16.25). Excluding the two
individuals who died between baseline and three-month follow-up, there was a
significant improvement in Bl between baseline and three-month follow-up (median

90 [IQR 42.5] versus 95 [IQR 16.25] respectively, p<0.01 on paired testing).

Associations between FDG uptake and BI at three months are shown in Table 7.2.

Symptomatic artery Asymptomatic artery

Correlation Sig. Correlation Sig.
SHS TBR s r=-0.36 p=0.09 r=-0.26 p=0.22
MDS TBR 2« r=-0.32 p=0.13 r=-0.25 p=0.23
WV TBR rs=-0.48 p=0.02 r=-0.23 p=0.28
SHS TBRyean r=-0.31 p=0.14 r=-0.17 p=0.43
MDS TBR ;can r=-0.34 p=0.11 r=-0.17 p=0.42
WV TBR e r=-0.33 p=0.12 r=-0.27 p=0.20

Table 7.2: Associations between FDG TBRs and three-month BI.

7.3.3 Cognitive function

7.3.3.1 Baseline MoCA

Of the 26 individuals analysed in the primary cohort, 20 (76.9%) were able to undergo
cognitive testing. Six participants were excluded due to either aphasia (five

participants) or limited English (one participant).

Correlations between FDG uptake and baseline MoCA scores are shown in Table 7.3.
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Symptomatic artery Asymptomatic artery

Correlation Sig. Correlation Sig.
SHS TBR ax r=-0.40 p=0.08 r=-0.10 p=0.69
MDS TBR 2« r=-0.37 p=0.12 r=-0.07 p=0.77
WV TBR.x r=-0.33 p=0.15 r=-0.12 p=0.62
SHS TBRyean r=-0.29 p=0.22 r=-0.02 p=0.95
MDS TBR ;can r=-0.32 p=0.17 r=-0.05 p=0.82
WYV TBRean rs=-0.25 p=0.28 r=-0.09 p=0.69

Table 7.3: Associations between FDG uptake and baseline MoCA score.

Of 20 individuals with interpretable MoCA scores, 9 (45%) had evidence of cognitive
impairment (MoCA <26) at baseline testing. Comparative FDG uptake in those with

and without cognitive impairment at baseline is shown in Table 7.4.

Cognitive Normal cognition Significance
impairment n=11
n=9

Symptomatic artery

Mean SHS TBR,,,.x (SD) 2.63 (0.88) 2.21(0.57) p=0.24
Mean MDS TBR,,.x (SD) 2.55(0.86) 2.16 (0.56) p=0.27
Mean WV TBR,,,x (SD) 2.07 (0.55) 1.88 (0.36) p=0.41
Median SHS TBRe.n (IQR) 1.97 (0.41) 1.86 (0.30) p=0.37
Median MDS TBR ;ean (IQR) 1.91 (0.37) 1.81(0.27) p=0.33
Mean WV TBR . (SD) 1.73 (0.42) 1.65 (0.29) p=0.66
Asymptomatic artery

Mean SHS TBR,,,.x (SD) 2.04 (0.61) 1.89 (0.32) p=0.54
Mean MDS TBR,,,.x (SD) 1.96 (0.56) 1.86 (0.30) p=0.65
Mean WV TBR,,,x (SD) 1.72 (0.38) 1.71 (0.25) p=0.91
Mean SHS TBR . (SD) 1.77 (0.46) 1.69 (0.23) p=0.66
Mean MDS TBRean (SD) 1.71 (0.44) 1.66 (0.22) p=0.73
Mean WV TBR . (SD) 1.50 (0.31) 1.53 (0.19) p=0.81

Table 7.4: FDG uptake measures in individuals with cognitive impairment and

normal cognition at baseline.

7.3.3.2 Follow-up MoCA

There was a moderate correlation between baseline MoCA and three-month MoCA

scores (1:=0.46, p=0.046).
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Correlations between FDG uptake at baseline and

three-month MoCA scores are

shown in Table 7.5.
Symptomatic artery Asymptomatic artery
Correlation Sig. Correlation Sig.
SHS TBR ax r=-0.51 p=0.02 r=-0.08 p=0.74
MDS TBR 2« r=-0.49 p=0.03 r=-0.09 p=0.71
WV TBR r=-0.34 p=0.15 r=-0.04 p=0.87
SHS TBRyean r=-0.32 p=0.18 r:=0.03 p=0.90
MDS TBR can r=-0.35 p=0.14 r=-0.02 p=0.93
WYV TBRean r=-0.24 p=0.33 r:=0.00 p=0.99

Table 7.5: Associations between FDG uptake and three-month MoCA score.

At repeat assessment, 3 (27.3%) of 11 participants without cognitive impairment at

baseline showed evidence of cognitive impairment on repeat testing. In contrast, of

the nine participants with cognitive impairment at baseline, three (33%) were above

the cognitive impairment threshold on repeat testing, and one (11.1%) had died. FDG

uptake in these groups at three-month repeat testing is shown in Table 7.6.

Cognitive Normal cognition Significance
impairment n=11
n=8

Symptomatic artery

Mean SHS TBR,,,.x (SD) 2.93 (0.76) 2.12 (0.44) p=0.02
Mean MDS TBR,,.x (SD) 2.84 (0.74) 2.07 (0.42) p=0.02
Median WV TBR,,x IQR) 2.17 (0.44) 1.73 (0.36) p=0.06
Median SHS TBRe.n (IQR) 2.05 (0.53) 1.86 (0.30) p=0.06
Median MDS TBR ;ean (IQR) 1.98 (0.54) 1.81(0.27) p=0.06
Median WV TBRean IQR) 1.76 (0.38) 1.47 (0.34) p=0.13
Asymptomatic artery

Median SHS TBR,,x IQR) 1.99 (0.11) 1.88 (0.46) p=0.31
Median MDS TBR,,.x (IQR) 1.96 (0.12) 1.83 (0.42) p=0.24
Mean WV TBR,,,x (SD) 1.76 (0.22) 1.73 (0.32) p=0.83
Mean SHS TBR . (SD) 1.82 (0.38) 1.72 (0.29) p=0.54
Mean MDS TBR a0 (SD) 1.77 (0.34) 1.67 (0.29) p=0.49
Mean WV TBR . (SD) 1.55(0.23) 1.52 (0.24) p=0.80

Table 7.6: FDG uptake measures in individuals with cognitive impairment and

normal cognition at three months.




Individuals with cognitive impairment had a higher median hsCRP concentration than
those with normal cognition, though the result narrowly missed statistical significance

(9.37 [IQR 18.38] versus 3.9 [IQR 6.09] mg/L, p=0.09).

7.3.3.3 Multiple logistic regression analysis of cognitive results

Logistic regression for cognitive impairment on three-month follow-up MoCA is
shown in Table 7.7. Prior to backwards elimination, the regression model was
optimised by testing inclusion of interaction terms. Subsequently, interaction terms
were included for FDG uptake:smoking; FDG uptake:leukoaraiosis severity; and FDG
uptake:follow-up FLAIR lesion volume. Including age:leukoaraiosis severity or

age:sex did not affect the models.

Culprit artery Non-culprit artery
SHS TBRax Adjusted R* | SHS TBR Adjusted R*
=0.91 =0.73
(p=0.01) (p<0.01)
OR [95% CI] Adjusted OR [95% CI] Adjusted
significance significance
FDG uptake 7.34 p<0.01 Follow-up 1.00 p<0.001
[4.00-13.50] FLAIR volume [1.00-1.00]
Smoking 136.87 p<0.01 Age 1.03 p=0.01
[28.28-662.37] [1.01-1.05]
Mod/severe 0.07 p=0.01 Male sex 0.66 p=0.02
leukoaraiosis [0.02-0.22] [0.48-0.89]
Follow-up 1.00 p=0.02 Hypertension 0.77 p=0.17
FLAIR volume [1.00-1.00] [0.55-1.08]
Diabetes 139.35 p=0.02
[11.41-
1702.61]
Male sex 0.86 p=0.23
[0.69-1.06]
Hypertension 1.93 p=0.1
[1.42-2.63]
Current statin 0.77 p=0.19
[0.55-1.07]
Current 3.85 p<0.01
antiplatelet [2.54-5.84]
CEA 2.45 p<0.01
[1.82-3.29]
MDS TBR . Adjusted R* | MDS TBRax Adjusted R?
=0.91 =0.71
(p=0.01) (p<0.01)
OR [95% CI] Adjusted OR [95% CI] Adjusted
significance significance
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FDG uptake 8.73 p<0.01 Follow-up 1.00 p<0.001
[4.67-16.34] FLAIR volume [1.00-1.00]
Smoking 172.26 p<0.01 Age 1.03 p=0.01
[33.02-898.64] [1.01-1.05]
Mod/severe 0.08 p=0.01 Male sex 0.65 p=0.02
leukoaraiosis [0.03-0.24] [0.47-0.89]
Follow-up 1.00 p=0.02 Hypertension 0.76 p=0.15
FLAIR volume [1.00-1.00] [0.54-1.07]
Diabetes 112.28 p=0.01
[12.82-983.11]
Male sex 0.82 p=0.14
[0.66-1.01]
Hypertension 2.06 p=0.01
[1.49-2.84]
Current statin 0.75 p=0.17
[0.54-1.05]
Current 3.96 p<0.01
antiplatelet [2.60-6.04]
CEA 2.48 p<0.01
[1.83-3.38]
WYV TBRax Adjusted R* | WV TBRuy Adjusted R”
=0.74 =0.70
(p<0.01) (p=0.04)
OR [95% CI] Adjusted OR [95% CI] Adjusted
significance significance
FDG uptake 1.36 p=0.33 Smoking 0.00 p=0.01
[0.76-2.44] [0.00-0.05]
Follow-up 1.00 p<0.001 Mod/severe 16,219 p<0.01
FLAIR volume [1.00-1.00] leukoaraiosis [102.05-
2,578.092]
Age 1.03 p<0.01 Follow-up 1.00 p<0.01
[1.01-1.05] FLAIR volume [1.00-1.00]
Male sex 0.76 p=0.11 Diabetes 9.25 p=0.29
[0.56-1.03] [0.22-390.19]
Hypertension 0.22 p=0.01
[0.09-0.51]
Current statin 7.51 p<0.01
[2.99-18.89]
Current 0.08 p<0.01
antiplatelet [0.02-0.27]
CEA 0.22 p<0.01
[0.10-0.48]

Table 7.7: Multiple logistic regression for factors associated with cognitive

impairment on three-month MoCA.

7.3.4 Contribution of cerebrovascular disease

On univariable analysis, there was no significant difference in baseline MoCA scores
for individuals with no/mild leukoaraiosis versus moderate/severe leukoaraiosis
(mean 25.8+3.29 versus 22.9+5.32 respectively, p=0.16). There was no association
between the dichotomised severity of leukoaraiosis and the presence of cognitive

impairment (MoCA <26) at baseline (p=0.37).
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On univariable analysis, there was also no significant difference in three-month
MoCA scores for individuals with no/mild leukoaraiosis and moderate/severe
leukoaraiosis (mean 27.5£3.5 and 25+5 respectively, p=0.25). There was no
association between the dichotomised severity of leukoaraiosis and the presence of

cognitive impairment (MoCA <26) at three months (p=0.37).

There was no association between the three-month FLAIR primary lesion volume and

three-month MoCA on univariable analysis (r;=-0.16, p=0.53).

7.4 Discussion

7.4.1 Cognitive outcomes

In this substudy we found a positive relationship between FDG uptake — and by
implication inflammation — within the symptomatic plaque and cognitive impairment
(defined as a MoCA score <26) at three months following stroke. This relationship
appears to remain significant after adjustment for other vascular risk factors,
leukoaraiosis, and final infarct volume. Correspondingly, there was also a moderate
negative correlation between FDG uptake in the symptomatic plaque and three-month

MoCA score.

Components of the inflammatory response may be directly neurotoxic. In an in vitro
model, CRP was shown to undergo cellular uptake into human-derived neuronal cells,
and potentially neurotoxic (Duong et al., 1998). It has been postulated that the role of
CRP as an opsonin in an innate immune response may contribute to this, as well as

having a microvascular effect (Kuo et al., 2005).

The results of the logistic regression are interesting, though the size of the cohort
limits the ability to form definitive conclusions. In particular, previously FDG uptake
in the asymptomatic artery appeared to have the strongest association with the severity
of leukoaraiosis and stroke lesion evolution. However, here it appears that it is uptake
in the symptomatic plaque that has a significant association with cognitive

dysfunction. Indeed, we found that FDG uptake was eliminated in the regression
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model for whole vessel and all asymptomatic TBR,,x measures. The overall pattern
suggests that while the background level vascular inflammation may ‘prime’ the brain
for injury and promote BBB permeability, the increased inflammation associated with
the symptomatic plaque may exacerbate cognitive impairment through neurotoxicity,
potentially via a CRP-mediated mechanism given the near-significant result
difference in hsCRP concentration. However, there is also the possibility that this may

be secondary to the relatively small size of the cohort.

The small size of the cohort may also be responsible for a few curious findings on the
regression analysis, despite the high adjusted R” values for the models. Some vascular
risk factors followed expected results (e.g. diabetes and hypertension associated with
worse cognitive function) but others appeared counter-factual. For example,
leukoaraiosis appearing to be protective for cognitive impairment in the symptomatic
artery models (though dramatically increased the risk in the asymptomatic artery
models). However, on univariable analysis, MoCA scores did not appear to differ
significantly between those with no/mild leukoaraiosis and moderate/severe
leukoaraiosis at either baseline or at three-month follow-up. This may be consistent
with not all white matter disease being symptomatic, as well as our analysis being
limited by a small sample. Consequently, it is likely that this association is a product

of both these considerations, rather than reflecting a physiological mechanism.

Similarly, CEA appeared to increase the risk of cognitive impairment in symptomatic
artery models, but was protective in asymptomatic artery models. The association
between revascularisation therapy and cognition is incompletely understood, though it
has been suggested that both carotid artery stenting (CAS) and CEA may improve
cognitive dysfunction (Antonopoulos et al., 2015, Germano da Paz et al., 2014, Lal et
al., 2011). Again, it is likely that the small proportion of individuals undergoing CEA
in our sample may contribute to this finding. However, this observation is consistent
with the findings in the previous chapter that CEA appeared positively associated with
FLAIR lesion evolution, and hence may reflect the clinical outcomes in our limited

CEA cohort.
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7.4.2 Modified Rankin scale outcomes

There was no statistically significant association between any measure of FDG uptake
in either symptomatic or asymptomatic artery and ‘good’ versus ‘poor’ mRS
outcomes (using either mRS 0-1 or mRS 0-2 to represent a ‘good’ outcome). There
are several likely reasons for this. Firstly, although our study found an association
between carotid inflammation and FLAIR lesion evolution and some association with
final infarct volume, we did not consider the location of the infarct. Consequently,
small infarcts in strategic areas will have a much larger effect upon functional status

than moderately-sized infarcts in less strategic areas.

Given the size of our study, the limited spread of FDG TBRs, and potential
shortcomings of the mRS (broad ordinal categories and subjectivity), it is unsurprising
that no statistically significant trend was detected. Further work in this area would

require larger sample sizes and consideration of infarct location.

7.4.3 Barthel index outcomes

The BI, with a larger spread of scores, may offer increased sensitivity to detect
changes in disability. In our study we found only WV TBR.x to have a significant
negative correlation with BI at three months. Given the lack of a clear trend in these
results, this isolated finding should be treated with caution and may be hypothesis-

generating for future work.
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7.5 Summary of findings

This chapter has discussed:

1. An independent negative relationship was observed between FDG uptake
within the symptomatic carotid plaque and poorer cognitive performance at
three months after stroke.

2. There was a suggestion that increased diffuse FDG uptake within the
symptomatic artery is associated with greater disability on the BI.

3. No relationship was found between arterial FDG uptake and outcome

measured using the mRS.
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Chapter Eight:
From the Vulnerable Plaque to the Vulnerable Brain:

General Discussion and Future Work

8.1 Summary of work

This thesis considers the pathophysiological processes occurring within the carotid
atherosclerotic plaque, and systemic atherosclerosis more broadly, and how their
contribution to plaque vulnerability may be imaged non-invasively in vivo. It also
investigates how atherosclerosis may influence the development of chronic
cerebrovascular disease, the evolution of the lesion in the early post-stroke period, and
the clinical outcome for the stroke survivor. In other words, we expand our focus
beyond the vulnerable plaque to include the vascular contribution to the “vulnerable

brain.”

8.1.1 Inflammation, microcalcification, and the vulnerable plaque

As shown in Chapters Three and Four, inflammation and microcalcification represent
key processes in plaque rupture; contributing to biochemical and mechanical plaque
destabilisation respectively. PET imaging using FDG to quantify inflammation and
NaF to quantify microcalcification has shown that both these radiotracers may
discriminate between symptomatic and asymptomatic plaques non-invasively in vivo.
Furthermore, the tracer uptake — and by implication the pathophysiological processes
they represent — shows distinct patterns between the radiotracers. Microcalcification
appears to occur in a focal manner, with SHS and MDS, but not WV, SUV,.x and
TBRmax significantly higher in symptomatic plaques than asymptomatic plaques. This
is visualised by the spatial distribution curves in Chapter Three, and further reinforced
by the finding of increased NaF uptake in the bifurcation versus ‘non-bifurcation’
regions in Chapter Four. In contrast, FDG uptake appears a more diffuse

phenomenon.

The ability to quantify microcalcification in vivo has potential use within drug
discovery trials, in the same way that FDG uptake has been used in recent studies

(Fayad et al., 2011b, Fayad et al., 2011a, Mani et al., 2014). The ‘vicious cycle’ of
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inflammation and microcalcification discussed in Chapter One, and demonstrated by
the positive association between FDG and NaF uptake in advanced, more heavily-
calcified bifurcations, offers the potential to target both components of this
relationship. Given the inter-related nature of inflammation and microcalcification,
yet distinct spatial distributions, it appears likely that microcalcification is driven by a
combination of generalised inflammation and local mechanical forces. The interaction
between cellular processes responsible for inflammation and microcalcification have
been discussed in Chapters One, Three, and Four. Chapters One and Three have also
discussed the molecular pathways contributing to vascular calcification, as well as a
potential role for statins promoting micro- and macrocalcification. Targeting of these
processes to either reduce microcalcification, or to encourage macrocalcification that
may confer stability, may potentially be monitored using NaF-PET. Furthermore, the
use of PET may facilitate our understanding of the mechanisms of emerging vascular
therapies: for example, proprotein convertase subtilisin-kexin type 9 (PCSK9)
inhibitors have been shown to reduce atherosclerotic plaque volume (Nicholls et al.,
2016) but it is currently unknown how they influence plaque inflammation and

microcalcification.

Our results highlight that smoking has a consistent and powerful association with
vascular inflammation and microcalcification. As a modifiable risk factor, smoking
cessation may have clear implications for not only the stability of the plaque, but also
the downstream consequences of the plaque pathophysiology on the brain. Other
factors, including age and medication use, also appear to influence the development of

micro- and macrocalcification.

8.1.2 Beyond the vulnerable plaque — the “vulnerable brain”

Although a key triggering event in stroke, plaque rupture is only part of the complex
pathophysiology of cerebrovascular disease. It has been known for some time that
inflammation within atherosclerosis represents a systemic process (Rudd et al., 2009),
and our results support the diffuse nature of this inflammation. The findings discussed
in Chapters Five and Six indicate that the general burden of systemic atherosclerosis,

in particular its constituent inflammatory activity, appears associated with the
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development of chronic small vessel disease and with evolution of the post-infarct

lesion.

Our results support those seen in pro-atherogenic mouse models and early human
pilot studies with cardiovascular risk factors who were found to demonstrate
increased microglial activation in the absence of an acute event; demonstrating brains
“primed” with inflammation (Drake et al., 2011). In our study cohort, we hypothesise
that prolonged exposure to inflammatory-mediators, in particular MMP-9, is
associated with BBB disruption that predisposes to the development of leukoaraiosis.
Given that these findings are unlikely to develop acutely, it suggests that chronic
atheromatous inflammation 1is associated with the development of chronic
cerebrovascular disease. As discussed in Chapter Five, the strongest association is
with the non-culprit artery and this likely represents the general inflammatory
atherogenic environment, rather than the symptomatic plaque that represents a
disproportionately increased diseased segment. Hence, it is not simply the vulnerable
plaque that must be considered but rather the entire arterial system, and consequently

the overall exposure to vascular risk factors.

General atheromatous inflammation in the asymptomatic artery also appears to have
important implications for the evolution of the acute lesion. As shown in Chapter Six,
generalised atheromatous inflammation appears associated with greater interval
change in FLAIR hyperintensity volume and there is suggestion that it is also
associated with final FLAIR hyperintensity volume. The apparent lack of a
relationship with baseline DWI or FLAIR hyperintensity volumes suggests that this is
not mediated through the size of the thrombus, and the fact that the association
appears strongest with the asymptomatic artery again suggests that it is the
generalised burden of vascular disease that is influencing the lesion evolution. Hence,

we postulate that this may also reflect BBB dysfunction and a “primed” brain for

injury.

Such priming of the brain is likely to involve stimulation of microglia in response to
peripheral inflammatory changes, triggering neuroinflammatory changes and affecting
endogenous repair mechanisms within the brain in the absence of acute injury.

Furthermore, increased BBB permeability mediated by MMP-9 may exacerbate this

267



through increased cellular infiltration. For example, increased T-lymphocyte
infiltration of the choroid plexus has been observed in ApoE” mice on an atherogenic
diet (Drake et al., 2011). These constellation of neuroinflammatory changes and BBB
permeability may also have repercussions for cerebral autoregulation, meaning that
the brain becomes more vulnerable to pressure changes in the systemic circulation.
Consequently, these pathophysiological processes may be contributing to chronic
brain changes even in the absence of acute ischaemia, and may provide mechanisms
for the findings we report in Chapter Five. Furthermore, the altered
neuroinflammatory status and reduced protective homeostatic mechanisms may mean
that the brain has less reserve to withstand injury at the time of acute ischaemia,

contributing to the pattern of infarct development we have described in Chapter Six.

8.1.3 Beyond the biology — the “vulnerable patient”

Unsurprisingly there was no clear association between functional outcomes and FDG
uptake within the carotid arteries, as discussed in Chapter Seven. What was
interesting was the finding of higher FDG uptake in the symptomatic plaque in those
individuals who had cognitive impairment, even after adjustment for leukoaraiosis,
final infarct volume, and other cardiovascular risk factors. As previously discussed, it
is curious that in this regard the symptomatic plaque appears to be the region
associated with the outcome, rather than the non-culprit artery as seen in leukoaraiosis
and acute lesion evolution. The finding that CEA did not seem to reduce this risk may
imply that the mechanism for this occurs early after symptomatic plaque rupture.
Further work is required to consider whether it is the location of the infarct or whether
more generalised inflammatory-mediated network disruption is contributing to these

findings.

8.2 Alternative approaches and future directions in PET imaging of

atherosclerosis.

Although FDG-PET has become a mainstay of metabolic imaging in atherosclerosis
in a relatively short time, its lack of specificity means that proximity of the artery of
interest to other highly metabolically active structures, such as the myocardium, limits

its utility. Alternative radiotracers targeting macrophage-driven inflammation via their
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expression of TSPO have been investigated with the goal of providing higher
specificity than that offered by FDG. ''C-PK11195 targets TSPO expressed on
macrophages and microglia and has been shown to detect these inflammatory cells in
atheroma and around the stroke penumbra respectively. Specific to atherosclerosis,
PK11195 uptake was found to be higher in inflamed than non-inflamed plaques in a
mouse model, though its utility as a tracer was limited due to a non-significant
difference between plaque and healthy vessel wall (Laitinen et al., 2009). This likely
reflects the ubiquitous nature of TSPO expression by a range of cells and organs,
despite the upregulation in activated plaque macrophages, but may also reflect the
limitations of using mouse models of plaque, especially vulnerable plaques, compared
to humans. Subsequent studies in human subjects have shown more promise, with
PK11195 TBR found to be higher in symptomatic versus asymptomatic carotid
arteries (TBR 1.06 +/- 0.2 and 0.86 +/- 0.11 respectively, p=0.001) despite a lower
grade of stenosis in asymptomatic arteries (Gaemperli et al., 2012). PK11195 uptake
has been found to co-localise with activated macrophages using autoradiography and
CD68 staining of ex vivo carotid histology (Fujimura et al., 2008, Bird et al., 2010).
However, the ubiquitous uptake in healthy vessel wall may limit the utility of

PK11195-PET in clinical atherosclerosis imaging.

"'C-PBR28 was shown to have improved specificity in a dual tracer PK11195 and
PBR28 rat study (Imaizumi et al., 2007), but subsequent work comparing receptor
binding between animal models and humans found receptor binding to be markedly
lower in humans compared to monkeys, and that there was variation in the human
binding with some showing no specific binding (Fujita et al., 2008). Subsequent
studies have revealed polymorphism in the gene Alal47Th that results in high-affinity
and low-affinity binders, with heterozygous individuals displaying intermediate
affinity binding (Owen et al., 2011, Kreisl et al., 2013). In contrast, PK11195 does not
appear to have variable affinity as it binds to a different site on the TSPO (Owen et
al., 2010). These findings show it is important to exercise caution when comparing
tracer pharmacokinetics between different animal species and humans, as well as

human subject comparisons.

Newer TSPO ligands are in development, labeled with '*F rather than ''C. There has
been increasing interest in '*F-GE-180 to replace PK-11195 as the TPSO ligand of
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choice to image neuro- and potentially atherosclerotic plaque inflammation. Animal
models have shown '"F-GE-180 to have a significantly higher binding potential than
that of PK-11195, improved signal-to-noise ratio, and lower non-specific binding in
and around infarcted cerebral tissue (Dickens et al., 2014, Boutin et al., 2015). The
use of '*F in contrast to ''C has other benefits including a longer half-life. However,
the utility of such second-generation TSPO radioligands in PET imaging may be
limited owing to variable receptor binding affinity due to genetic polymorphisms
(Kreisl et al., 2013, Guo et al., 2013, Lavisse et al., 2015). Further work is required to
assess the utility of '"F-GE-180 and other second-generation TSPO ligands for

imaging both plaque inflammation and neuroinflammation.

A promising new radiotracer is ®*Ga-DOTATATE. Somatostatin receptor subtype-2
(SST,) 1s upregulated on the cell surface of macrophages, to which DOTATATE
demonstrates high specific binding activity (Dalm et al., 2003, Armani et al., 2007).
The low physiological expression of SST, by the myocardium suggests this tracer

may be advantageous for targeting disease in the coronary arteries.

Vascular ®*Ga-DOTATATE uptake has been imaged in asymptomatic individuals
with cardiovascular risk factors and coronary calcification (Mojtahedi et al., 2015, Li
et al., 2012, Rominger et al., 2010) and in aortic atherosclerotic plaques in a mouse
model (Rinne et al., 2015). In a retrospective series of DOTATATE-PET imaging
performed in oncological practice, Rominger et al. found ®*Ga-DOTATATE-PET to
have an excellent intra-reader and inter-reader reproducibility for TBR readings in the
left anterior descending coronary artery (intra-class correlation coefficients of 0.97

and 0.94 respectively) (Rominger et al., 2010).

%Cu-DOTATATE has also been investigated for use in carotid imaging. The longer
half-life of ®*Cu compared to ®®Ga (12.7 hours versus 68 minutes) and shorter
maximum positron range provide several theoretical advantages, although this must
be balanced against the wider availability of the generator-produced **Ga compared to
the cyclotron-produced **Cu. In a proof of principle study using PET/MRI, Pedersen
et al. demonstrated carotid “*Cu-DOTATATE uptake correlated with gene expression
of macrophage markers CD68 and CD163 using univariable analysis, though only

correlation with CD163 expression remained significant on multivariable analysis
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(Pedersen et al., 2015). The propensity of DOTATATE towards CD163+
macrophages, as well as findings of atheromatous regions with DOTATATE but no
FDG uptake, suggests that DOTATATE is able to identify a different component of
the inflammatory process compared to conventional FDG-PET (Rominger et al.,
2010, Pedersen et al., 2015). Increased **Cu-DOTATATE signal has also been
reported in individuals with cardiovascular risk factors in a retrospective study

(Malmberg et al., 2015).

%Ga-DOTATATE has recently been demonstrated to differentiate between
symptomatic and asymptomatic carotid plaques, with uptake correlating strongly with
histological macrophage burden and Framingham risk scores (Tarkin et al., 2017). A
DOTATATE TBRx of greater than 2.66 had 87.5% sensitivity and 78.4% specificity
to detect culprit coronary segments (Tarkin et al., 2017). The superior specificity of
DOTATATE relative to FDG results in improved signal-to-noise ratio, particularly in
the coronary arteries. Tracer production does not require a cyclotron meaning imaging

1s much cheaper than using FDG and does not require pre-scan fasting.

8.3 Planned papers from this thesis

Three main papers are planned based upon the work described in this thesis:

* The dual tracer FDG and NaF study demonstrating the different spatial
patterns of tracer uptake (Chapters Three and Four).

* The association between carotid FDG uptake and the extent of leukoaraiosis
(Chapter Five).

* The association between carotid FDG uptake and stroke lesion evolution

(Chapter Six).
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8.4 Ongoing and future work

8.4.1 Vascular imaging

The work presented in this thesis is limited in its single timepoint assessment of FDG
and NaF uptake. Although a number of studies have shown that FDG uptake
decreases with therapy (Tahara et al., 2006, Mizoguchi et al., 2011), there have been
no equivalent studies for NaF. Serial imaging post-stroke would help elucidate
whether the microcalcification process changes following rupture and/or in response

to secondary prevention therapies.

As discussed previously, FDG is limited in its specificity. We are currently analysing
the results of the TIA cohort of the VISION study to investigate whether the spatial
distribution of DOTATATE uptake mirrors that seen with FDG (Tarkin et al., 2017).
Furthermore, it would be advantageous to validate our findings of the association
between vascular inflammation and both small vessel disease and lesion evolution

using DOTATATE-PET.

A subgroup of our participants underwent direct thrombus imaging, a Tl-based
sequence described in Chapter Two (Figure 8.1). Future work will include an analysis
of the relationship between the presence of thrombus and both FDG and NaF uptake,
potentially elucidating the thromboinflammatory process. However, conclusions will
be limited in our cohort given the small number of individuals imaged and the
heterogeneity in both the stroke-to-scan interval and whether the individual was
thrombolysed. Future work would benefit from expedited imaging of symptomatic

plaques in individuals who had not been thrombolysed.
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Figure 8.1: Direct thrombus imaging. Positive direct thrombus imaging sequence

showing thrombus in the presence of a symptomatic right internal carotid artery

stenosis (red arrow).

The increasing availability of PET/MRI enables concurrent high-resolution
assessment of tracer uptake and plaque morphology. A promising avenue of
investigation may involve DOTATATE imaging of plaque inflammation and how it
relates to high-risk morphological features (such as intra-plaque haemorrhage and thin
fibrous cap), potentially in a longitudinal study. Similarly, NaF uptake could also be
compared with plaque morphology, though the limited ability of MRI to image
calcification means that currently PET/CT is likely to remain the imaging modality of

choice.

8.4.2 Imaging the vulnerable brain

The finding that inflammation within the systemic vasculature appears associated with
deleterious effects the setting of both chronic and acute cerebrovascular disease
provokes questions about the mechanisms behind these results. There are several
potential imaging studies that may help elucidate this relationship. Firstly, concurrent
dual tracer PET imaging assessing carotid inflammation and microglial activation

would help establish the correlation between inflammation on either side of the BBB.
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PK11195 would appear the radiotracer most suited to this role, having demonstrated
both carotid and microglial uptake as discussed above, though it remains a suboptimal
tracer to use due to ubiquitous uptake. Whether newer radiotracers targeting the TSPO

may overcome these limitations remains to be seen.

As discussed, our postulated mechanism underlying this association is MMP-9-
mediated disruption of BBB. In recent years, dynamic contrast-enhanced T1-based
sequences, such as the T1 mapping with partial inversion recovery (TAPIR) sequence
(Taheri et al., 2011b, Taheri et al., 2011a), have been used to measure BBB
permeability. The use of MRI to measure BBB permeability alongside PET imaging

of the vasculature may help support or refute our hypothesis.

Finally, our finding that increased FDG within the symptomatic plaque appeared
associated with poorer cognition at three months post-stroke is an interesting one with
potential significant quality of life implications for the stroke survivor. A limitation of
our study is that our cohort all had a stroke, and hence it is impossible to measure
cognition prior to the event. It would be interesting to investigate if FDG uptake in
asymptomatic atherosclerosis affects network integrity using diffusion tensor imaging

in such individuals.

8.4.3 Considerations for future work

Although the findings discussed in this thesis suggest interesting and plausible
pathophysiological processes, it is also necessary to exercise a degree of caution in
their interpretation. The limitations of our study described in the previous chapters
need to be considered when planning future work. In particular, this thesis includes
several subgroups and subgroup analyses, raising the risk of type one error.
Furthermore, although a generally consistent pattern of results was seen across
different SUV or TBR measures, it is important to recognise that these metrics are
related. Hence, future work should aim to adopt a single standard measure. Finally,
the study is limited in its size. Ultimately, these findings need to be replicated and

verified in larger samples with clear pre-specified primary and sub-group analyses.
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8.5 Conclusion

Stroke is one of the leading causes of adult disability in the Western World. It is a
cruel disease; striking quickly and frequently leaving life-changing repercussions. It
affects not only the individual, but also their families, carers, health services, and the
wider economy, with an estimated cost to the United Kingdom economy of £8.9
billion per annum (Saka et al., 2009). As a major cause of ischaemic stroke, carotid
atherosclerosis represents an important pathology, but one that still we do not fully
understand. Why the disease becomes symptomatic in some individuals, while others
live with quiescent disease for years, remains an important clinical question. Despite
this, our conventional clinical management remains anatomically-focused, rather than
physiological-based, with the degree of luminal stenosis being the driving factor for

determining therapy decisions.

The findings of this thesis have potential implications for future clinical and research
exploitation. From a wvascular perspective, the ability to detect pathophysiology
associated with the vulnerable plaque may yield novel therapeutic targets, facilitate
the use of molecular endpoints in drug discovery trials, or allow evaluation of
response to treatment, particularly those in high-risk or treatment-resistant groups.
Given the cost, availability of PET scanning, and radiation exposure, it is unlikely that
PET imaging will feature as a second-like risk-stratification tool after other modes of
screening for carotid disease. However, the suggestion that current or emerging

biomarkers may be able to act as surrogate markers is an enticing one.

Our findings that molecular processes within atherosclerosis not only influence plaque
vulnerability, but may also prime the vulnerable brain for injury, have the potential
for development to provide useful information for prognostication in the acute clinical
setting. It may also have implications for reducing the burden of small vessel disease,
vascular cognitive impairment, and disability after stroke through targeting these

processes using novel anti-atherosclerotic or anti-inflammatory therapies.

Atherosclerosis is a systemic disease and affects the individual in more ways than

simply plaque rupture. However, its complexity may also provide the means and
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opportunity to reduce the effects of cerebrovascular disease or, better yet, to prevent

them occurring in the first place.
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Appendix B:

Degrees of Carotid Stenosis

Participant ID Symptomatic side Degree of stenosis: Degree of stenosis:
symptomatic artery Asymptomatic artery

3455 Right 50-69% 1-29%
2547 Right >90% 50-69%
1483 Right 50-69% 30-49%
3914 Right >90% >90%

5505 Right 70-89% 1-29%
7346 Right 70-89% 1-29%
4549 Left >90% >90%

9508 Right >90% 50-69%
5341 Right 70-89% 1-29%
3612 Right 70-89% >90%

6995 Left 70-89% 1-29%
3399 Left 70-89% 30-49%
2812 Right 50-69% 50-69%
7119 Right 50-69% 1-29%

9681 Right 50-69% 30-49%
6996 Right 70-89% 30-49%
9391 Right >90% 30-49%
3488 Right >90% 1-29%

3356 Left >90% 30-49%
5936 Right 70-89% 1-29%

1133 Right >90% 30-49%
7622 Left >90% 30-49%
8904 Left 50-69% 30-49%
5377 Right 70-89% 30-49%
4187 Left >90% 1-29%

5048 Left 50-69% 50-69%

Table B.1: Symptomatic side and degree of stenosis in each carotid artery for each

participant (in the 26 participant cohort).
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Appendix C:

NaF Univariable Analysis

Correlation Significance Correlation Significance

SHS r=0.64 p<0.01 SHS r=0.50 p<0.01
SUV nax TBR ax
MDS r=0.63 p<0.01 MDS r=0.49 p<0.01
SUV nax TBR ax
wv r=0.36 p<0.01 wv r=0.23 p=0.09
SUV nax TBR ax
SHS r=0.59 p<0.01 SHS r=0.50 p<0.01
SUV nean TBRean
MDS r=0.58 p<0.01 MDS r=0.48 p<0.01
SUV nean TBRean
wv r=0.38 p<0.01 wv r=0.31 p=0.03
SUV nean TBRean
Table C.1: Correlations between age and NaF uptake.

Female | Male | Significance Female | Male Significance
SHS 2.30 1.91 p=0.08 SHS 2.88 2.59 p=0.38
SUV nax (0.70) (0.71) TBRmax (1.17) (0.95)
MDS 2.05 1.83 p=0.12 MDS 2.68 2.49 p=0.47
SUV nax (0.67) (0.67) TBRmax (1.22) (0.82)
wv 1.32 1.37 p=0.69 wv 1.85 1.82 p=0.69
SUV max (0.44) (0.40) TBRmax (0.57) (0.42)
SHS 1.83 1.64 p=0.08 SHS 2.44 2.12 p=0.27
SUV nean (0.68) (0.51) TBRmean (1.04) (0.54)
MDS 1.64 1.60 p=0.14 MDS 2.23 2.04 p=0.39
SUV nean (0.62) (0.47) TBRnean (1.09) (0.54)
wv 1.16 1.18 p=0.66 wv 1.59 1.57 p=0.75
SUV nean (0.50) (0.35) TBRmean (0.47) (0.29)
Table C.2: NaF uptake by sex. All values are median (IQR).
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Correlation Significance Correlation Significance

SHS r=0.04 p=0.80 SHS r=-0.14 p=0.31
SUV nax TBR ax
MDS r=0.03 p=0.83 MDS r=-0.16 p=0.27
SUV nax TBR ax
wv r=0.15 p=0.28 wv r=-0.16 p=0.26
SUV nax TBR ax
SHS r=0.09 p=0.51 SHS r=-0.11 p=0.42
SUV nean TBRuean
MDS r=0.07 p=0.63 MDS r=-0.12 p=0.41
SUV nean TBRean
wv r=0.15 p=0.30 wv r=-0.16 p=0.26
SUV nean TBRean
Table C.3: Correlations between BMI and NaF uptake.

Current | Non- Significance Current | Non- Significance

/former | smoker /former | smoker

smoker smoker
SHS 1.92 2.32 p=0.19 SHS 2.59 2.85 p=0.40
SUV nax (0.63) (0.79) TBR ax (1.01) (0.67)
MDS 1.83 2.05 p=0.30 MDS 2.46 2.65 p=0.57
SUV nax (0.59) (0.76) TBR jax (1.02) (0.56)
wvV 1.34 1.38 p=0.90 A% 1.83 1.85 p=0.70
SUV nax (0.43) (0.33) TBR jax (0.58) (0.33)
SHS 1.64 1.85 p=0.31 SHS 2.10 2.21 p=0.49
SUV nean (0.45) (0.80) TBRyean (0.67) (0.62)
MDS 1.57 1.63 p=0.52 MDS 2.05 2.10 p=0.64
SUV nean (0.41) (0.71) TBRyean (0.67) (0.52)
wvV 1.16 1.19 p=0.92 A% 1.54 1.57 p=0.74
SUV nean (0.37) (0.39) TBRyean (0.43) (0.25)
Table C.4: NaF uptake by smoking status. All values are median (IQR).
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Diabetes No Significance Diabetes No Significance
diabetes diabetes

SHS 1.99 1.98 p=0.91 SHS 2.69 2.63 p=0.81
SUV pax (0.63) (0.80) TBRinax (0.95) (0.96)
MDS 1.89 1.87 p=0.85 MDS 2.58 2.50 p=0.77
SUV pax (0.56) (0.74) TBRinax (1.14) (0.82)
\\VAY 1.39 1.34 p=0.66 \\VAY 1.78 1.85 p=0.76
SUV max (0.47) (0.38) TBRinax (0.77) (0.42)
SHS 1.80 1.64 p=0.56 SHS 2.28 2.13 p=0.72
SUV mean (0.47) (0.53) TBRinean (1.03) (0.67)
MDS 1.63 1.57 p=0.65 MDS 2.21 2.07 p=0.65
SUV hean (0.49) (0.49) TBRean (1.20) (0.57)
\\VAY 1.27 1.16 p=0.39 \\VAY 1.58 1.57 p=0.91
SUV hean (0.34) (0.37) TBRean (0.60) (0.29)
Table C.5: NaF uptake by diabetes status. All values are median (IQR).
SHS 2.08 1.74 p=0.04 SHS 291 2.23 p<0.01
SUV pax (0.61) (0.71) TBRinax (0.73) (0.51)
MDS 2.02 1.63 p=0.03 MDS 2.72 2.05 p<0.01
SUV pax (0.55) (0.59) TBRinax (0.65) (0.45)
\\VAY 1.45 1.24 p=0.06 \\VAY 1.86 1.70 p<0.01
SUV pax (0.39) (0.33) TBRinax (0.48) (0.59)
SHS 1.76 1.50 p=0.05 SHS 2.37 1.87 p<0.01
SUV mean (0.48) (0.56) TBRinean (0.69) (0.43)
MDS 1.67 1.40 p=0.03 MDS 2.20 1.76 p<0.01
SUV mean (0.47) (0.49) TBRinean (0.65) (0.48)
\\VAY 1.19 1.10 p=0.09 WV 1.60 1.44 p<0.01
SUV mean (0.34) (0.36) TBRinean (0.30) (0.39)
Table C.6: NaF uptake by hypertension status. All values are median (IQR).
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Current No Significance Current No Significance
statin statin statin statin
SHS 2.37 1.87 p<0.01 SHS 2.98 2.38 p=0.01
SUV nax (0.89) (0.66) TBRnax (0.52) (1.00)
MDS 2.18 1.74 p<0.01 MDS 2.77 2.27 p<0.01
SUV nax (0.73) (0.62) TBRnax (0.40) (0.92)
A% 1.52 1.28 p<0.01 WV 1.94 1.81 p=0.01
SUV nax (0.48) (0.37) TBRnax (0.48) (0.52)
SHS 2.11 1.54 p=0.01 SHS 2.38 2.04 p=0.01
SUV nean (0.83)* | (0.37)* TBRean (0.58) (0.67)
MDS 2.00 1.46 p=0.01 MDS 2.28 1.96 p=0.01
SUV nean (0.79)* | (0.33)* TBRean (0.62) (0.70)
wv 1.45 1.10 p<0.01 wVv 1.67 1.50 p=0.01
SUV nean (0.45)* | (0.20)* TBRnean (0.29) (0.41)
Table C.7: NaF uptake by statin therapy. All values are median (IQR) except for

those marked with an asterisk, where values are mean (SD).

TC Triglycerides HDL LDL TC:HDL ratio
I Sig. I Sig. Iy Sig. I Sig. I Sig.
SHS -0.18 | p=0.20 | 0.20 | p=0.16 | 0.26 | p=0.08 | -0.28 | p=0.05 | -0.34 | p=0.02
SUV nax
MDS -0.20 | p=0.16 | 0.20 | p=0.17 | 0.23 | p=0.12 | -0.31 | p=0.03 | -0.35 | p=0.01
SUV nax
wv -0.28 | p=0.04 | 0.14 | p=0.32 | 0.06 | p=0.68 | -0.38 | p<0.01 | -0.31 | p=0.03
SUV nax
SHS -0.19 | p=0.18 | 0.25 | p=0.08 | 0.28 | p=0.05 | -0.33 | p=0.02 | -0.37 | p<0.01
SUVmean
MDS -0.19 | p=0.19 | 0.24 | p=0.09 | 0.25 | p=0.09 | -0.32 | p=0.03 | -0.35 | p=0.01
SUV nean
wv -0.30 | p=0.03 | 0.17 | p=0.25 | 0.03 | p=0.82 | -0.44 | p<0.01 | -0.33 | p=0.02
SUV nean
SHS -0.33 | p=0.02 | -0.17 | p=0.23 | -0.07 | p=0.63 | -0.29 | p=0.046 | -0.29 | p=0.045
TBR jax
MDS -0.35 | p=0.01 | -0.19 | p=0.18 | -0.11 | p=0.44 | -0.31 | p=0.03 | -0.29 | p=0.048
TBR jax
wvV -0.41 | p<0.01 | -0.33 | p=0.02 | -0.31 | p=0.03 | -0.35 | p=0.02 | -0.23 | p=0.11
TBR jax
SHS -0.33 | p=0.02 | -0.15 | p=0.30 | -0.08 | p=0.58 | -0.31 | p=0.03 | -0.28 | p=0.05
TBRyean
MDS -0.34 | p=0.01 | -0.16 | p=0.26 | -0.10 | p=0.52 | -0.33 | p=0.02 | -0.30 | p=0.04
TBRmean
wv -0.45 | p<0.01 | -0.30 | p=0.04 | -0.32 | p=0.03 | -0.40 | p<0.01 | -0.26 | p=0.08
TBRyean

Table C.8: Correlations between NaF uptake and lipid profile. TC = total cholesterol,

HDL = high-density lipoprotein, LDL = low-density lipoprotein.
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SHS 2.13 1.93 p=0.16 SHS 2.98 2.47 p=0.04
SUV pax (0.68) (0.82) TBRinax (0.65) (1.02)
MDS 2.08 1.82 p=0.11 MDS 2.80 2.31 p=0.02
SUV pax (0.70) (0.76) TBRnax (0.51) (0.89)
\\VAY 1.47 1.31 p=0.27 \\VAY 1.92 1.81 p=0.09
SUV pax (0.60) (0.35) TBR o (0.41) (0.53)
SHS 1.80 1.63 p=0.11 SHS 2.43 2.10 p=0.03
SUV mean (0.58) (0.51) TBRinean (0.68) (0.64)
MDS 1.71 1.54 p=0.08 MDS 2.32 2.02 p=0.02
SUV hean (0.57) (0.45) TBRnean (0.64) (0.64)
\\VAY 1.27 1.16 p=0.31 WV 1.65 1.50 p=0.07
SUV hean (0.62) (0.36 TBRnean (0.18) (0.42)
Table C.9: NaF uptake by antiplatelet therapy. All values are median (IQR).
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SHS 2.00 1.98 p=0.39 SHS 3.01 2.38 p<0.01
SUV pax (0.55) (0.86) TBRinax (0.55) (0.99)
MDS 1.96 1.85 p=0.28 MDS 2.81 2.27 p<0.01
SUV pax (0.51) (0.80) TBRinax (0.46) (0.89)
\\VAY 1.42 1.32 p=0.85 WV 1.92 1.79 p=0.04
SUV pax (0.41) (0.40) TBRinax (0.33) (0.51)
SHS 1.76 1.64 p=0.38 SHS 2.50 2.04 p<0.01
SUV mean (0.48) (0.54) TBR nean (0.70) (0.63)
MDS 1.67 1.55 p=0.31 MDS 2.33 1.96 p<0.01
SUV mean (0.48) (0.46) TBRinean (0.67) (0.64)
\\VAY 1.16 1.18 p=0.90 WV 1.65 1.50 p=0.04
SUV hean (0.42) (0.37) TBRnean 0.17) (0.42)

Table C.10: NaF uptake by cardiovascular history. All values are median (IQR).
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Left Right Significance Left Right Significance

SHS 1.98 1.95 p=0.78 SHS 2.60 2.73 p=0.60
SUV nax (0.92) | (0.85) TBR ax (1.01) | (0.94)

MDS 1.88 1.85 p=0.78 MDS 2.50 2.57 p=0.70
SUV nax (0.78) | (0.74) TBR ax 0.91) | (0.95)

wvV 1.41 1.31 p=0.99 wv 1.86 1.82 p=0.81
SUV nax (0.49) | (0.31) TBR ax (0.53) | (0.35)

SHS 1.67 1.65 p=0.68 SHS 2.12 2.19 p=0.72
SUV nean (0.55) | (0.60) TBR e (0.83) | (0.66)

MDS 1.61 1.59 p=0.84 MDS 2.02 2.11 p=0.62
SUV nean (0.52) | (0.59) TBRyean (0.76) | (0.60)

wv 1.19 1.14 p=0.96 wv 1.56 1.57 p=0.96
SUV nean (0.46) | (0.26) TBR e (0.43) | (0.24)

Table C.11: NaF uptake by arterial side. All values are median (IQR).

Correlation Significance Correlation Significance

SHS r=-0.10 p=0.50 SHS r=0.01 p=0.94
SUV nax TBR ax

MDS r=-0.07 p=0.65 MDS r=0.03 p=0.86
SUV nax TBR ax

wvV r=-0.01 p=0.96 wv r=-0.01 p=0.96
SUV nax TBR ax

SHS r=-0.03 p=0.83 SHS r=0.03 p=0.83
SUV nean TBRean

MDS r=-0.01 p=0.93 MDS r=0.02 p=0.90
SUV nean TBRean

wvV r=0.03 p=0.82 wv r=0.00 p=0.99
SUV nean TBRean

Table C.12: Correlations between stroke onset-to-scan interval and NaF uptake.
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SHS 1.89 2.02 p=0.42 SHS 241 2.85 p=0.37
SUV pax (0.65) (0.78) TBR jax (0.38) (1.03)
MDS 1.82 1.90 p=0.50 MDS 2.28 2.64 p=0.41
SUV pax (0.61) (0.71) TBRinax (0.33) (1.02)
\YAY 1.34 1.34 p=0.43 \YAY 1.84 1.84 p=0.68
SUV pax (0.34) (0.44) TBRinax (0.32) (0.56)
SHS 1.64 1.68 p=0.47 SHS 2.04 2.21 p=0.38
SUV mean (0.47) (0.59) TBRnean (0.20) (0.83)
MDS 1.53 1.59 p=0.56 MDS 1.97 2.13 p=0.46
SUV jnean 0.41) (0.58) TBRean (0.29) (0.84)
\YAY 1.11 1.19 p=0.37 \YAY 1.49 1.57 p=0.45
SUV nnean 0.27) (0.46) TBRean 0.31) (0.30)

Table C.13: NaF uptake by thrombolysis status. All values are median (IQR).
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Appendix D:
FDG Univariable Analysis

Correlation Significance Correlation Significance
SHS r:=0.00 p=0.95 SHS r=-0.23 p=0.09
SUV nax TBR ax
MDS r:=0.00 p=0.99 MDS r=-0.22 p=0.11
SUV nax TBR ax
wv r=0.04 p=0.76 wv r=-0.22 p=0.11
SUV nax TBR ax
SHS 1:=0.06 p=0.66 SHS r=-0.26 p=0.05
SUV nean TBRean
MDS 1:=0.06 p=0.66 MDS r=-0.26 p=0.06
SUV nean TBRean
wv r=0.11 p=0.43 wvV r=-0.23 p=0.09
SUV nean TBRean

Table D.1: Association between age and FDG uptake.

Female Male Significance Female Male Significance
SHS 2.01 2.18 p=0.17 SHS 2.10 2.00 p=0.89
SUV nax (0.40) (0.49) TBR ax (0.40) (0.48)
MDS 1.93 2.13 p=0.13 MDS 2.04 1.97 p=0.96
SUV nax (0.39) (0.50) TBR ax (0.36) 0.47)
wvV 1.76 1.89 p=0.34 wvV 1.89 1.75 p=0.51
SUV nax (0.34) (0.43) TBR ax (0.35) (0.36)
SHS 1.81 1.92 p=0.60 SHS 1.89 1.77 p=0.55
SUV nean (0.26) (0.38) TBR e (0.37) (0.33)
MDS 1.78 1.89 p=0.51 MDS 1.82 1.73 p=0.52
SUVean (0.33) (0.38) TBR e (0.31) (0.34)
wvV 1.61 1.65 p=0.72 wvV 1.61 1.58 p=0.65
SUV nean (0.26) (0.27) TBR e (0.28)* | (0.31)*

Table D.2: FDG uptake by sex. All values expressed as median (IQR), except those

denoted with an asterisk, where values are mean (SD).

288




Correlation Significance Correlation Significance

SHS r=0.19 p=0.18 SHS r=-0.04 p=0.76
SUV nax TBR ax

MDS r=0.19 p=0.16 MDS r=-0.04 p=0.78
SUV nax TBR ax

wv r=0.20 p=0.14 wvV r=-0.06 p=0.68
SUV nax TBR ax

SHS r=0.19 p=0.16 SHS r=0.00 p=0.98
SUV nean TBRean

MDS r=0.20 p=0.16 MDS r=0.00 p=0.98
SUV nean TBRean

wv r=0.24 p=0.08 wvV r=0.03 p=0.84
SUV nean TBRean

Table D.3: Association between BMI and FDG uptake.

Current Non- Significance Current Non- Significance
/former | smoker /former | smoker
smoker smoker
SHS 2.14 2.01 p=0.32 SHS 2.10 1.75 p<0.001
SUV max (0.59) (0.45) TBR ax (0.47) (0.49)
MDS 2.08 1.98 p=0.33 MDS 2.06 1.70 p<0.001
SUV max (0.63) (0.46) TBR ax (0.44) (0.48)
wv 1.89 1.76 p=0.72 wv 1.93 1.58 p<0.001
SUV nax (0.48) (0.33) TBR ax (0.36)* (0.30)*
SHS 1.90 1.82 p=0.60 SHS 1.89 1.53 p<0.001
SUV nean (0.42) (0.33) TBR e (0.39) (0.36)
MDS 1.87 1.79 p=0.74 MDS 1.84 1.51 p<0.001
SUV nean (0.43) (0.39) TBRyean (0.35) (0.35)
wv 1.64 1.61 p=0.89 wv 1.68 1.40 p<0.001
SUV nean (0.29) (0.24) TBR e (0.29)* (0.21)*

Table D.4: FDG uptake by smoking status. All values expressed as median (IQR),

except those denoted with an asterisk, where values are mean (SD).
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Diabetes No Significance Diabetes No Significance
diabetes diabetes
SHS 1.99 2.18 p=0.30 SHS 1.64 2.08 p=0.02
SUV nax (0.30) (0.66) TBR ax (0.76) (0.52)
MDS 1.95 2.11 p=0.41 MDS 1.60 2.03 p=0.03
SUV nax (0.30) (0.68) TBR ax (0.76) (0.50)
wv 1.77 1.90 p=0.59 wv 1.50 1.84 p=0.05
SUV nax (0.22) (0.50) TBR jax (0.68) (0.38)
SHS 1.75 1.91 p=0.39 SHS 1.47 1.82 p=0.06
SUV nean (0.21) (0.51) TBRyean (0.74) (0.41)
MDS 1.70 1.87 p=0.41 MDS 1.44 1.77 p=0.09
SUV nean (0.20) (0.52) TBR e (0.74) (0.31)
wv 1.62 1.65 p=0.99 wv 1.34 1.59 p=0.24
SUV nean (0.20) (0.37) TBRyean (0.68) (0.28)

Table D.5: FDG uptake by diabetes status. All values are expressed as median (IQR).

g g 3 g g 3
@ i) = @ 7 =
g o 5 5 g o 5 g
= Z T E = Z L E
Y ) = @ @ =
= 2 - 2 = z
: = wn : = wn
SHS 2.04 2.14 p=0.55 SHS 1.99 2.09 p=0.53
SUV (0.76) (0.32) TBR o (0.44) (0.46)
MDS 2.02 2.07 p=0.45 MDS 1.94 2.04 p=0.49
SUV (0.74) (0.29) TBR nax (0.39) (0.43)
\\VAY 1.80 1.90 p=0.24 \\VAY 1.75 1.91 p=0.17
SUV (0.49) (0.31) TBR nax (0.33) (0.40)
SHS 1.77 1.93 p=0.33 SHS 1.77 1.86 p=0.36
SUV pmean (0.46) (0.29) TBRunean (0.42) (0.31)
MDS 1.74 1.88 p=0.30 MDS 1.73 1.81 p=0.28
SUV ean (0.48) (0.29) TBRunean (0.38) (0.27)
\\VAY 1.60 1.69 p=0.12 \\VAY 1.56 1.65 p=0.29
SUV pnean (0.40) (0.16) TBR ean (0.30)* (0.29)*

Table D.6: FDG uptake by smoking status. All values expressed as median (IQR),

except those denoted with an asterisk, where values are mean (SD).

290




Current No Significance Current No Significance

statin statin statin statin
SHS 1.97 2.15 p=0.59 SHS 1.85 2.10 p=0.04
SUV nax (0.57) (0.51) TBR ax (0.50) (0.46)
MDS 1.95 2.09 p=0.60 MDS 1.82 2.04 p=0.04
SUV nax (0.56) (0.49) TBR ax (0.53) (0.45)
wv 1.76 1.90 p=0.66 wv 1.68 1.89 p=0.047
SUV nax (0.51) (0.38) TBR ax (0.33)* | (0.38)*
SHS 1.77 1.90 p=0.59 SHS 1.65 1.88 p=0.02
SUV nean (0.44) (0.37) TBR e (0.40) (0.31)
MDS 1.74 1.87 p=0.70 MDS 1.63 1.81 p=0.03
SUV nean (0.45) (0.36) TBRyean (0.41) (0.25)
wv 1.59 1.66 p=0.57 wv 1.48 1.65 p=0.049
SUV nean (0.37) (0.23) TBRyemn (0.28)* | (0.29)*

Table D.7: FDG uptake by statin medication. All values expressed as median (IQR),

except those denoted with an asterisk, where values are mean (SD).

TC Triglycerides HDL LDL TC:HDL ratio
Iy Sig. Iy Sig. Iy Sig. | Sig. I Sig.
SHS -0.05 | p=0.70 | 0.23 | p=0.12 | -0.28 | p=0.05 | -0.13 | p=0.36 | 0.14 | p=0.34
SUV nax
MDS -0.06 | p=0.65 | 0.23 | p=0.11 | -0.27 | p=0.06 | -0.16 | p=0.29 | 0.12 | p=0.43
SUV max
wv -0.08 | p=0.58 | 0.28 | p=0.05 | -0.20 | p=0.18 | -0.18 | p=0.22 | 0.06 | p=0.70
SUV max
SHS -0.03 | p=0.83 | 0.18 | p=0.22 | -0.17 | p=0.25 | -0.15 | p=0.32 | 0.07 | p=0.62
SUVmean
MDS -0.05 | p=0.73 | 0.17 | p=0.25 | -0.17 | p=0.25 | -0.17 | p=0.26 | 0.05 | p=0.74
SUVmean
wv -0.06 | p=0.67 | 0.26 | p=0.07 | -0.08 | p=0.57 | -0.21 | p=0.15 | -0.03 | p=0.86
SUV nean
SHS 0.06 | p=0.67 | 0.05 | p=0.74 | -0.22 | p=0.14 | 0.02 | p=0.91 | 0.22 | p=0.13
TBRmax
MDS 0.05 | p=0.71 | 0.04 | p=0.76 | -0.21 | p=0.16 | 0.00 | p=0.99 | 0.20 | p=0.16
TBRmax
wv 0.04 | p=0.80 | 0.08 | p=0.59 | -0.20 | p=0.17 | -0.02 | p=0.92 | 0.20 | p=0.16
TBRmax
SHS 0.08 | p=0.56 | -0.01 | p=0.94 | -0.15 | p=0.31 | 0.02 | p=0.88 | 0.19 | p=0.20
TBRmean
MDS 0.07 | p=0.61 | -0.04 | p=0.80 | -0.14 | p=0.36 | 0.01 | p=0.94 | 0.16 | p=0.28
TBRmean
wv 0.04 | p=0.79 | 0.06 | p=0.66 | -0.07 | p=0.65 | -0.06 | p=0.67 | 0.08* | p=0.57
TBRmean

Table D.8: Correlations between FDG uptake and lipid profile. TC = total
cholesterol, HDL = high-density lipoprotein, LDL = low-density lipoprotein.

* Pearson correlation.
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SHS 1.97 2.15 p=0.52 | SHS 1.87 2.08 p=0.10
SUV e (0.50) (0.58) TBR jax (0.60) (0.56)
MDS 1.95 2.09 p=0.49 | MDS 1.84 2.03 p=0.11
SUV e (0.55) (0.57) TBR jax (0.63) (0.53)
WV 1.76 1.90 p=0.55 | WV 1.66 1.88 p=0.03
SUV e (0.49) (0.39) TBR ey (0.30)* | (0.39)*
SHS 1.77 1.90 p=0.65 | SHS 1.70 1.85 p=0.07
SUV pmean (0.35) (0.43) TBR ean (0.53) (0.36)
MDS 1.74 1.87 p=0.63 | MDS 1.66 1.80 p=0.08
SUV pean (0.43) (0.43) TBR nean (0.49) (0.31)
WV 1.59 1.66 p=0.53 | WV 1.47 1.64 p=0.04
SUV ean (0.28) (0.24) TBRpew | (0.25)* | (0.30)*

Table D.9: FDG uptake by antiplatelet medication. All values expressed as median

(IQR), except those denoted with an asterisk, where values are mean (SD).
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V4 V4
SHS 1.97 2.15 p=0.39 SHS 1.85 2.08 p=0.03
SUV nax (0.41) (0.58) TBRax (0.60) (0.52)
MDS 1.95 2.09 p=0.34 MDS 1.82 2.03 p=0.04
SUV nax (0.45) (0.57) TBRax (0.60) (0.50)
WV 1.76 1.90 p=0.45 WV 1.63 1.89 p<0.01
SUV nax (0.40) (0.44) TBRax (0.29)* (0.39)*
SHS 1.77 1.90 p=0.54 SHS 1.65 1.85 p=0.03
SUV nean (0.27) (0.44) TBR ean (0.53) (0.35)
MDS 1.74 1.87 p=0.54 MDS 1.63 1.80 p=0.02
SUV nnean (0.35) (0.44) TBR ean (0.49) (0.33)
\VAY 1.59 1.66 p=0.37 WV 1.43 1.66 p<0.01
SUV nean (0.24) (0.28) TBR ean (0.23)* (0.30)*

Table D.10: FDG uptake by cardiovascular history. All values expressed as median

(IQR), except those denoted with an asterisk, where values are mean (SD).
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Left Right Significance Left Right Significance
SHS 2.09 2.13 p=0.33 SHS 2.00 2.09 p=0.57
SUV max (0.50) (0.59) TBR ax (0.42) (0.49)
MDS 2.03 2.07 p=0.32 MDS 1.98 2.04 p=0.57
SUV nax (0.51) (0.59) TBR ax (0.48) (0.47)
wv 1.89 1.89 p=0.29 wv 1.77 1.87 p=0.35
SUV nax (0.40) (0.40) TBR jax (0.32)* | (0.43)*
SHS 1.79 1.90 p=0.24 SHS 1.79 1.86 p=0.43
SUV nean (0.43) (0.39) TBRyemn (0.38) (0.40)
MDS 1.75 1.89 p=0.27 MDS 1.74 1.81 p=0.41
SUV nean (0.41) (0.38) TBR e (0.35) (0.33)
wv 1.61 1.65 p=0.29 wv 1.55 1.63 p=0.29
SUV nean (0.35) (0.22) TBR e (0.25)* | (0.34)*

Table D.11: FDG uptake by artery side. All values expressed as median (IQR),

except those denoted with an asterisk, where values are mean (SD).

Correlation Significance Correlation Significance

SHS r=-0.02 p=0.88 SHS r=-0.02 p=0.88
SUV nax TBR ax

MDS r=0.01 p=0.97 MDS r=0.01 p=0.96
SUV nax TBR ax

wvV r=-0.05 p=0.73 wvV r=0.03 p=0.83
SUV nax TBR ax

SHS r=-0.08 p=0.59 SHS r=-0.05 p=0.72
SUV nean TBRean

MDS r=-0.07 p=0.63 MDS r=-0.05 p=0.74
SUV nean TBRean

wv r=-0.10 p=0.45 wv r=-0.03 p=0.82
SUV nean TBRean

Table D.12: Association between stroke onset-to-scan interval and FDG uptake.
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SHS 2.23 2.05 p=0.20 SHS 2.12 2.01 p=0.54
SUV (0.41) (0.52) TBR e (0.31) (0.46)
MDS 2.19 2.01 p=0.16 MDS 2.04 2.196 p=0.52
SUV (0.45) (0.51) TBR nax (0.30) (0.46)
\YAY 1.98 1.80 p=0.12 \YAY 1.88 1.80 p=0.52
SUV (0.34) (0.46) TBR nax (0.35)* (0.39)*
SHS 1.96 1.86 p=0.12 SHS 1.89 1.80 p=0.44
SUV ean (0.41) (0.39) TBRnean (0.32) (0.43)
MDS 1.93 1.84 p=0.10 MDS 1.83 1.77 p=0.39
SUV nnean (0.41) (0.39) TBRean (0.29) (0.40)
\YAY 1.76 1.61 p=0.06 \YVAY 1.66 1.57 p=0.31
SUV mean (0.28) (0.28) TBRunean (0.28)* (0.30)*

Table D.13: FDG uptake according to thrombolysis. All values expressed as median

(IQR), except those denoted with an asterisk, where values are mean (SD).

Correlation Significance Correlation Significance

SHS r=-0.05 p=0.70 SHS r=0.12 p=0.38
SUV nax TBR ax

MDS r=-0.06 p=0.64 MDS r=0.10 p=0.45
SUV nax TBR ax

wv r=-0.06 p=0.68 wv r=0.12 p=0.38
SUV nax TBR ax

SHS r=-0.07 p=0.63 SHS r=0.10 p=0.48
SUV nean TBRean

MDS r=-0.08 p=0.59 MDS r=0.10 p=0.48
SUV nean TBRean

wvV r=-0.10 p=0.48 wv r=0.11 p=0.41
SUV nean TBRean

Table D.14: Association between FDG uptake and NIHSS.
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Appendix E:
Vascular Risk Factors Influencing FDG Uptake

In contrast to the relationships between risk factors and NaF uptake discussed in
Chapter Three, the models exploring the relationships between risk factors and FDG
uptake found in Chapter Four were less robust. This is perhaps best illustrated by the
overall adjusted R? for each model: models for SUV measures showed that the model
had a negligible contribution and failed to reach significance. TBR models fared
better, but adjusted R* of the models were weak, though statistically significant. This
illustrates how correction for tracer blood-pooling improves the strength of the model
for FDG uptake, in contrast to NaF models that showed moderate and statistically
significant adjusted R” values regardless of whether SUV or TBR was used (though
SUV models had marginally superior adjusted R? values).

The reasonably poor risk factor models of FDG uptake may reflect the non-specific
nature of FDG uptake, particularly when compared to the higher specificity of NaF
uptake. This, combined with the relatively small sample size of this study, limits the
ability to measure associations between tracer uptake and risk factors. A larger sample
would be required for robust trends to be established. The above models suggest that a
large contribution towards FDG uptake is coming from other considerations beyond
conventional cardiovascular risk factors, and larger samples may allow more variables
to be included in the model. With that caveat, some interesting results were observed

and are discussed below.

E.1 Smoking and FDG uptake

The strongest independent association after adjustment for other risk factors was seen
between smoking and FDG uptake. This association was consistent across both SUV
and TBR measures, with the exception of WV SUV measures, and was stronger for
focal (SHS and MDS) measures of uptake. In-keeping with the above discussion,
adjustment for blood-pooling activity resulted in a stronger association, with
coefficients for SHS TBRmax and MDS TBRmax of 0.64 and 0.61 respectively. The
fact that WV TBRp.x and WV TBRpean (f=0.46 and =0.32 respectively) were
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weaker but remained statistically independently significant suggests that the effects of

smoking are systemic but particularly exacerbate the focal plaque.

In existing studies, smoking was independently associated with higher
wholevessel | BRmax, but N0t wholevesselSU Vimax, and single hottest segment uptake in the
carotid arteries of individuals with coronary artery disease (Bucerius et al., 2011).
Bucerius et al. investigated the effect of diabetes on FDG uptake in individuals with
cardiovascular disease using a similar multiple regression analysis with backward
elimination. They found smoking and BMI to be independently associated with
glucose-corrected FDG ean TBR in individuals with diabetes but only BMI was
independently associated with glucose-corrected FDG eanSUV in these individuals.
In participants without diabetes, hypertension was consistently independently
associated with both FDG ,ea.nSUV and pmean TBR (Bucerius et al., 2012). In a cohort
with cardiovascular history or cardiovascular risk factors, Rudd et al. found that mean
TBR in the iliac arteries was higher for smokers than non-smokers, but did not find

the same finding for the carotids or aorta (Rudd et al., 2009).

There was a minimal ($=0.09, p=0.006) correlation between smoking and increase in
an individual’s mean TBR across all vascular territories in a retrospective longitudinal
study of an oncology cohort, though this did not remain significant for separate

vascular territories (Hetterich et al., 2015).

Other studies have found no relationship between smoking and FDG uptake when
considering lesions pooled from all arterial regions in non-cardiovascular cohorts
(Tahara et al., 2007b, Yoo et al., 2011a, Strobl et al., 2013), though it should be noted
that Tahara et al. considered only current smokers not ever smokers. In Strobl et al.,
the rate of smoking was low (32 participants, 10.2%). Furthermore, age (>65 years),
male sex, and BMI proved independently associated with FDG TBR (Strobl et al.,
2013).

Curiously, Chroéinin et al. found current smoking to be associated with lower FDG

SUV measures. In this study current smokers tended to be younger and were less

likely to have hypertension, with the authors concluding that smoking may have been
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associated with other unmeasured factors that reduced plaque inflammation in these

individuals (Chrdinin et al., 2014).

In this study, smoking was the only risk factor that was found to be consistently
independently associated with both FDG and NaF uptake. Cigarette smoke contains
more than 4,800 compounds and each puff of a cigarette contains approximately 10"
free radicals (Siasos et al., 2014, Pryor and Stone, 1993). It is one of the most potent
modifiable cardiovascular risk factors and affects atherogenesis and
thromboinflammation through a variety of complex mechanisms and interactions

(Figure E.1) (Siasos et al., 2014, Ambrose and Barua, 2004).

Oxidative Vascular
stress dysfunction
Inflammation [€ Smoking > Thrombosis
Atherosclerosis Modification of
progression lipid profile

Figure E.1: Pathophysiological mechanisms of smoking in vascular disease.

The production of free radicals and ROS in response to smoking has been implicated
in the disruption of eNOS activity and consequent NO production (Barua et al., 2003).
This results in impaired vasoreactivity in response to cigarette smoking (Mayhan and
Patel, 1997, Rubenstein et al., 1991) and a phenotypic change in VSMC from a
contractile to a synthetic type (Yoshiyama et al., 2014). The ubiquitous effects of NO
also have implications for atherogenesis via effects on the regulation of inflammation,

leukocyte adhesion, platelet activation, and thrombosis (Napoli and Ignarro, 2001).
Cigarette smoking has been implicated in promoting inflammation directly, causing

an estimated 20-25% increase in the peripheral blood leukocyte count (Smith and

Fischer, 2001) while also upregulating VCAM-1 and ICAM-1 (Mazzone et al., 2001,
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Thorand et al., 2006) and monocyte integrins (Weber et al., 1996) to increase

recruitment at the early stages of atherogenesis (Adams et al., 1997).

An individual’s lipid profile also appears to be associated with cigarette smoking,
though how much this is a covariate with other features of the metabolic syndrome is
difficult to establish. Higher LDL levels have been observed in smokers and non-
smokers in a dose-dependent manner (Craig et al., 1989), and smoking appears to
promote the oxidisation of LDL (Heitzer et al., 1996, Yokode et al., 1988, Frei et al.,
1991, Pech-Amsellem et al., 1996).

While these above mechanisms linked with smoking are likely to promote
atherogenesis and enhance plaque development in a fashion likely to cause increased
FDG and NaF uptake, in the context of the wider study it is also advantageous to
consider how cigarette smoking may affect thrombosis directly. Smoking appears to
increase platelet aggregation (Fusegawa et al., 1999, Blache, 1995), and this effect
seems to become more marked in older individuals (Rival et al., 1987). Suggested
mechanisms for this include increased peroxidised free fatty acids (Blache, 1995),
reduced platelet-derived NO (Ichiki et al., 1996, Takajo et al., 2001), and increased
prothrombotic factors (Kannel et al., 1987, Smith et al., 1997). Interestingly, platelet-
derived NO showed a significant increase within seven days of smoking cessation, but
quickly returned to baseline upon resuming smoking (Morita et al., 2005).
Dysregulation of fibrinolysis has also been indicated to be a consequence of smoking,
with release of tissue plasminogen activator (t-PA) from endothelial cells in smokers
found to be approximately half of that for non-smokers in response to substance P
(Newby et al., 1999), as well as being inversely correlated with atheroma volume
(Newby et al., 2001). Protease-activated receptor-1 (PAR-1) activating peptide has
also been implicated in both vasodilation and induction of t-PA release, with a
significant reduction of both demonstrated in smokers compared to non-smokers

(Lang et al., 2008).

E.2 Diabetes and hyperglycaemia

Impaired glycaemic control and diabetes mellitus has been found to be independently

associated with both the presence and extent of carotid atherosclerosis (Mostaza et al.,
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2015). Tahara et al. observed that individuals with inflammatory carotid atheroma
(defined as an equivalent of WV SUVmax >1.6) had greater BMI, waist
circumference, and a higher prevalence of antihypertensive use than those with non-
inflammatory carotid atheroma (Tahara et al., 2007a). This supported earlier findings
in asymptomatic atheroma in a large oncological population that FDG SUV was
independently associated with components of metabolic syndrome (waist
circumference, hypertensive medication, carotid IMT, and increased with the
accumulation of metabolic syndrome features) and independently inversely associated
with HDL (Tahara et al., 2007b). In their study, HbA,. showed an increase with
quartiles of SUV, but narrowly missed statistical significance, while fasting plasma
glucose did not show a significant trend across SUV quartiles (Tahara et al., 2007b).
Furthermore, after adjustment for blood glucose levels, the presence of diabetes was
associated with higher FDG uptake (Bucerius et al., 2012). In the same study,
increased FDG uptake was seen with higher fasting blood glucose, a result that the
authors attribute to increased oxidative stress and endothelial dysfunction (Bucerius et

al., 2012).

In contrast, other human studies have not found an independent association of
diabetes with FDG uptake (Rudd et al., 2009, Tahara et al., 2007a, Chroinin et al.,
2014). Similarly, a mouse model over-expressing insulin-like growth factor II (IGF-
II) to simulate diabetes mellitus found no significant difference in FDG uptake

between this diabetic model and the non-diabetic comparator (Silvola et al., 2011).

Two possible reasons may account for our finding of an inverse relationship between
diabetes mellitus and FDG uptake on univariable analysis. Firstly, the number of
participants with diabetes was relatively small in our study (4 participants, all type 2
diabetes mellitus), and hence may introduce statistical bias. The more likely second
cause is a physiological consideration: in our study, individuals with diabetes had a
significantly higher blood sugar than those without diabetes, though all participants
had blood sugars within the specified range for FDG-PET scanning. Again, the fact
that this difference reaches significance may be a result of the small numbers of
participants with diabetes, though the fact that the blood sugar was higher in
individuals with type two diabetes than those without is unsurprising. Indeed, once the

interaction between diabetes and blood sugar was included in the multiple regression
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model, the interaction remained significant but neither diabetes or blood sugar proved

to be independently significant.

As already discussed, FDG is a glucose analogue. Hence, high blood glucose
concentrations have the potential to competitively inhibit FDG uptake (Zhao et al.,
2001). In clinical oncology usage, hyperglycaemia, but not diabetes mellitus itself,
was implicated in reducing the sensitivity of FDG-PET to detect malignancy (Rabkin
et al., 2010, Lee et al., 2006). Tumour uptake of FDG (as well as uptake in the brain,
small bowel, and ovaries) is significantly reduced during hyperglycaemia (Wahl et al.,
1992, Torizuka et al., 1997), but appeared to have little effect in inflammatory cells
(Zhuang et al., 2001).

The effect of diabetes and/or hyperglycaemia in FDG uptake in atherosclerosis is less
clear. This contrast may be due to the complex nature of atherosclerosis, where
plaques will exhibit not only inflammation but also hypoxia, which is also implicated
to increase FDG uptake (Joshi et al., 2017). Hence, it is potentially hard to tease out
the differing and opposing effects of diabetes-accelerated plaque pathophysiology and
hyperglycaemia.

Macrophages express insulin receptors, but not the GLUT-4 glucose transporter that
are insulin-responsive (Fu et al., 2004). Ex vivo studies have found FDG uptake in
human monocytes and macrophages decreases with increasing glucose concentration
of the medium (Deichen et al., 2003). As well as the impact of hyperglycaemia in
competition with FDG during uptake, Zhao et al. found that hyperglycaemia reduced
GLUT-1 in rat models of inflammatory lesions of non-infectious origin (Zhao et al.,

2002).

In humans, a negative association was found between pre-scan blood sugar and FDG
mean I BRmax and meanSUVmax (analogous to our WV TBRy,x and WV SUVax) in the
carotid arteries, as well as increased venous FDG uptake in the superior vena cava
(Bucerius et al., 2014). Blood glucose levels higher than 7 mmol/L were associated
with lower TBR values, but blood sugars below this level did not appear to affect

TBR (Bucerius et al., 2014).
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For this reason, 7 mmol/L. was adopted as the cut-off for the pre-scan blood glucose
for participants without diabetes in our study. Evidence for a suitable threshold for
individuals with diabetes is lacking. Methods for correcting for hyperglycaemia have
been proposed by the European Association of Nuclear Medicine for use in
oncological PET imaging (Boellaard et al., 2015), and has been tested in one vascular
PET study where blood sugar was corrected post hoc to 5 mmol/L (SUVj,e = SUV x
blood glucose in mg/dL / 90) (Bucerius et al., 2012), but further work is required to

validate this approach within the complex atherosclerotic plaque.

Diabetes and blood sugar on their own were not associated with increased FDG
uptake in our regression analysis, but the interaction of diabetes and blood sugar was
found to have a very minor negative association with FDG TBR. Overall this suggests
that our initial impression that diabetes being associated with decreased FDG uptake

is actually due to the effect of increased blood sugar in individuals with diabetes.

E.3 Other risk factors

Two further points emerged in the linear regression models. There was a trend
towards current antiplatelet having a negative association with some TBR measures,
though narrowly missed significance. This was a mild negative association but
appears consistent with the mild anti-inflammatory effects of antiplatelets. Relatively
little attention has been paid to individuals taking antiplatelets in the large
retrospective studies in oncological cohorts, and this may warrant further attention in

future studies.

The second point to emerge is the negative association between WV TBRyean and the
interaction between current statin use in individuals with previous cardiovascular
events. In our study, statin medication was associated with lower TBR measures on
univariable analysis, though this significance was lost on multivariable modeling
(with the exception of the interaction with cardiovascular history in the WV
TBRmean regression). Caution should be applied to avoid over-interpreting the
isolated result, but it may partially explain why we observed significantly lower FDG
TBRs in individuals with previous cardiovascular events, rather than the expect higher

uptake.
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Statin medications have been associated with a reduction in plaque FDG uptake,
typically independently of the effects on lipid profile and in a dose-dependent manner
(Wu et al., 2012, Tawakol et al., 2013, Tahara et al., 2006). Non-pleiotrophic effects
of statins have been supported by the observation that high dose atorvastatin reduced
periodontal inflammation more than low dose atorvastatin, and that this reduction in
periodontal inflammation correlated with the reduction in carotid TBR (r=0.61,

p<0.001) (Subramanian et al., 2013).

In contrast, Tawakol et al. also found no association between TBRc.n and statins, as
well as no association with diabetes, age, lipid profile, sex, smoking, BMI or blood
pressure (Tawakol et al., 2006). Tahara et al. found no significant difference in the
proportion of individuals on statin medications between each quartile of FDG SUV in
their large asymptomatic cohort, but did find statins attenuated FDG SUVs in an
LDL-C-independent manner in a prior smaller study (Tahara et al., 2007b, Tahara et
al., 2006). In this latter study, and others, decrease in FDG uptake appears inversely
correlated with HDL-C (Tahara et al., 2006, Lee et al., 2008).

These differences may be partly explained by the nature of the studies; static single
studies versus dynamic follow-up studies. Typically the effect sizes from statins are
relatively small in absolute terms, and may struggle to reach statistical significance
when using unpaired testing, but may reach strong statistical significance on paired

testing.
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Appendix F:
hsCRP as a Biomarker in Specific Plaque Types

In our study hsCRP was found to have a moderate-strong correlation with all FDG
SUVimax, SUVinean, and TBRy,.x measures, but not TBRyean, in symptomatic arteries
with low macrocalcification. There were no significant correlations between hsCRP
and FDG wuptake in symptomatic arteries with high macrocalcification or

asymptomatic arteries regardless of the level of calcification.

CRP has been found to be present in the arterial wall in early atherosclerotic lesions in
a diffuse pattern, frequently co-localising with the terminal complement complex, and
in foam cells (Torzewski et al., 1998). Further work showed that enzymatically-
degraded LDL within early atherosclerotic plaques binds CRP and provoke
complement activation that may contribute to plaque progression, though this may
only occur at higher enzymatically-degraded LDL concentrations (Bhakdi et al., 1999,
Bhakdi et al., 2004).

A number of studies have indicated that components of the atherosclerotic plaque may
produce CRP themselves, with CRP mRNA found in smooth muscle-like cells and
macrophages in the thickened intima of plaques (Yasojima et al., 2001). Incubation of
human coronary artery smooth muscle cells with a combination of pro-inflammatory

IL-1p and IL-6 was found to induce the cells to produce CRP (Calabro et al., 2003).

CRP itself acts as a mediator within the plaque to promote atherogenesis; upregulating
MCP-1 (an upregulation that was attenuated by addition of simvastatin and
fenofibrate) (Pasceri et al., 2001, Han et al., 2004), and inhibiting NO release from
endothelial cells and promoting endothelial cell dysfunction (Verma et al., 2002,
Verma et al., 2004, Fujii et al.,, 2006). CRP may also directly influence plaque
rupture, such as through promoting release of MMP-1, MMP-3, MMP-9, MMP-11,
MMP-14 release from monocyte-derived macrophages (Williams et al., 2004,
Montero et al., 2006, Nakai et al., 2017, Singh et al., 2008).

These studies indicate the increase of CRP in burgeoning plaques. Arguably the

greater relevance for our study is how CRP behaves in more advanced plaques.
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Histological analysis of 38 CEA specimens found CRP mRNA levels were higher in
ulcerated but non-complicated plaques compared to ulcerated plaques with intra-
plaque haemorrhage, which represented more advanced plaques with low cellular
content and a high necrotic component (Krupinski et al., 2006). Also of note in this
study was that plaque CRP expression was independent of both vascular risk factors
and serum CRP. Other studies have also reported CRP production by smooth muscle
cells in active atherosclerotic disease but not in end-stage plaques with heavy

calcification (Jabs et al., 2003).

Our results appear to support this pattern. In symptomatic arteries, the median hsCRP
in the low CACS cohort was nearly double that in the higher high CACS cohort,
though did not reach significance likely due to the small sample size (7.625 versus
4.39, p=0.30). Similarly, FDG uptake was higher in the lower calcification cohort, but
again did not reach statistical significance (e.g. median SHS TBR,x 2.20 [IQR 0.46]
versus 2.06 [IQR 0.66] in low versus high calcification respectively, p=0.14).

These differences may explain the different patterns of correlation seen in our results.
Although both FDG and hsCRP showed lower but non-significant concentrations with
plaques with lower calcification, the absolute difference in hsCRP between the two
groups is comparatively large relative to the modest changes in FDG uptake (Figure

F.1). Consequently, any correlation is weaker (and in this case, non-significant).
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Figure F.1: hsCRP, FDG uptake, and macrocalcification. Scatterplot of FDG SHS
TBRmax against hsCRP for low macrocalcification plaques (left) and high

macrocalcification plaques (right).
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without the two outliers then the correlations are found to be modest and statistically
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significant for all TBR measures (Table F.1). Therefore, caution should be applied

when interpreting these results.

High artery CACS
(CACS >500)
Correlation Sig.
SHS SUV ax r=0.30 p=0.40
MDS SUV 1 r=0.20 p=0.58
WV SUV jax r=-0.04 p=0.92
SHS SUV nean r=0.33 p=0.35
MDS SUVhean r=0.33 p=0.35
WV SUV ean r=0.13 p=0.71
SHS TBR ax r=0.64 p=0.047
MDS TBR ax r=0.64 p=0.047
WV TBR r=0.64 p=0.046
SHS TBRyean r=0.70 p=0.03
MDS TBR can r=0.70 p=0.03
WYV TBRean r=0.66 p=0.04

Table F.1: Revised correlations between FDG uptake and hsCRP in symptomatic
arteries with high CACS.

There have been a number of studies that have examined the association between
FDG uptake and various biomarkers. A large retrospective review of 130 participants
in the dal-PLAQUE study found a positive correlation between baseline carotid TBR
and myeloperoxidase and aortic TBR and lipoprotein-associated phospholipase A;. In
contrast, no association was found between TBR and hsCRP, IL-6, or MMP-9

(Duivenvoorden et al., 2013).

Rudd et al. report a non-significant trend between CRP and FDG whole vessel mean
TBRmax of the descending aorta (r=0.43, p=0.06) but no association was reported for
readings from the carotid artery (Rudd et al., 2009). In contrast, in 216 asymptomatic
individuals undergoing oncology scans, hsCRP concentrations showed a weak
(B=0.119) but positive association with carotid artery mean WV SUV,,,x (Tahara et
al., 2007b).

As discussed in the previous chapter, it is important to note that the asymptomatic
plaques are non-culprit plaques but in a symptomatic individual with a contralateral
symptomatic plaque. This is important when considering the hsCRP as a systemic

marker, as hsCRP concentrations are more likely to be influenced by the higher level
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of activity in the symptomatic side. This is likely why there is a statistically
significant correlation between hsCRP and FDG uptake in symptomatic arteries but
not with FDG uptake in asymptomatic arteries. Therefore, within this study it is
arguably only appropriate to consider the relationship of hsCRP with FDG uptake in
the symptomatic artery.

No clear trends in correlation were observed between hsCRP and any measure of NaF
uptake for either symptomatic or asymptomatic arteries, though we observed a
moderate but statistically significant correlation between WV TBRean and hsCRP in
symptomatic arteries with low calcification. A few other measures (WV SUVean,
SHS/MDS/WV TBR.x) had moderate correlations in symptomatic arteries with low
calcification that approached statistical significance. However, given the lack of a
clear trend in these results (especially when compared with the pattern of association
between FDG uptake and hsCRP), these findings should be treated with caution. The
suggestion that the relationship between hsCRP and NaF uptake differed based on the
amount of macrocalcification would appear to be in-keeping with the earlier

discussion, but it would be advantageous to investigate further using a larger sample.

The overall role of hsCRP in vascular disease remains controversial. An association
between CRP and cardiovascular risk has been reported in a number of studies
(Danesh et al., 2004, Ridker et al., 1998, Ridker et al., 2000). However, this
relationship remains controversial. In the JUPITER substudy of the Multi-Ethnic
Study of Atherosclerosis, there was no significant difference in the event rate of
cardiovascular disease between the low hsCRP (<2 mg/L) and high hsCRP (>2 mg/L)

cohorts after adjustment for age, sex, and race (Blaha et al., 2011).

CRP has been evaluated in regards to stroke-specific events. In a large study, Ford et
al. report that CRP was significantly higher in those with a self-reported history of
stroke, and the highest concentration cohort had an adjusted odds ratio of stroke
(compared to lowest concentration) of 1.71 (95% CI 1.11-2.64) (Ford and Giles,
2000). In the Framingham Study, increased CRP was associated with first stroke or
TIA, with men and women in the highest quartile of CRP having a two-fold and three-

fold relative risk compared to the lowest quartiles respectively, and remained

307



statistically significant after adjustment for conventional cardiovascular risk factors

(Rost et al., 2001).

Further studies have suggested a role for CRP for risk-stratification of ischaemic
events after TIA (Purroy et al., 2007). In individuals with intracranial large artery
occlusive disease, a hsCRP cut-off of 1.41 mg/dL was an independent predictor of

new ischaemic events (Arenillas et al., 2003).

Elkind et al. considered the association of hsCRP with stroke recurrence, finding
those with the highest quartile of hsCRP (>4.86 mg/L) had an adjusted hazard ratio of
2.32 (95% CI 1.15-4.68) of recurrent stroke after lacunar stroke, with no interaction
with statin use found at baseline, while intermediate quartiles had an increased but
non-statistically significant recurrent stroke risk (Elkind et al., 2014). Consequently,
the authors conclude that there may be a threshold effect at ~1 mg/L above which the
recurrent risk is increased, but no significant effect when considered as a continuous

measure (Elkind et al., 2014).

The association between CRP and cerebral infarction has also been reported by other
groups. Youn et al. found a statistically significant Spearman correlation of 0.24
between hsCRP and DWI lesion volume in a cohort of acute ischaemic strokes where
approximately half the patients had large artery atherosclerosis (Youn et al., 2012). It
is interesting to note that this study found a difference in the levels of hsCRP
according to TOAST subtype, with cardioembolic stroke demonstrating the highest
levels, and cardioembolic strokes representing a higher proportion of strokes at the
higher two quartiles of DWI lesion volume. In contrast, large artery atherosclerosis
had a much wider range of hsCRP values reported and constituted a more uniform
trend across quartiles of DWI volumes. A similar variation in immunoinflammatory
activation according to the subtype of ischaemic stroke has also been noted when
comparing lacunar and non-lacunar stroke, and across all TOAST subtypes (Licata et

al., 2006, Licata et al., 2009).

Ormstad et al. performed a battery of CRP and cytokines in individuals with recent
(<72h) ischaemic stroke with neuroimaging (either CT or MRI) at 1-7 days after onset
of symptoms. CRP levels correlated with infarct volume (r=0.47, p=0.005) but had no
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relationship with lateralisation (Ormstad et al., 2011). Individuals with CRP above
2.5g/L had a median infarct volume of 11cm® compared to a median infarct volume of

lcm?® in those below this value.

Pedersen et al. report CRP was elevated from 24 hours to 1 week after an infarct, and
was correlated with terminal SC5b-9 complement complex levels, with CRP increase

correlated with the size of the infarct (Pedersen et al., 2004).

However, not all studies have found a relationship between CRP and infarct volumes.
Waje-Andreassen et al. found no correlation between CRP and infarct volume using
CT or MRI between 5-7 days after ischaemic stroke (Waje-Andreassen et al., 2005).
However, this was a small study with a heterogeneous population (including one
thrombolysed individual) and no consideration was given of stroke aetiology or
location. This study used peak CRP readings and it is worth noting that the peak CRP

concentrations were recorded anywhere from 12 hours to 3 months after the infarct.

Marquardt et al. report that hsCRP levels were not raised after stroke — although
levels were higher in individuals with stroke than in healthy controls, they did not
differ from levels in from risk factor-matched controls — but CRP correlated with
NIHSS. hsCRP was elevated only in those with the largest infarcts (larger than 1/3 of
the MCA territory) but not in less extensive non-lacunar infarcts or lacunar strokes.
Furthermore, the presence of two or more cardiovascular risk factors was associated
with higher hsCRP levels at day 1 and day 14 after stroke, while treatment with
aspirin was found to reduce hsCRP levels in the subacute phase (at days 14 and 90)
(Marquardt et al., 2005).

As well as potentially reflecting the volume of infarct damage, CRP has also been
directly implicated in exacerbating ischaemic injury at the time of the event. In animal
models of myocardial ischaemia, addition of human CRP increased infarct size after
coronary ligation (Griselli et al., 1999). Similar results were observed in animal
models of cerebral infarction, where the addition of human CRP in adult rats
undergoing MCAO resulted in significantly larger cerebral infarct volumes (Gill et

al., 2004).
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Inflammation may influence thrombosis. In individuals with acute ischaemic stroke,
there was a weak but significant correlation between CRP and mean platelet volume,
and both these criteria were found to be significantly higher in patients who died
(Arikanoglu et al., 2013). CRP has also been observed in mouse models to promote
the formation of monocyte-platelet aggregates via P-selecting glycoprotein ligand-1
binding, as well promoting thrombotic occlusion following arterial injury (Danenberg

et al., 2007, Danenberg et al., 2003).

One mechanism by which CRP contributes to thromboinflammation is via
prostaglandin pathways: human recombinant CRP was found to disrupt the
oxygenase-prostanoid pathway in mouse models, resulting in increased prothrombotic
thromboxane receptor levels, that could be ameliorated by aspirin (Grad et al., 2009).
Further thromboxane receptor knock-out mice studies have supported this pathway in
modulating CRP-induced platelet-endothelial adhesion and intravascular thrombosis

(Grad et al., 2012).

Thromboxane pathways have been shown to be vital for the progression of plaque
pathophysiology, and selective thromboxane receptor inhibition was observed to
cause plaque regression and phenotypic change favouring stability in a rabbit model

(Capone et al., 2004, Cheng et al., 2002, Viles-Gonzalez et al., 2005).

Interestingly, the role of thromboxane may not be limited to thrombosis.
Thromboxane B2 concentrations were found to be elevated in a small cohort of
individuals with depression (Lieb et al., 1983) whilst a number of small studies have
reported an association between platelet activation and depression (Berk and Plein,
2000, Canan et al., 2012, Morel-Kopp et al., 2009, Moreno et al., 2013, Musselman et
al., 1996, Neubauer et al., 2013). Thromboxane receptors are expressed on neurons
within the central nervous system and use of thromboxane receptor antagonists were
observed to activate nuclei within the limbic system, though did not appear to change
behaviour, in mouse models (Mitsumori et al., 2011, Rebel et al., 2015). Animal
studies have also suggested that inhibition of the thromboxane receptor results in
reduced myocardial infarct volumes (Singh et al., 1997, Grover and Schumacher,

1988).
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Overall these results suggest that CRP is more than a mere surrogate marker of
inflammatory activity, but instead has direct proinflammatory and prothrombotic

effects.
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