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Abstract

Background

Atherosclerosis is a leading cause of death [Lloyd-dJones 2009; Murray 1997] involving
inflammatory processes throughout [Libby 2002]. Cardiovascular disease (CVD) incidence is
increased in generalised inflammatory conditions [Esdaile 2001; Watson 2003; Rosenfeld
2011; Triant 2012]. However, the presence and burden of atherosclerosis in groups with
such conditions but low traditional cardiovascular risk is unclear. The means to reduce
cardiovascular risk in individuals without conventional modifiable risk factors remains
unknown. Carotid arterial wall imaging allows assessment of atheroma burden and the
effects of treatments to reduce it. Cardiovascular magnetic resonance (CMR) is non-invasive,

radiation-free, and allows volumetric measures to be obtained.

Methods and Results

Using previously validated carotid CMR imaging techniques we undertook a series of studies
in two conditions associated with inflammation and increased CVD: systemic lupus
erythematosus (SLE) and HIV. We recruited SLE patients with LDL-cholesterol <3.4mmol/L
into a 2-year placebo-controlled trial of rosuvastatin and evaluated vascular effects: no
benefit from statin therapy on carotid arterial parameters was seen (Chapter 9). We
combined baseline findings with results from a pilot study to further investigate the extent of
CVD in SLE, demonstrating an excess of subclinical atherosclerosis (Chapter 8). In HIV, we
investigated two cohorts using CMR: a group with adult-acquired HIV-infection that revealed
evidence of early subclinical atherosclerosis (Chapter 10) and a group of perinatally infected
young adults that revealed no apparent abnormalities suggesting early atherosclerosis
(Chapter 11).

Conclusions

CMR allows quantification of atherosclerosis in different patient groups. Low traditional CVD
risk SLE and adult HIV-infected patients exhibit subclinical atherosclerosis. It emerges that
clearer assessment of CMR’s limitations, the abnormalities seen in patient subgroups and of
the different arterial wall pathophysiological changes in different inflammatory conditions is
needed before employing carotid parameters as surrogates for assessing the effect of

established or novel treatments on CVD risk.
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Chapter 1

Introduction

Atherosclerosis is a multifactorial complex, active and progressive disorder involving
inflammation at every stage [Libby 2002] and cardiovascular disease (CVD) will be the
leading cause of death worldwide by 2020 [Lloyd-Jones 2009; Murray 1997]. The incidence
of CVD is increased in generalised chronic inflammatory conditions be they autoimmune,
such as rheumatoid arthritis and systemic lupus erythematosus, or infective in origin, such as
the human immunodeficiency virus (HIV) or cytomegalovirus [Esdaile 2001; Watson 2003;
Sackoff 2006; Rosenfeld 2011; Triant 2012]. In individuals with chronic inflammatory
conditions, traditional modifiable cardiovascular risk factors are treated aggressively, but the
means to reduce cardiovascular risk in those without modifiable conventional risk factors,
remains unclear. Possibilities include more aggressive treatment of the underlying condition,
attempting to shut down the chronic inflammatory process, or extending current

atherosclerosis treatments to populations who currently do not fulfil criteria for their use.

Mediated by cytokines, a complex interaction between monocytes, smooth muscle cells
(SMCs), lymphocytes and mast cells takes place in the arterial wall following endothelial
injury [Libby 2002]. This results in intimal thickening and plaque formation (atherosclerosis)
and repeated or continuous endothelial injury causes amplification of the inflammatory
process and plaque enlargement [Ross 1976c¢; Libby 2012]. Acute plaque complications
often arise from non-significant stenoses giving rise to the concept of the ‘vulnerable plaque’,
the main features of which are a thin fibrous cap, a lipid-rich core and cap inflammation
[Ambrose 1988; Naghavi 2003a; Finn 2010]. Despite the generalised nature of toxic and pro-
inflammatory stimuli, atherosclerosis does not develop uniformly along arteries. Differences
in flow dynamics and shear stresses, which reduce atheroprotective mechanisms, such as
endothelial-derived nitric oxide (eNOS), make vessel branch points and the inner curves of

arteries prone to atherosclerosis [Cheng 2006].

Arterial wall imaging allows assessment of atheroma burden and the effects of treatments to
reduce atheroma to be ascertained. Increased carotid arterial wall thickness measured by
ultrasound carotid intima media thickness (C-IMT), is used as a surrogate for early
atherosclerosis and vascular remodelling and is related to the risk of CV events in the
general population [Granér 2006; Chambless 1997; O’Leary 1999; Lorenz 2007; Belcaro
1996]. Cardiovascular magnetic resonance (CMR) imaging of the carotid artery is non-

invasive, free from ionising radiation and can provide high-resolution images. Quantitative
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measurement of vessel wall volumes, with image matching in sequential studies is possible;
good interstudy reproducibility, allows for smaller sample sizes in clinical trials [Corti 2001;
Varghese 2005a,b]. Carotid CMR has shown wall volumes increase with age in healthy
individuals [Keenan 2009a]. Correlation of carotid wall thickness between B-mode ultrasound
(CIMT) and CMR has been found to be high [Underhill 2006]. In inflammatory conditions
such as Takayasu’s arteritis [Keenan 2009b] and Behgets syndrome [Chan 2011] wall

volumes are greater than those found in healthy controls.

In this thesis | explore the existence and extent of atherosclerosis in two conditions

associated with chronic inflammation: SLE and HIV.

In SLE subclinical accelerated atherosclerosis is well documented [Manzi 1999; Bruce 2000;
Roman 2003; Asanuma 2003; Sella 2003; Chung 2006; Kao 2013]. Previous work by our
group using CMR has shown increased carotid wall volume and a high prevalence of carotid
plague in a small study of individuals with SLE, including in those with no known or clinically
apparent evidence of CVD [Keenan 2010]. Statins are potent LDL-cholesterol lowering
drugs, achieving a 10-60% reduction in levels [Law 2003] and are indicated for primary
prevention in patients with an increased risk of CVD [Cleeman 2001]. Statins significantly
reduce cardiovascular morbidity and mortality [Pedersen 1994; Shepherd 1995; Simes 1998;
Ridker 2008; Gotto 2012], reduce hsCRP levels [Ridker 2008] and atheroma regression has
been observed [Nicholls 2007b]. We therefore undertook to study a greater number of
individuals with SLE to confirm the existence and extent of cardiovascular disease using
CMR (Chapter 8). We also undertook a randomised placebo controlled trial of rosuvastatin
(the most potent drug in its class) in SLE patients with LDL-cholesterol <3.4mmol/L using
carotid CMR as a surrogate for coronary artery disease, to study the possible beneficial

vascular effects of statins in this patient group (Chapter 9).

HIV is another condition involving chronic inflammation and immune activation that is
associated with an excess of cardiovascular risk [Sackoff 2006; Triant 2012]. The relative
contribution of traditional risk factors, the virus itself or the adverse metabolic effects caused
by the antiretrovirals used in HIV treatment is debated. Numerous studies have used C-IMT
to look for the presence and rate of progression of subclinical atherosclerosis in HIV-infected
individuals and to try to tease out the relative contributions of HIV and the antiretrovirals on
CVD [Ho 2009; Hanna 2015]. Findings have been conflicting due to study design variation
including ultrasound methodology, and the presence of confounding factors, such traditional
cardiovascular risk factors and antiretroviral therapy in the HIV-infected groups. This has

made the effect of HIV-infection itself hard to ascertain. We therefore undertook what we
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believe to be the first study using CMR to look at carotid wall volumes in a group of stable
adult HIV-infected individuals with low traditional cardiovascular risk and compared findings
with a historic healthy cohort (Chapter 11). We evaluated whether carotid CMR would be a
useful modality to evaluate the effect of future treatments on cardiovascular health. In
paediatric and young adult groups with HIV-infection, ultrasound studies evaluating
accelerated atherosclerosis have found conflicting results [Bonnet 2004; Charakida 2005;
McComsey 2007] and no CMR data is available. Unlike in the adult HIV population, where
guidelines recommend aggressive management of traditional cardiovascular risk factors
including dyslipidaemia, in the paediatric population, only conservative measures, such as
dietary advice, are currently taken. Given this and the evidence of premature subclinical
atherosclerosis in the adult HIV cohort in Chapter 11, we undertook to study a cohort of
young adults with perinatally acquired HIV-infection (Chapter 12). These individuals were
paired with healthy controls to look for the presence and extent of vascular abnormalities,
and to evaluate the suitability of carotid CMR as an imaging modality for future studies in this

population.

These studies add to the body of knowledge of cardiovascular pathology in chronic
inflammatory conditions, assist in determining whether there is identifiable accelerated
atheroma attributable to HIV and the potential usefulness of CMR in risk stratifying and

evaluating new therapies in these populations.
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Chapter 2

Atherosclerosis

2.1 Introduction

Cardiovascular disease is the leading cause of mortality and morbidity in developed
countries, and its increasing prevalence in developing countries will make it the leading
cause of death worldwide by 2020 [Lloyd-Jones 2009; Murray 1997].

Our understanding of the pathophysiology of atherosclerosis has evolved significantly over
the last century. Although the importance of inflammation in atherogenesis was recognised in
the 19th century [Virchow 1858], subsequent decades saw atherosclerosis viewed as a
degenerative and passive process, where the gradual increase in plaque size resulted in
luminal stenosis and symptoms due to ischaemia, thrombosis and infarction. The 'lipid
hypothesis' regarded atherogenesis as a lipid storage problem with deposition of lipids in the
arterial wall. This was supported by strong experimental evidence of hypercholesterolaemia
in animal models [Ross 1976a], humans [Smith 1972] and epidemiological data [Kannel
1990; Castelli 1984], as well as a multitude of clinical trials of lipid-lowering therapy
[Pedersen 1994; Shepherd 1995; Ridker 2008].

The advancement of cell biology in the second half of the 20th century shifted the focus of
study to the role of smooth muscle cells (SMCs) in atherosclerotic plaques. These were
found to migrate to and proliferate in the arterial intima in response to endothelial damage,
forming the start of the atherosclerotic plaque [Ross 1976b; Ross 1976¢]. Further study
identified macrophages, lymphocytes and other cells of the immune system within plaque
[Aquel 1985; Jonasson 1986]. The last 20-30 years has seen atherosclerosis recognised as
a complex, active and progressive disease with inflammation involved at every stage from
inception to the development of complications such as thrombosis, and has lead to the

development of the concept of the vulnerable plaque [Naghavi 2003a; Finn 2010].

2.2 Epidemiology of atherosclerosis and cardiovascular disease

Cardiovascular disease (CVD) encompasses coronary heart disease (CHD) as well as
cerebrovascular disease, peripheral vascular disease, cardiomyopathies, and congenital and
rheumatic heart disease. CVD is the leading cause of death worldwide with over 80% of CVD
deaths due to heart attack or stroke. An estimated 17.5 million people died from CVD in
2012, 7.4 million due to CHD and 6.7 million due to stroke. This is estimated to increase to
23.6 million by 2030 [WHO 2015].
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Although mortality rates are falling in most European countries, CVD remains the leading
cause of death, accounting for approximately 50% (over 4 million) of all deaths [Nichols
2014]. CHD accounts for 1.8 million of these deaths. Mortality rates increase with age, but
the great disparity in death rates and age at death between countries in the WHO European
region exemplify differences in the stages of epidemiological transition countries find
themselves in. Most Western and some Central and Eastern European countries are in the
‘Fourth Proposition’ when improved nutrition, sanitation and reduced environmental toxin
exposure result in falling morbidity and mortality rates [McKeown 2009]. Many Central and
Eastern European countries however are in the stage of ‘Degenerative and man-made
diseases’ where improvements in CVD risk reduction and primary prevention are not
widespread, and premature deaths from CVD remain high - (<65 years [McKeown 2009] and
<75 years [Nichols 2014]). Figure 2.1 shows the age standardised CVD mortality rates for (a)
males and (b) females around the world [Global Atlas on Cardiovascular Disease Prevention
and Control 2011].

Figure 2.1. World map showing the global distribution of CVD mortality rates (age-standardised per
100,000) [from the Global Atlas on Cardiovascular Disease Prevention and Control. Mendis S, Puska

P, Norrving B editors. World Health Organization, Geneva 2011].

a. Global distribution of age standardised CVD mortality rates for males.

CVD mortality rate [per 100 000)
@B 120-238
2 239-362 T
> 363-443
@ 434-861
> Data not available DWHO 2011 All ights resenoed
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b. Global distribution of age standardised CVD mortality rates for females.

CVD mortality rate (per 100 000)
> 76-180
< 181-281
O 282-372
@ 373111
> Data not available SWHD T Al righs reserved.

In the United Kingdom, cancer has overtaken CVD as the leading cause of death — 29%
versus 28% of all deaths in 2012 [Townsend 2014; Bhatnagar 2015]. CVD however was still
the leading cause of death for women. 46% of all CVD deaths were due to CHD and CHD
was the commonest cause of the 42,000 CVD premature deaths. Almost 2.3 million in the
UK are living with CHD [Bhatnagar 2015].

It is unclear whether improvements in CVD mortality will be maintained. In 2012 24.8% of UK
adults were obese (BMI =30); in England 67% of men and 57% of women were overweight
or obese (BMI =25) [Townsend 2014]. Amongst children aged 2 to 15 years, approximately
30% are overweight or obese [Townsend 2014]. A similar pattern has been observed in the
United States, and the prevalence of diabetes mellitus has been increasing dramatically in
parallel with this [Roger 2012].

2.3 Pathophysiology of atherosclerosis

2.3.1 Introduction

The arterial wall has three distinct layers (Figure 2.2). The innermost layer, the tunica intima,
is bounded on the luminal side by a monolayer of endothelial cells resting on a basement
membrane. Below this is an extracellular matrix of connective tissue and some SMCs. The
intima is separated from the tunica media by the internal elastic lamina. The media is
composed of SMCs and variable amounts of elastic tissue, collagen and proteoglycans. The
outermost tunica adventitia, separated from the media by the external elastic lamina, is

composed of connective tissue and fibroblasts.
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Figure 2.2. The structure of the arterial wall [From Blausen.com staff. “Blausen gallery 2014"].

Tunica media

Tunica externa Tunica intima

Smooth muscle Endothelium

External elastic
membrane Internal elastic

membrane

Atherosclerosis causes the arterial intima to thicken and a mature plaque gradually forms. In
the initial stages, plaque formation leads to the outwards remodelling of the arterial wall so
that the area of the lumen is preserved (Figure 2.3). Indeed, there is overcompensation of
this process early on, so that lumen area actually increases. Eventually, however, this
compensatory mechanism is insufficient and once the plaque occupies more than 40% of the
internal elastic lamina area, the lumen narrows as the plagque encroaches inwards, resulting

in reduced blood flow and eventually symptoms [Glagov 1987].

Figure 2.3. Outward remodelling of the coronary left main stem artery in response to plaque formation.
Lumen area is preserved until the plaque occupies approximately 40% of the internal elastic lamina
area, after which a sharp decline in lumen area becomes evident [Reproduced with permission from

(Glagov 1987), Copyright Massachusetts Medical Society].

il
ETENOES

2.3.2 Initiation of atherosclerosis

The hallmark of the human atherosclerotic plaque has long been recognised as the lipid
laden foam cell. Monoclonal antibodies have demonstrated that these are primarily derived
from macrophages, although endothelial and SMCs can also become lipid-laden [Agel 1985;

Jonasson 1986].
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Under normal circumstances, the intact endothelium, in contact with flowing blood, resists
prolonged contact with and adhesion of, circulating lymphocytes. Endothelial injury, whether
mechanical, haemodynamic [Helin 1971] (turbulence, hypertension), chemical [Harker 1974],
immunologic [Hardin 1973], or toxic (e.g. smoking) [Pittilo 2000], causes expression of
leucocyte adhesion molecules. Processes including oxidation and glycosylation modify
lipoproteins accumulating in the sub-endothelial layer. Low-density lipoprotein (LDL)
modification increases its uptake by macrophages and SMCs. LDL oxidation renders LDL
particularly atherogenic. Plasma oxidised-LDL has been shown to be a strong predictor of

coronary artery disease [Meisinger 2005].

The activated endothelium expresses adhesion molecules, including vascular adhesion
molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), E and P selectin, and
cytokines including monocyte chemotactic protein 1 (MCP-1) and interleukin-8 (IL-8) [De
Caterina 1995; De Caterina 2000]. Circulating monocytes adhere to the activated
endothelium. Monocyte penetration into the tunica intima then occurs via a process of rolling
and diapedesis along a cytokine chemotactic gradient [Libby 2006]. Within the intima,
monocytes mature into macrophages under the influence of mediators such as macrophage
colony-stimulating factor (M-CSF) [Libby 2002]. Scavenger receptors are expressed on their
surface allowing modified lipoproteins to be bound and internalised. Thus, the lipid-laden
foam cells characteristic of the early atherosclerotic plaque are formed. Macrophage
replication within the intima is also promoted. Under the influence of their microenvironment,
macrophages themselves secrete pro-inflammatory cytokines, matrix metalloproteinases
(MMPs), reactive oxygen species (ROS) and tissue factor, amplifying the local inflammatory
response [Libby 2002]. As atherosclerotic plaques mature, macrophage foam cells undergo

apoptosis leading to the formation of the necrotic core [Libby 2012].

Other cells of the immune system also participate in atherosclerosis:

T-lymphocytes

T-lymphocytes are attracted to the inflamed arterial wall by chemokines (y-IP-10, MIG and I-
TAC), which interact with CXCR3 receptors expressed by the T-lymphocytes [Mach 1999].
Within the intima, T-lymphocytes encounter antigens (e.g. oxidised-LDL) and become
activated. The cytokines they secrete, particularly CD154, which binds to macrophage CD40
ligand, cause macrophages to secrete MMPs, tissue factor and further cytokines [Libby
2002]. T-lymphocyte polarisation may also occur. TH1 cells (involved in cell-mediated
immunity and mostly secreting pro-inflammatory mediators) tend to predominate over TH2

cells (involved in antibody-mediated immunity and mostly secreting anti- inflammatory
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mediators) in the atheroma [Libby 2002]. Two further T-lymphocyte lineages may play a role
in atherosclerosis. Regulatory T-cells may have a protective effect. An IL-17-producing T-
helper lineage (TH17) is known to play an important role in autoimmune diseases [Taleb
2010]. The occurrence of accelerated atherosclerosis in patients with a variety of
autoimmune diseases suggests involvement of autoimmune mechanisms in atherogenesis
[Shoenfeld 2005]. Although TH17 cells have been shown variably to have both pro- and anti-
inflammatory effects, current data suggest they may have a protective effect overall [Taleb
2010; Taleb 2009].

Mast cells

Small numbers of mast cells are found within atheromatous plaques. The chemokine eotaxin
is over-expressed in atheroma. lts receptor, CCR3, is also over-expressed within plaques,
localising primarily to macrophage rich areas, but also found on mast cells. Hence, eotaxin
may mediate mast cell migration to and activation at sites of vascular inflammation [Haley
2000]. Once in the intima, mast cell degranulation with release of tumour necrosis factor-a
(TNF-a), heparin and the proteinases tryptase and chymase may occur. Heparin may have
inhibitory effects on SMCs whereas the proteinases may activate inactive forms of MMPs
[Libby 2002].

Other

B-lymphocytes, Killer cells and natural killer cells have also been identified in atherosclerotic
plaques [Jonasson 1986]. Their exact role, however, remains to be defined. There is
evidence that B1-lymphocytes may have atheroprotective properties whilst B2-lymphocytes

are pro-atherogenic [Kyaw 2011].

2.3.3 Atheroma progression and complication

Following the onset of arterial wall inflammation, SMCs within the media migrate into the
intima under the influence of chemotactic cytokines, particularly platelet-derived growth factor
(PDGF), released by the activated endothelium and macrophages. Extracellular matrix
degradation by MMP-9 and other proteinases facilitates this migration [Mason 1999]. The
SMCs proliferate and, in response to growth factors such as transforming growth factor-p
(TGF-B) and PDGF, secrete extracellular matrix proteins, including collagen. This
mechanism forms the basis of the 'response to injury' hypothesis, part of the normal healing
process. If the injury or inflammatory stimulus is removed early on, endothelial repair occurs
and the lesion may regress. If the endothelial or arterial wall insult is repeated or continuous,
the inflammatory process persists, amplifies and becomes maladaptive, resulting in further

proliferation and enlargement of the lesion [Ross 1976c].
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Collagen synthesis by SMCs helps to stabilise the plaque. The fibrous cap in contact with the
lumen plays an important role in this. When extracellular matrix synthesis and breakdown is
balanced, the fibrous cap is stable and the thrombogenic plaque contents are sequestered
from the blood stream. T-lymphocyte derived interferon-y (INF- y) inhibits collagen production
and reduces the effect of stimulatory growth factors and cytokines, including PDGF, on
SMCs [Amento 1991]. MMPs degrade the extracellular matrix, and with ongoing
inflammation collagen breakdown can exceed synthesis leading to thinning, destabilisation
and rupture of the fibrous cap. Exposed plaque contents cause overlying thrombus to form
resulting in vessel occlusion and/or distal embolisation. In many instances, small platelet
thrombi may not lead to any clinically apparent sequelae but provide a stimulus for further
up-regulation of the inflammatory response and sudden plaque expansion. Furthermore,
plague neovascularisation arising from the artery’s vasa vasorum can occur. These vessels
are fragile and can result in intraplaque haemorrhage, generating thrombin, which activates
endothelial cells, macrophages, platelets and SMCs to secrete inflammatory mediators
[Croce 2007], again causing further focal inflammation and a mechanism for sudden plaque

growth.

2.3.4 Calcification

Calcification is often found in complex atherosclerotic plaques, although the process can
begin early. Calcification is often found at sites of soft tissue chronic inflammation or injury
and is believed to occur through passive deposition at sites of tissue degeneration or
necrosis. Although inflammation and necrosis occur in the atherosclerotic plaque, and
passive calcification may play a role, histopathological areas of bone-like calcification have
also been found. Osteoblasts, osteoclasts and chondrocytes, all necessary for normal bone
formation, have been identified within plaque, although the exact mechanisms by which this
process is initiated and why only some plaques calcify are yet to be elucidated [Doherty
2003].

2.3.5 Focal development of atheroma

Despite the generalised nature of the stimuli leading to atherosclerosis, it has long been
noted that atheroma does not develop uniformly along the arterial tree. Areas prone to
atheroma include vessel branch points and the inner curves of arteries due to the type of
blood flow they experience. Laminar blood flow generates shear stress. Areas of low shear
stress are prone to atheroma whereas areas of normal or increased shear stress are
protected (Figure 2.4). Oscillatory shear stress, which occurs at areas of arterial bifurcation
and blood flow turbulence, predispose to atheroma formation [Cheng 2006]. Lowered shear

stress or the occurrence of oscillatory shear stress reduces several atheroprotective
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mechanisms such as lowering local endothelial-derived nitric oxide (eNOS), a vasodilator
with anti-inflammatory properties [Cheng 2006]. This causes up-regulation of VCAM-1 and
ICAM-1 expression [De Caterina 1995; Jongstra-Bilen 2006]. A reduction in the expression of
the antioxidant enzyme superoxide dismutase, which reduces oxidative stress and hence
pro-atherogenic LDL oxidation, also occurs [Fang 1998]. Differences in flow disturbance
have also been shown to predispose to differences in plaque structure: atheromata in areas
of lowered shear stress were larger containing fewer SMCs and collagen, but more lipids,
and showed more outward remodelling than atheroma at sites of oscillatory shear stress.
Hence, low shear stress produces atheroma with a vulnerable phenotype, whereas

oscillatory shear stress results in stable plaques [Cheng 2006].

Figure 2.4. Diagram showing different types of flow and shear stress at an arterial bifurcation.
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2.3.6 Vulnerable plaques and vulnerable patients

Acute coronary occlusion and the resultant acute coronary syndromes (myocardial infarction
and unstable angina) frequently arise from mild to moderate stenoses, with many patients
having never suffered prior symptoms. Ambrose et al demonstrated that only 22% of infarcts
were associated with pre-existing coronary stenoses of >70%. Autopsy studies have shown
plaque rupture to be the commonest plaque complication accounting for approximately 60-
70% of acute myocardial infarctions [Naghavi 2003a; Finn 2010]. Plaque erosion accounts
for 30-35% of myocardial infarctions with most of the rest due to thrombi associated with
calcified nodules [Finn 2010]. These findings as well as studies demonstrating the
involvement of active inflammatory processes within plaques prone to acute complications

gave rise to the concept of the ‘vulnerable plaque’.
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Vulnerable plaques contain one or more of a variety of features and have been classified into
different types (see Figure 2.5). The main features are:

- athin fibrous cap

- alipid-rich core

- cap inflammation.

Figure 2.5. Different types of vulnerable plaque as described by Naghavi 2003a.
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Stable plaques usually possess a thick fibrous cap of SMCs in a collagen-rich extracellular
matrix [Finn 2010]. Activated macrophage and lymphocyte infiltration of the cap results in
MMP secretion, matrix degradation and plaque instability. SMCs are also reduced, causing a
further inability to replace collagen. This process is commonest at plaque shoulder regions
(adjacent to normal intimal areas) resulting in thinning of the fibrous cap, which is most prone
to mechanical failure from fluctuations in pressure and cyclic stretching and compression
[Falk 1995].

An overall concept of the vulnerable patient has emerged [Naghavi 2003b]. This incorporates
the presence of a vulnerable plaque phenotype with other features in the patients’ blood and
myocardium that increase their susceptibility to acute cardiovascular events. Factors
increasing blood thrombogenicity include serological markers of atherosclerosis (e.g.
abnormal lipoprotein profiles); markers associated with metabolic disorders (e.g. diabetes or
the metabolic syndrome); markers of systemic inflammation (e.g. hsCRP, IL-6, ICAM-1,
VCAM-1); markers of immune activation (e.g. anti-heat shock protein); and markers of
apoptosis (e.g. Fas/Fas ligand). Serological markers indicating activation of the coagulation
system may also occur in the vulnerable patient. These include increased markers of
hypercoagulability (e.g. fibrinogen, D-dimer); increased platelet activation and aggregation;
increased coagulation factors; decreased anticoagulation factors (e.g. protein C and S);
decreased fibrinolysis; other thrombogenic factors (e.g. anticardiolipin antibodies, diabetes);
and factors causing transient hypercoagulability (e.g. smoking, infection, adrenergic surge)
[Naghavi 2003b].
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2.4 Differences between the coronary and carotid arteries

The occurrence of and type of atherosclerotic plaque varies between arterial territories.
Despite these differences, peripheral arteries such as the carotid arteries serve as
surrogates for generalised CVD. They are used to study the effects of drugs on CVD due to

their relative ease of imaging compared with coronary arteries.

An understanding of the differences between atheroma in the different territories is important:

. Atheroma pathology is broadly similar between the carotid and coronary circulations,
although there is a predominance of foam cells in the carotid territory [Dalager 2007].

. Thrombus embolisation is more likely in the carotid circulation due to high blood flow
[Golledge 2000]. Stroke due to thrombotic vessel occlusion is generally found with a
severe (>95%) underlying carotid artery stenosis [Virmani 2006].

. Plaque ulceration is commoner in the carotid arteries. This is likely related to
embolisation of thrombus overlying an area of plaque rupture, leaving an excavation
in the plaque. Thrombus is more likely to remain adherent with lower flow rates in the
coronary circulation [Virmani 2006].

. Intraplaque haemorrhage is commoner in carotid atheroma. This may be due to
higher flow and increased pressure within the vessel lumen and vasa vasorum
[Virmani 2006].

. Calcification occurs with similar frequency in coronary and carotid atheroma, but

calcified nodules are seen more frequently in the carotids [Virmani 2006].

2.5 Atherosclerosis imaging

2.5.1 Introduction

Assessing atheroma burden and the effects of treatments to reduce it, requires arterial
vessel wall imaging. The carotid artery is often used as a surrogate for the coronary arteries.
Although an imperfect surrogate, the carotids are relatively large, superficial and immobile
making them easily amenable to non-invasive imaging. The coronary arteries are much
smaller and deeper making resolution harder, and cardiac and respiratory movement can

create significant motion artefact.

When using the carotid artery as a surrogate it is important to recognise that wall thickening
and plaque formation is much commoner and occurs earlier at the carotid bifurcation and the
internal carotid artery (ICA), particularly the proximal outer wall of its sinus [Virmani 2006].
Plaque development in the carotid arteries (and indeed all arteries) is not uniform along the

length or around the circumference of the vessel. Measurement of wall thickness at one point
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is therefore a weaker measure than plaque area or volume in predicting future events or in
assessing changes in plaque burden by clinical intervention. A modality that can image the
carotid bifurcation and ICA, and assess wall and/or plaque volume, will allow for a
significantly smaller sample size and shorter study duration than an imaging modality that

can only assess the carotid in one dimension.

Numerous modalities to image the arterial wall exist and are currently used in trials to
monitor atherosclerosis progression. All have advantages and disadvantages. The ideal
modality should be safe, inexpensive, non-invasive (or minimally so), accurate, and
reproducible, thus allowing serial studies in patients. Results should correlate with the extent

of atherosclerosis and be able to predict clinical events.

2.5.2 Angiography

Angiography remains the gold standard for assessing coronary disease. It obtains images of
the lumen but gives no information of what is happening in the vessel wall (Figure 2.6). As
we have seen, significant plaque burden may be present without any apparent stenosis
being visible on angiography [Glagov 1987]. Angiography is also unable to give any
information on plaque composition, although advances using invasive intravascular imaging
modalities have been developed to overcome this limitation. Exposure to ionising radiation
however remains, limiting it’s use in clinical trials monitoring the progression or otherwise of

atherosclerosis.

2.5.3 Optical coherence tomography (OCT)

OCT uses infrared light and has a higher resolution than intravascular ultrasound (IVUS - see
below), but at the expense of poorer tissue penetration. It allows characterisation of
superficial vessel wall structures including plaque fibrous caps, lipid pools and calcified
nodules (see Figure 2.6), and can identify intraplaque microvessels, which are predictive of
accelerated atherosclerosis progression [Zimarino 2016]. It is invasive, and an adjunct to

coronary angiography, retaining the exposure to ionising radiation of that procedure.
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Figure 2.6. Intravascular coronary imaging showing a) coronary angiography with a significant
stenosis in the proximal left anterior descending (LAD), b) OCT showing a fibrous plaque [from

Hasegawa 2015].

2.5.4 Near Infrared Spectroscopy (NIRS)

NIRS is a novel invasive catheter based imaging modality allowing assessment of the
chemical composition of the atherosclerotic plaque. Changes in the reflection of emitted light
form a chemogram where areas with a high probability of lipid are coloured yellow and areas

with a low probability of lipid are coloured red [Zimarino 2016].

2.5.5 Ultrasound

Intravascular ultrasound (IVUS)

IVUS is an invasive, ultrasonic imaging modality performed during angiography with a
catheter containing a high-frequency (20-45MHz) emitting transducer. It gives a grey-scale
image of the vessel wall allowing imaging of the lumen and penetrating deep enough to
provide information about the media-adventitial border. It allows visualisation of the severity
and composition of plaques, which can be characterised as soft, fibrous, calcified or mixed
plagues (the majority). Assessment is visually qualitative and therefore limits its use in
assessing plaque morphology. Post-processing software allows virtual histology images to
be generated. The amplitude and frequency of the reflected ultrasound beam generates
colour-coded images classifying plaque components as necrotic (red), fibro-fatty (dark
green), fibrous (light green) or calcified (white) [Zimarino 2016]. As with OCT and NIRS, it is

invasive and an adjunct to coronary angiography, exposing the patient to ionising radiation.
Carotid ultrasound

Non-invasive B-mode ultrasound imaging can visualise the arterial wall with enough

resolution to detect very early thickening of the intimal-medial layer [Uno 2010]. Although
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carotid intimal-medial thickening (C-IMT) is not a pre-atherosclerotic stage (there is no
evidence that plaque develops in regions of increased C-IMT), it appears to be a marker for
the presence of atherosclerosis throughout the arterial tree [Uno 2010; Lorenz 2007;
Poredos 2004]. Increasing C-IMT is associated with an increased prevalence of
cardiovascular risk factors, the presence of atherosclerotic plaque and predicts risk of
cardiovascular events in individuals with and without established CVD [Lloyd-Jones 2009;
Uno 2010]. The use of C-IMT imaging in the evaluation of anti-atherosclerotic therapies is
supported by previous studies, which have shown that drugs, such as the statins, which
prevent cardiovascular events, cause regression of C-IMT [Smilde 2001]. Although non-
invasive and free from ionising radiation, limitations include being highly dependent on the
acquisition of quality images, lack of standardised imaging protocols, and a lack of
consensus on what measures should be taken. Measuring both carotid walls would be more
robust as would measures of the carotid bulb and ICA. These however are technically
difficult to image with ultrasound. These factors mean that relatively large numbers of

subjects, enrolled for a number of years, may be required for clinical studies.

2.5.6 Multislice computed tomography (MSCT)

MSCT is fast and easy to perform, with little difficulty in standardising imaging protocols. Its
use in assessing and diagnosing CVD has increased significantly. It can detect and quantify
the extent of coronary calcium. Improvements in resolution have improved its ability to detect

lumen stenoses and atherosclerotic plaque within the artery wall [Uno 2010].

Coronary artery calcium score

Although the presence of calcium in the arteries is associated with underlying atheroma,
absence of calcium does not equate to absence of atheroma. Intensive lipid lowering, which
has shown beneficial effects on C-IMT, has little effect on coronary calcium scores [Nicholls
2007a). This makes the use of non-contrast CT derived calcium scores unsuitable for clinical

studies of anti-atherosclerotic treatments.

MSCT coronary angiography

Improved resolution allows the visualisation of atherosclerotic plaque using MSCT. It can
distinguish normal areas of coronary artery from atherosclerotic areas and quantify atheroma
burden. Coronary imaging with CT has been revolutionised by increased temporal and
spatial resolutions (66-175ms; 240-600um respectively), larger scan coverage, ECG-gating
and a dramatic reduction in the radiation dose delivered - <1mSv possible for a full scan.
Low-attenuation areas in plaque seem to accurately detect lipid-rich cores, whereas small

high-attenuation areas represent calcification. Limited spatial resolution precludes
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identification and measurement of fibrous caps, although a thin ring-like rim of contrast
around plaques (termed ‘napkin-ring sign’) is believed to reflect neovascularisation and
active inflammation [Zimarino 2016]. Despite improvements in resolution, exposure to
ionising radiation, albeit significantly reduced doses, limits MSCT’s use in longitudinal clinical

studies of anti-atherosclerotic treatments.

2.5.7 Nuclear imaging
Nuclear imaging utilises tracer molecules, injected into the patient and detected by the

scanner.

Single photon-emission computed tomography (SPECT)

Technetium-99 m-labelled (**"Tc) radiotracers are used in myocardial perfusion imaging.
%¥MTc-labelled annexin A5, a novel SPECT tracer, has been proposed to detect apoptosis in
plaques and hence, vulnerable plaques. Resolution however is limited and the tracer

insufficiently specific to allow for regular use [Zimarino 2016].

Positron emission tomography (PET)

PET uses positron-emitting isotopes, most commonly fluorodeoxyglucose (FDG). FDG
uptake is used to measure metabolic activity, and in plaques is taken up by macrophages.
Hence plaques with significant FDG uptake have higher numbers of metabolically active
macrophages and are more likely to be vulnerable [Zimarino 2016]. PET is limited by poor

spatial resolution (5-7mm) and radiation exposure.

Co-registration with either CT or MRI is possible, yielding greater anatomical information e.g.
whether FDG uptake is associated with plaque or with a closely associated lymph node.
PET-CT has been used to investigate the relationship between circulating markers of
inflammation and carotid plaque inflammation [Duivenvoorden 2013] and in statin studies,
where reduction in arterial wall FDG-uptake was found in those randomised to statins
[Tahara 2006] or to intensified statin therapy [Tawakol 2013].

2.5.8 High-resolution magnetic resonance imaging (MRI)

High-resolution MRI is the potential leading imaging modality for in vivo atherosclerotic
plaque characterisation [Corti 2006]. It is non-invasive, does not involve ionising radiation,
and can provide high-resolution images of various arterial territories. It enables the
quantitative measurement of vessel wall volume. It is therefore ideal for use in longitudinal

studies, with the matching of images possible.
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The subject is placed in a strong magnetic field and the image is based on the
radiofrequency signal given off following administration of a radiofrequency pulse. No
contrast is needed. The emitted signal varies according to water concentration and relaxation
times (see Chapter 4 Cardiovascular Magnetic Resonance). Multicontrast MRI uses a
combination of T1-weighted (T1w), T2-weighted (T2w), and proton-density-weighted (PDW)
images, and has enabled the characterisation of plague anatomy and composition
[Choudhury 2004] (see Chapter 4). Lipid lowering by statins in patients with
hypercholesterolaemia and known atherosclerosis has been shown to cause atheroma
regression in the carotid arteries and aorta after a minimum of 12 months [Corti 2001].
Limited temporal and spatial resolution, and issues related to cardiac and respiratory motion
currently confines MRI studies to larger arteries such as the carotids and aorta; it cannot yet

be used to routinely and reliably assess coronary disease.
Given these facts, MRI is the imaging modality used for the carotid research in this thesis.

CMR imaging of atherosclerosis is discussed further in Chapter 4 Cardiovascular Magnetic

Resonance.
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Chapter 3
Lipids and the 3-hydroxy-3-methylglutaryl coenzyme A reductase

inhibitors

3.1 Introduction

Coronary heart disease (CHD) is a multifactorial disorder influenced by genetic susceptibility
as well as modifiable and non-modifiable risk factors, and their interactions. The potential
association of cholesterol and atherosclerosis goes back to the start of the 20" century when
the atherosclerotic plaques of human aortas were found to contain over twenty times the
level of cholesterol as normal human aortas, and rabbits fed pure cholesterol developed
hypercholesterolaemia and severe aortic atherosclerosis [Endo A 2010]. The identification of
Familial Hypercholesterolaemia suggested a strong causal relationship between cholesterol
and coronary heart disease - homozygotes with severely elevated cholesterol levels from
birth manifest coronary heart disease in childhood, and heterozygotes develop premature
atherosclerosis by early adulthood [Miller 1939]. Dyslipidaemias, particularly high levels of
LDL-cholesterol, low levels of HDL-cholesterol and hypertriglyceridaemia are now known to
be risk factors for CHD [Genest 1992; Prospective Studies Collaboration 2007].

3.2 Cholesterol synthesis pathway

3.2.1 Introduction

Cholesterol is an essential component of animal cell plasma membranes, acting as a barrier
between the cell and it's environment and maintaining membrane structural integrity and
fluidity. Cholesterol insulates and plays a crucial role in the myelin sheath that surrounds
neuronal axons, is involved in intracellular transport and cell signalling, and is the precursor

of steroid hormones and bile acids.

Cholesterol can be obtained from the diet, but in humans, approximately 80% is synthesised.
Production occurs mainly in the liver with the intestines also forming significant amounts. The
synthesis of mevalonate is the committed step in the production of cholesterol (see Figure

3.1), which occurs in three steps:

Stage 1 - synthesis of isopentenyl pyrophosphate
Stage 2 — condensation of six molecules of isopentenyl pyrophosphate to form
squalene

Stage 3 — cyclization of squalene to ultimately form cholesterol
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Figure 3.1. Cholesterol synthesis pathway
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3.2.2 Regulation of cholesterol synthesis

The amount and rate of cholesterol synthesis responds to levels of cellular cholesterol. This
feedback mechanism acts primarily at the level of HMG-CoA reductase as well as at the level

of HMG-CoA synthase (Figure 3.2). Liver cells are influenced by dietary cholesterol as they

take up cholesterol-rich chylomicron remnants

plasma cholesterol levels, primarily LDL-cholesterol, by up- or down-regulating plasma
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membrane LDL-receptor production.

Figure 3.2. Cholesterol synthesis regulation feedback mechanism
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3.3 Lipoprotein classification

3.3.1 Introduction

Lipids are insoluble and carried as lipoproteins in plasma. Lipoproteins consist of a
hydrophobic lipid core surrounded by a shell of hydrophilic phospholipids, proteins and un-
esterified cholesterol. Lipoproteins are associated with a variety of apolipoproteins, which
have different functions and lend different physicochemical properties to the lipoprotein

particles.

3.3.2 The major lipoproteins

Chylomicrons are formed in the intestine. These very large apoB-containing, triglyceride-rich
particles carry dietary lipids (triglycerides (TGs), cholesterol) to tissues that utilise fatty acids
as fuel and for fat synthesis. There, they are metabolised by lipoprotein lipase to release the
TGs and cholesterol-rich chylomicron remnants are formed. Chylomicrons are associated
with a variety of apolipoproteins including apoA-I, apoA-Il, apoA-IV, apoC-I, apoC-Il, apoC-ll,
and apoE.

Chylomicron remnants contain dietary cholesterol esters. They are transported to and taken

up by the liver.
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Very low-density lipoprotein (VLDL) particles are apoB-containing and TG-rich. They carry
endogenous TGs and to a lesser extent cholesterol. They are produced by the liver, and like
chylomicrons, their TGs are hydrolysed by lipoprotein lipase on blood vessel surfaces. They

are associated with apolipoproteins including apoB-100, apoC-I, apoC-Il, apoC-Ill and apoE.

Intermediate density lipoprotein (IDL) is the apoB-containing, cholesterol-rich VLDL remnant.
Some are taken up by the liver for processing whilst others have more TGs removed to form
low-density lipoprotein. They are associated with apolipoproteins including apoB-100, apoC-

Il and apoE.

Low-density lipoprotein (LDL) is the major cholesterol carrier in blood. They are apoB-
containing cholesterol-rich particles transporting cholesterol to peripheral tissues and
regulating de novo cholesterol synthesis at these sites (see above). They are associated with

apolipoproteins including apoB-100 and apoC-lll.

Lipoprotein (a) [Lp(a)] are apoB-containing, cholesterol-rich particles. They consist of LDL
attached to an additional apolipoprotein called apo(a) and are generally denser and larger
than LDL.

High-density lipoprotein (HDL) are apoA-I-containing, cholesterol-rich particles. They pick up
cholesterol released into plasma by dying cells and from membrane turnover. The
cholesterol is esterified and transported to the liver, to tissues synthesising steroid hormones
or shuttled to VLDL or LDL. They are associated with apolipoproteins including apoA-I, apoA-
II, apoC-l, apoC-Il, apoC-Ill and apoE.

3.4 Lipids and atherosclerosis

3.4.1 Introduction

The 'lipid hypothesis' regarded atherogenesis as a lipid storage problem with deposition of
lipids in the arterial wall. Although the association of hyperlipidaemia with atherosclerosis is
well recognised, this does not reflect a simple problem of passive lipid storage. Rather, it is
the abnormal handling of lipoprotein metabolism that is a major risk factor for atherosclerosis
and dyslipidaemia has been found to be present in over 70% of patients with premature CHD
[Genest 1992].

3.4.2LDL
All LDL particles increase the risk of atherosclerosis and atherosclerotic cardiovascular
events [Genest 1992; Prospective Studies Collaboration 2007; Parish 2012]. Apo B-100
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containing lipoproteins interact with subendothelial extracellular matrix proteoglycans to
initiate atherosclerosis [Olofsson 2005]. Macrophages can take up circulating LDL to form
foam cells [Libby 2002; Libby 2012]. Oxidation of LDL can occur in arterial endothelial cells,
smooth muscle cells and T-lymphocytes, as well as in macrophages, resulting in the
promotion of inflammatory and immune changes through macrophage cytokine release and
antibody production [Holvoet 1994; Libby 2002; Libby 2012]; disruption of the endothelial cell
surface and impaired endothelial function resulting in the reduction of nitric oxide, a major
mediator of endothelium-dependent vasodilatation [Chin 1992; Mathew 1997]; increased
platelet aggregation, and thromboxane release (which contributes to vasoconstriction and
thrombus formation) [Ardlie 1989; Magwenzi 2015]; and may play a role in plaque instability
[Ehara 2001].

Small cholesterol-poor LDL particles penetrate the endothelial barrier more effectively than
large LDL particles, and their retention allows longer for modification of surface phospholipids
and un-esterified cholesterol by reactive oxygen species [Libby 2002; de Graaf 1991;
Diffenderfer 2014]. Small LDL particles have apoB conformational changes that impair the
efficiency of LDL receptor-mediated clearance, allowing these particles to circulate for longer
where they become susceptible to oxidation, glycation, and glyco-oxidation [Lund-Katz
1998]. Most prospective studies have shown LDL particle concentration or apoB are stronger
predictors of cardiovascular events than LDL cholesterol. In the Framingham Offspring Study
LDL particle concentration was approximately twice as strongly related to CVD incidence
compared to LDL-cholesterol [Cromwell 2007]. In individuals whose LDL-cholesterol and LDL
particle concentration were discordant, (above-median LDL-cholesterol with below-median
LDL particle concentration or vice versa), CVD event risk was more closely associated with

LDL particle concentration than with LDL-cholesterol [Cromwell 2007].

3.4.3 Lipoprotein (a)

At least 40 subtypes of Lp(a) have been identified [Segrest 2002]. Increased levels have
been positively associated with increased risk of CHD [Danesh 2000; Emerging Risk Factors
Collaboration 2009] as have the smaller isoforms of Lp(a) [Simé 2001]. High Lp(a) levels

have also been associated with premature CHD [Genest 1992].
Although LDL-cholesterol has a causal role and is accepted as a major risk factor in the

initiation and progression of atherosclerosis, atherosclerosis has also been associated with

other lipoprotein particles.
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3.4.41DL

An increased incidence of CHD and acute CVD events have been seen in patients with
elevated IDL levels [Masuoka 2000; Segrest 2002] and has been associated with the
progression of C-IMT [Hodis 1997]. IDL can be taken up by macrophages to form foam cells

[Ellsworth 1987] and can impair endothelial function [Kugiyama 1998].

3.4.5 VLDL and chylomicrons

The increased risk of atherosclerosis with VLDL, chylomicrons and other atherogenic
lipoprotein particles may be due to that associated with their major components — TGs and
apoC-Ill. TG-rich lipoprotein particles are associated with cholesteryl ester transfer protein-
mediated lipid exchange resulting in lower levels of HDL-cholesterol. Smaller TG-rich HDL
particles have reduced macrophage cholesterol efflux capacity reducing the efficiency of
reverse cholesterol transport and hence HDL’s cardioprotective effect (see below) [Kannel
2009]. Increased apoC-lll levels are associated with increased TGs as well as increased
atherosclerosis risk. The ability of lipoproteins to bind to vascular proteoglycans has been
shown to be positively associated with the levels of apoC-lll [Olin-Lewis 2002]. High levels of
apoC-Illl have also been shown to inhibit lipoprotein and hepatic lipase (resulting in increased
TG levels) and augment arterial inflammation (stimulating monocytes to adhere to endothelial
cells) [Bobik 2008].

3.4.6 HDL

HDL particles, in contrast to other lipoproteins, are atheroprotective [Prospective Studies
Collaboration 2007] and low levels of HDL are associated with premature atherosclerosis
[Genest 1992]. Much of the anti-atherogenic effect of HDL is believed to be mediated by
cholesterol efflux, the removal of excess cholesterol from macrophage cells. This is the initial
step in HDL’s reverse cholesterol transport from the periphery to the liver and has been

shown to correlate inversely with the incidence of cardiovascular events [Rohatgi 2014].

HDL may have antioxidant and anti-inflammatory properties. Associated enzymes such as
paraoxonase, platelet-activating factor acetylhydrolase, and lecithin-cholesterol
acyltransferase can inhibit LDL oxidation, and associated apolipoproteins such as apoA-l,
apoA-Il, and apoE, can delay or prevent the formation of oxidised LDL [Kontush 2003]. It
increases eNOS production thereby improving endothelial function [Bisoendial 2003] and
inhibits VCAM-1, ICAM-1 and E-selectin expression [McGrath 2009]. HDL may also have an
antithrombotic role by interfering with von Willebrand Factor self-association [Chung 2016],
and by affecting fibrinolytic activity and reducing platelet aggregation [Pajkrt D 1997] among

other mechanisms.
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3.5 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

3.5.1 Introduction

There are several classes of lipid-reducing agents including 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins), fibric acid derivatives, bile acid sequestrants,
cholesterol absorption inhibitors, nicotinic acid and the novel PCSK9 inhibitors. They differ in
terms of their mechanisms of action, and the type and degree of lipid lowering. Lipid
lowering, at least with the statins, has been shown to have beneficial effects in both primary

and secondary prevention of CHD.

3.5.2 Mechanism of drug action - effect on lipids

An important control point in cholesterol biosynthesis is the formation of mevalonate,
catalysed by 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) in an
irreversible step (Figure 3.1). In 1973, the 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitor, mevastatin (compactin) was discovered by Akira Endo. It was one of three active
metabolites derived from the mold Penicillium citrinum shown to potently inhibit cholesterol

synthesis both in vitro and in vivo [Endo 2010].

Statins competitively inhibit HMG-CoA reductase, resulting in a reduction in the synthesis of
cholesterol by the liver. Up-regulation of LDL receptor expression occurs causing increased
uptake of plasma LDL, and consequent decrease in plasma LDL-cholesterol concentration
[Goldstein 2009]. Statins are the most potent drugs for lowering LDL-cholesterol, with
reductions in the range of 10-60% and their effect is dose dependent [Law 2003]. They are
not, however, selective in reducing LDL-cholesterol subclasses, reducing the predominant
subclass the most, although this is of course beneficial in those with an atherogenic

dyslipidaemia profile [Rosenson 2009; Otvos 2002].

Statins alter HDL-cholesterol levels, typically raising them, although the effect is usually
modest and can vary by statin type and dose [Jones 3003; Barter 2010]. HDL-cholesterol
increase does not correlate with the observed reduction in LDL-cholesterol and may decline
at higher statin doses, a phenomenon observed with atorvastatin [Jones 2003; Law 2003;
Barter 2010].

Statins also reduce TG concentration by up to 46% and this effect is generally dose-
dependent [Jones 2003; Bakker-Arkema 1996]. The mechanism of action may occur via
LDL-receptor binding of apoB and apoE containing TG-rich VLDL and remnant particles,
thereby reducing TG levels and the synthesis of these particles [Bakker-Arkema 1996].
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Statin therapy is indicated for secondary prevention in patients with CHD, and for primary
prevention in patients with an increased risk of CVD, with the target LDL varying according to
risk profile: LDL <160mg/dL (<4.1mmol/l) for 0-1 risk factors; LDL <130mg/dL (<3.4mmol/l)
for 2+ risk factors; LDL <100mg/dL (<2.6mmol/l) for known CHD or CHD risk equivalent
[Cleeman 2001].

3.5.3 Plaque regression and non-lipid related effects of the statins

Significant reductions in cardiovascular morbidity and mortality have been demonstrated with
statin therapy and associated reductions in LDL-cholesterol in many clinical trials [Pedersen
1994; Shepherd 1995; Ridker 2008; Simes 1998; Gotto 2012]. Regression of atherosclerotic
plaque on statin therapy has been associated with reductions in LDL-cholesterol and with
increases in HDL-cholesterol [Nicholls 2007b]. Plaque regression has been observed in
studies using imaging by angiography [Blankenhorn 1993], IVUS [Nissen 2006], C-IMT
[Hodis 1996] and MRI [Corti 2001; Migrino 2011, Corti 2005]. Although the potent reduction
in LDL-cholesterol, and the consequent reduction in intimal lipoprotein accumulation and
oxidation, could be expected to be the mechanism by which statins improve cardiovascular
morbidity and mortality, the involvement of HMG-CoA reductase in the formation of
compounds other than cholesterol and the possible involvement of statins in other
immunomodulatory processes has led to a hypothesis that statins may exert additional

(pleiotropic) effects.

The benefits on CHD observed with the statins are incompletely understood. Although the
maximal hypolipidaemic effect with statins can be achieved by 6 weeks [Corti 2005]
significant plaque regression is not seen before 6 months and often takes a minimum of 12-
24 months to become apparent [Migrino 2011; Corti 2005; Corti 2001; Nissen 2006]. The
clinical benefits of lipid lowering however are frequently seen as early as six months
[Shepherd 1995; Ridker 2008], often before significant regression occurs. Other factors are
therefore postulated to contribute. These include reduced leucocyte migration, inflammatory
mediators and smooth muscle proliferation; plaque stabilisation; reversal of endothelial

dysfunction; and decreased thrombogenicity.

Intermediate products of the cholesterol synthesis pathway are used in various other cell-
signalling pathways, and one of the principle effects of statins appears to be inhibition of
leukocyte/endothelial interaction. The isoprenoids geranylgeranyl pyrophosphate and
farnesyl pyrophosphate, activate the small GTPase family of signaling molecules (e.g.
RhoA), which are thought to control cellular functions such as cytoskeleton rearrangement,
neutrophil migration, and reactive oxygen species (ROS) generation [Maher 2009]. Statins

have been shown to reduce the trans-endothelial migration of neutrophils, important in the
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early stages of atherosclerosis, by inhibiting RhoA [Maher 2009]. Statins have been shown to
decrease levels of ICAM-1, [Rezaie-Majd 2003; Blanco-Colio 2007; Raza 2012] P-selectin,
[Lefer 2001] TNF-a,[Raza 2012] and MCP-1 [Blanco-Colio 2007]. Clinically, statins have
been observed to reduce circulating markers of inflammation such as hs-CRP [Ridker 2008],
CRP and nuclear factor-k B [Mihos 2012]. This, together with inhibition of and reduction of
the secretion of metalloproteases, such as MMP-9, from macrophages may contribute to
plaque stabilisation by statins [Bellosta 1998]. A role in attenuating smooth muscle cell
proliferation has been observed which may be important in reducing atherosclerosis [Lefer
2001].

Statins have been demonstrated to reduce macrophage superoxide formation and
endothelial superoxide anion formation by preventing the prenylation of proteins belonging to
the Rac family [Bellosta 2000], hence reducing ROS. Endothelial dysfunction occurs early on
in atherosclerosis and up-regulation of eNOS by statins and resultant increase in NO
improves endothelial function and protects against atherosclerosis [Laufs 1998]. This has
been shown to occur in normocholesterolaemic as well as hypercholesterolaemic cells [Lefer
2001].

Statins have also been implicated in increasing fibrinolytic activity by increasing tissue
plasminogen activator activity and decreasing plasminogen activator inhibitor-1 levels [Lefer
2001]. Decreased tissue factor expression by macrophages reduces activation of the

coagulation cascade [Lefer 2001; Bellosta 2000].
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Chapter 4
Basic Principles and Physics of Cardiovascular Magnetic

Resonance

4.1 Introduction

Cardiovascular magnetic resonance (CMR) is a non-invasive imaging modality free from
ionising radiation. It is able to image the arterial vessel wall as well as the lumen and is the
gold standard for measuring cardiac ventricular mass and function [Hundley 2010], allowing
a comprehensive cardiovascular assessment to be carried out. It is not limited by anatomical
constraints (e.g. acoustic windows,) and imaging can occur in any plane. Vessel wall imaging
is important, enabling the detection of subclinical disease, and allowing for appropriate
primary prevention prior to the onset of symptoms or complications. It can help to identify
individuals at risk from acute vascular events from plaque rupture by diagnosing
atherosclerosis were other imaging modalities may fail — e.g. those with outward remodelling
associated with plaque which would be interpreted as normal on imaging techniques relying
on luminography. Information on plaque composition can also be obtained, potentially
identifying vulnerable plaques at a higher risk of an acute cardiovascular event, something

which occurs predominantly in mildly to moderately sized plaques [Ambrose 1988].

4.2 Physics

4.2.1 Introduction

Nuclear magnetic resonance (NMR) is a phenomenon in which nuclei in a magnetic field
absorb and re-emit electromagnetic radiation. This energy is at a specific resonance
frequency, which depends on the strength of the magnetic field and the magnetic properties
of the atoms used. The human body is composed mainly of water and fat, which contain
many hydrogen atoms. The hydrogen atom consists of a single nuclear proton ('"H) and an
electron. CMR depends on the detection of the intrinsic angular momentum (spin) of the

hydrogen protons as they interact with magnetic fields.

In the absence of a magnetic field, the spin of the hydrogen protons is randomly orientated
(Figure 4.1). When placed in a large magnetic field (Bo), such as that in the bore of a CMR
scanner, the 'H spins align themselves around the Byfield - a small excess align in parallel to
the direction of the field (a low energy state), and the rest align in the anti-parallel direction (a
high energy state). The protons aligned in parallel produce a net magnetisation vector (Mo) in
the field direction (Figure 4.1).
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The spin of 'H protons around the direction of the B, field is known as precession. The
frequency of precession is defined by the Larmor equation:

v=(y/27) By

where v is the precessional (or Larmor) frequency in Hertz (Hz); y is the gyromagnetic ratio in
Hz/Tesla, and related to the mass and charge of the atom used — for 'H y/2n is 42.58

MHz/Tesla; By is the magnetic field strength in Tesla (T).

Figure 4.1. Orientation of nuclear spins. By field is in the z-axis. a) no magnetic field, b) and c) with

magnetic field B, rotation occurs randomly around z-axis with no net magnetisation in xy.
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The direction of the main magnetic field B, defines the z-axis (also known as the longitudinal
direction), and My lies along this axis. There is however, no net magnetisation in the xy-axis
(transverse plane). To create an image (which is detected in the xy-axis by a receiver coil)
the 'H spins must be made to precess temporarily in the xy plane. This is achieved by
applying a second, less powerful, magnetic field (B4) perpendicular to By. This
radiofrequency (RF) excitation pulse causes the 'H protons to "flip’ through an angle (0-180°)
depending on the strength and the duration of the RF pulse. By is transient, lasting
milliseconds and is applied at the Larmor frequency of 'H protons. 'H protons absorb this
energy and precess around the direction of the B, field, in the direction of the xy plane
(Figure 4.2). When B is switched off, 'H protons precess around the By field axis and return
to align themselves with the By, field direction. In doing so an oscillating magnetic field can be
detected by the receiver coils in the xy plane. The signal decays in amplitude over time, and
the decay is known as relaxation. Two types of relaxation occur, T1 (longitudinal) and T2
(transverse or dephasing). Both types of relaxation occur at the same time, but T2 relaxation

is typically much faster.
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Figure 4.2. a) At equilibrium, the net magnetisation, M, is at equilibrium, aligned along the z axis. b).
When an rf pulse is applied, M, makes an angle with the z-axis, known as the flip angle, and rotates
around the axis in the direction of the curved arrow. At any instant the magnetisation can be split into
two components, M, and M,,. The rotating Mxy component generates the detectable MR signal.
[Adapted from Ridgway 2010].
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4.2.2 T1 relaxation

T1 relaxation, also known as spin-lattice relaxation, is a time constant characterised by the
rate at which the longitudinal component of magnetisation, the M, vector, recovers towards
its state of equilibrium. It occurs due to energy release to the environment (lattice) and the
net magnetisation vector increases (recovers) exponentially in the z-axis. It is also referred to
as T1 recovery and derived from the equation:

M,(t)=Mo(1- ™)

where t=time after RF pulse. Following a 90° RF pulse, Mz is initially 0, but increases to its
equilibrium value. T1 is defined as the time it takes for 63% of the longitudinal magnetisation
to recover (Figure 4.3). Each tissue has a unique T1, which is utilised in CMR to create

images. Myocardial T1 is 1100ms and blood 1600ms at 1.5T.
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Figure 4.3. Diagram showing the process of T1 relaxation after a 90° RF pulse is applied.
[Reproduced from Ridgway 2010].
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4.2.3 T2 relaxation

T2 relaxation, also known as spin-spin relaxation, is a time constant characterising the
exponential decay of the transverse component of the magnetisation vector (M,,) towards its
equilibrium value as it rotates about the z axis. T2 is defined as the time for the transverse
magnetisation to fall to 37% (1/e) of its initial value. T2 relaxation occurs as the precessing
protons move out of phase with each other (Figure 4.4). A protons precession rate depends
on the magnetic field it is in. By is constant, but the magnetic moment of each proton causes
a slight variation in the magnetic field experienced by an adjacent proton. As protons move
rapidly and randomly, the net effect is for the frequency of any given proton to fluctuate
randomly resulting in a loss of coherence in the tissue being sampled. This is unavoidable

and irreversible.

4.2.4 T2* relaxation

The observed rate of dephasing is greater than that expected from T2 relaxation (Figure 4.4).
By field inhomogeneities are a second cause for dephasing. As By is inhomogeneous, the
frequency of the spins in different regions varies. This causes randomisation of the spin
phases and a decrease in the net transverse magnetisation. T2* relaxation includes this as
well as T2 (spin-spin) relaxation and is therefore always shorter than T2. T2* is an

exponential process.
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Figure 4.4. Diagram showing the process of transverse relaxation after a 90° RF pulse is applied.
[From Ridgway 2010].
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4.2.5 CMR sequences

An imaging sequence is the combination of a set of RF pulses and applied gradients leading
to image generation. In CMR, the signal is measured in the form of an echo. The two
commonest types of echo used are spin echo (SE) and gradient echo (GE). In general, blood
is black and fat white in SE sequences, and is therefore also known as black-blood imaging.
GE sequences result in images where both blood and fat are white, termed white-blood

imaging.

Spin echo

Spin echoes are created by the application of a 90° excitation RF pulse followed by a
refocusing 180° RF pulse (Figure 4.5), which eliminates field inhomogeneities and therefore
T2* relaxation. They are more robust than GE sequences and less affected by field
inhomogeneities caused by metallic artefacts. SE sequences are used to acquire static
images and are used for anatomical imaging. In CMR, image acquisition is timed to the ECG

(ECG-gated) to minimize cardiac motion artefact.

The contrast obtained in the CMR image is dependent on the T1 and T2 relaxation. The time

the spins remain in the transverse plane determines the amount of T2 relaxation that occurs.
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This is called the time to echo (TE) and is the time taken between the centre of the 90° RF
pulse and the centre of the echo; this is twice the duration between the 90° and 180° RF

pulses. In general, the longer the TE, the greater the T2 contrast or weighting.

The repetition time (TR) of the sequence is based on T1 relaxation. It is the time between
successive 90° RF pulses, and is the time needed to allow sufficient longitudinal signal
recovery before another pulse series can be applied. A change in TR will alter the T1
contrast, or weighting, of the image. A long TR reduces the influence of T1 relaxation time

differences in the image and vice versa.

Figure 4.5. Formation of a spin echo [Adapted from Ridgway 2010].
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Images are built up by adding data acquired across a number of acquisitions, increasing the
SNR. Fast spin echo (FSE) sequences are a variation that allows more lines of k-space to be
acquired with each TR, reducing the imaging time. Multiple 180° refocusing RF pulses are
applied with a varying phase encoding gradient applied within each 180° pulse. This allows
many echoes, typically 16-64 in CMR, to be collected for each slice excitation (90°) pulse.
Signal acquisition is usually carried out in diastole when the heart or vascular structure is

relatively still.

Gradient echo

Gradient echoes are used to image moving objects, such as the heart. Rapid sequence
repetition allows a sequence of images to be acquired during the cardiac cycle that are put
together to form a cine loop. They are used for functional imaging in CMR. A short TR is

needed, hence a low flip angle (8-35°) is used, as a 90° pulse would require a long TR for
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longitudinal recovery. The short TR means the refocusing 180° RF pulse is not needed
(Figure 4.6). T2* relaxation is therefore measured. As TR is shortened, the flip angle must
also be reduced to maintain SNR. The low flip angle RF pulse (a) can be rapidly repeated. A
rewinding gradient, equal and opposite to the phase encoding gradient is applies after each
echo signal acquisition. A spoiler gradient, which dephases any remaining transverse
magnetisation, is also applied at the end of each TR, just before the next a RF pulse. These
ensure no residual transverse magnetisation from the previous phase encode step
contributes to the next signal. As an 180° RF pulse is not used, GE sequences are

susceptible to field inhomogeneities such as metallic artefact.

Figure 4.6. A pulse sequence diagram for gradient echo. Steps 1, 2 and 3 refer to slice selection,
phase and frequency encoding (see section 4.3.3) allowing spatial encoding along the z, x and y axes

respectively. [Adapted from Ridgway 2010].
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Balanced steady state free precession (SSFP) is the sequence most used for cardiac
functional assessment. No spoiler gradient is needed and the spins on all orthogonal axes
are rephased to zero after each TR. As the spins are kept in phase, transverse
magnetisation is reused and superimposed with that generated by the RF pulse in the next
TR. A larger flip angle, typically 60°, is used. As the transverse magnetisation of several TRs
is superimposed, the signal amplitude and hence SNR is high. SSFP is sensitive to field
inhomogeneities, therefore “shimming” is carried out to keep the magnetic field as uniform as
possible over the area being imaged and reduce the likelihood of artefacts. Respiratory

motion artefacts are minimised by breath holding in end expiration.
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4.3 Components of an MR scanner
A magnetic resonance imaging (MRI) system is made up of a number of components: the

MR scanner itself, receiver coils and a processing system to construct the image.

4.3.1 MR scanner

The primary component of the MR scanner is a superconducting magnet. These are ring
magnets, made of a niobium-titanium alloy, which are super-cooled with liquid helium to <4.2
Kelvin, at which temperature there is almost no resistance. Very low electricity levels are
therefore needed to generate high field strengths. The magnetic fields have a high degree of
stability. Three main types of coils create the magnetic fields in the scanner bore (Figure
4.7).

Figure 4.7. MR system components. a) Diagram showing the relative locations of the main magnet
coils, x, y, and z gradient coils, integral RF transmitter body coil and RF receiver coils. b) Typical
arrangement for a cylindrical bore MR system showing the magnet bore and the reference coordinate
axes with the static B, field direction along the horizontal z-axis. [Reproduced from Ridgway 2010].
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Main coils

These generate the strong, constant magnetic field (By), in which the patient is placed. Its
strength defines the operating field strength of the magnet in Tesla (T). By is usually between
1.0t0 7.0 T, and in CMR 1.5T and 3.0T scanners are used. Higher field strengths increase
the signal-to-noise ratio (SNR), increasing image resolution and decreasing the time taken to

acquire the image, but at the expense of increased artefact.
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Gradient coils

Three orthogonal gradient coils are located inside the main magnet. They are resistant type
electromagnets. Each generates a magnetic field in the same direction as B,. They allow
rapid adjustments to field strength with changes along the x, y or z axis depending on which
coil is used. The gradient field strength increases or decreases along its applied direction
and is superimposed onto the By field. It is measured in millitesla per metre. Stronger
gradients and faster switching reduce scan time but are limited by peripheral nerve

stimulation.

Radiofrequency transmitter coil
This is mounted within the gradient coils. It generates a weaker field in the radiofrequency

range (MHz) defined as B4, which is perpendicular to By (see below).

4.3.2 Receiver coil

These are radiofrequency (RF) coils, but are used to detect the MR signal. Modern scanners
use an array of at least four coils, each with separate receivers, and are known as a phased
array system, which can be used in parallel imaging. Coils are essentially small antennae in
which the magnetic field induces an electric current, which is amplified, digitised, and filtered
to extract frequency and phase information. They are placed on the patient, over the area to
be imaged. Tissues adjacent to the surface coil have a good SNR and the coils limit the
region from which the MR signal is received. The signal strength received decreases with

distance from the coil.

4.3.3 Construction of the MR image

The static magnetic and RF fields combine to generate magnetic resonance signals. These
MR signals contain spatial and magnitude information that is decoded to create an MR
image. A two-dimensional cross-sectional image is built up using a combination of gradient

magnetic fields and RF pulses.

Slice selection

A two-dimensional plane of a given thickness (a slice) is acquired in MRI. A linear slice
selection magnetic field gradient (Gs) is applied perpendicular to the imaging plane to be
acquired, resulting in a gradient in the precessional frequencies of the protons along its axis
(Figure 4.8). A RF pulse transmitted perpendicularly to Gs consists of a small range of
frequencies (the transmit bandwidth) and corresponds to the frequencies at a chosen point

along Gs. Only tissue in this plane is therefore excited, and the thickness of the slice is
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determined by the transmit bandwidth and the strength of Gs. Slice selection acquires data in
the z axis, but does not encode data along the x and y axes. Phase and frequency encoding

achieve these.

Figure 4.8. Selecting a slice. For step 1 of image formation process, a slice of tissue is selected by
applying a magnetic field gradient Gs at the same time as the RF excitation pulse. The position along
the gradient (in this example along the z axis) determines the Larmor frequency and resonance only
occurs where this matches the frequency of the RF pulse, fy, defining a plane (slice) of tissue
perpendicular to the z-axis. In practice the RF pulse is applied over a small range of frequencies, thus

defining the thickness of the slice. [Reproduced from Ridgway 2010].
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Phase encoding

Phase encoding is carried out in one of the transverse axes (Figure 4.9). A phase encoding
gradient (Gp) is applied with protons in the strongest part of the magnetic field having a
higher frequency of precession and changing their relative phase depending on their position
along the gradient. The direction of Gp is known as the phase encoding direction. The phase
of a signal in the readout indicates its position in the phase encode direction. Many phase
encoding gradients of increasing strength are required to localise the signal. The same slice
selection and frequency encoding gradients are repeated with each step, but the phase
encoding gradient strength is increased incrementally. The time interval between repetitions
(TR) can be set by the operator to increase spatial resolution in the phase encode direction,

but will increase scan duration.
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Frequency encoding

The frequency-encoding gradient (Gg) is applied in the other transverse axis, perpendicular
to Gs, allowing spatial encoding along this axis (Figure 4.9). Protons rotate at different
frequencies according to their relative position along Gg. The signal is measured during the
time Gg is applied and the direction of the frequency-encoding gradient defines the frequency

encoding direction.

Slice selection, phase encoding and frequency encoding are described above as occurring in
the z, x and y axes respectively. However, one strength of MRI is the ability to define any
slice orientation. This is achieved by combining gradients along two or more axes to perform

each of the localisation tasks.

Figure 4.9. Step 2, a phase encoding gradient, Gp, is applied in a direction along the selected image
plane (in this case the phase encoding direction is along the y direction). This causes a range of
phase shifts of the proton magnetic moments dependent on their position along the gradient as well as
the slope and duration of the gradient. For step 3, following the phase encoding gradient, the
frequency encoding gradient, Gg, is applied also in the plane of the selected slice but perpendicular to
the phase encoding direction. The MR signal echo is measured during this period. The frequency
encoding gradient determines the Larmor frequency according to position along its direction (in this
case, the x direction). The detected MR signal from the slice of tissue is therefore comprised of many
different frequencies. The field of view is predefined and matched to a specific range of frequencies,
referred to as the receiver bandwidth. [Reproduced from Ridgway 2010].
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K-space and the Fourier transform

K-space is an abstract concept and refers to a mathematical data matrix into which the raw
MRI data is collected. Each point in k-space contains specific frequency and phase
information (x,y coordinates) as well as signal intensity information. Each frequency encoding
acquires a line of k-space (kx). Each phase encoding step moves up the ky axis to acquire
another frequency encoding line. Once all the data is collected, a two-dimensional fast
Fourier transform is applied to convert the data into an image. In general central regions of k-

space encode contrast information and peripheral regions spatial resolution.

4.4 CMR measurement of cardiac function and mass

4.4.1 Introduction

CMR is considered the gold standard non-invasive imaging modality for the assessment of
cardiac function and mass [Hundley 2010]. Images can be obtained in any plane irrespective
of body habitus and there is no ionising radiation. Geometric assumptions are not made and
mathematical calculations are not needed to account for missing data. CMR also allows for
the assessment of a number of cardiac anatomical and functional parameters in one
comprehensive study. Spatial and temporal resolutions have improved greatly and frame

rates of 20-40ms are usual in breath-hold cine sequences [Hundley 2010].

4.4.2 Ventricular volume and function

CMR accurately measures both left and right ventricular volumes, stroke volume (SV) and
hence, ejection fraction [Hundley 2010]. Correlation is excellent between the volume of water
displaced by ventricular casts and volumes measured by CMR [Longmore 1985; Rehr 1985].
In normal hearts, SV, measured by subtracting the end systolic from the end diastolic
volumes, should be equal for the left and right ventricle. SV ratios of 0.97+0.06 were
demonstrated by Sechtem et al. confirming the accuracy of volume measurement by CMR.
Measurements of SV, and therefore cardiac output, by invasive thermodilution techniques in
animal studies [Culham 1988] and left ventriculography at cardiac angiography in humans
[Utz 1987] have also correlated well with CMR measurements. Interstudy, interobserver and
intraobserver reproducibility is excellent for both LV and RV measurements of volume and
function by CMR, and has been confirmed in diseased hearts (LV hypertrophy, ischaemic
and dilated cardiomyopathy) as well as in normal hearts [Sechtem 1987; Grothues 2002;
Grothues 2004].

4.4.3 Ventricular mass

CMR measurement of myocardial mass has been validated against human cadaveric hearts
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for LV mass [Katz 1988] and animal cadaveric hearts for LV and RV mass [Katz 1993].
Reproducibility is good with low variability between studies and in interobserver and
intraobserver measurements [Katz 1988; Katz 1993; Grothues 2002; Grothues 2004].

4.4.4 Myocardial scar

The presence of myocardial scarring or fibrosis can be identified with CMR by the use of
extracellular paramagnetic contrast agents. These are gadolinium chelates, which shorten T1
and appear bright (white) on a T1-weighted (T1W) GE inversion recovery sequence - late
gadolinium enhancement (LGE). Injected intravenously, gadolinium distributes into the
abnormal myocardial interstitium caused by an acute infarct or acute myocarditis, or by
scarring due to previous infarction, healed inflammation or extracellular expansion in

cardiomyopathies.

4.5 CMR imaging of atherosclerosis

4.5.1 Introduction

Atherosclerosis is an inflammatory-mediated disease of medium to large arteries with a
predilection for certain arterial beds, especially the carotid, aorta, coronary and peripheral
arteries. It causes a large global burden of morbidity and mortality. Atherosclerosis imaging is
clinically important for symptom management as well as primary and secondary prevention.
Plague imaging can also be used to discriminate between unstable (vulnerable) plaques,
which may be relatively small, asymptomatic, but highly likely to cause a CV event, and
stable plaques, allowing aggressive disease modifying therapy to be targeted to those most
at risk. In clinical research, the effect of treatment on atherosclerosis stability, or the arrest

and possible regression of plaque growth can be evaluated.

The carotid arteries and aorta provide large, relatively motion-free and accessible structures
for imaging. The carotid arteries are less challenging due to their superficial location. Aortic
and carotid artery atherosclerosis has been associated with increased Framingham coronary
risk score [Jaffer 2002], and the presence of coronary artery disease [Taniguchi 2004]. Aortic
wall thickness as a measure of subclinical atherosclerosis has been associated with age,
being male and black [Jaffer 2002; Li 2004]. The aorta and carotid arteries are therefore
used as surrogates for coronary artery atherosclerosis in imaging studies. CMR allows
visualisation of the entire arterial wall without geometric or imaging window constraints. Its
lack of ionising radiation and high degree of reproducibility make it safe and suitable for use

in longitudinal studies.
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4.5.2 Multicontrast CMR

Plaque morphology

The different components of plaque can be identified by CMR due to their different relaxation
properties. Multicontrast CMR involves the use of T1W, T2W, and proton weighted (PDW)
FSE sequences, with the blood nulled by a preparatory RF pulse. Time of flight (TOF)
sequences can also be used. Variations between the signal intensities allow the different

plague components to be identified (Table 4.1).

Table 4.1. Signal intensities of plaque components compared to adjacent muscle.

+ = hyperintense; - = hypointense; + = isointense. [Adapted from Fuster 2005].

CMR sequence and signal intensity

Plague TiW TZ2W PDW TOF
component

Recent thrombus  + to =z -fo= -fox +
Limid + - + *
Fibrous tissue * = bo + + * to -
Caleium - - - -

CMR is also able to identify carotid plaque rupture in patients with a recent stroke or transient

ischemic attack [Yuan 2002a] as well as intraplaque haemorrhage [Chu 2004].

Validation and reproducibility

Carotid plaque area and volume measured by CMR has been validated in patients
undergoing endarterectomy [Yuan 1998]. In vivo and ex vivo CMR plaque area showed
strong agreement; interobserver and intraobserver variability was low with intraclass
correlation coefficients ranging from 0.90 to 0.98. Carotid CMR has been shown to have
good inter-study reproducibility with a coefficient of variation of 4.6% [Varghese 2005a]. A
study by Corti et al demonstrated an error of 2.6% for aortic and 3.5% for carotid plaques on

repeat imaging [Corti 2001].

Validation of plaque components identified on CMR has also been undertaken [Toussaint
1996; Yuan 2001a; Yuan 2001b]. Yuan et al demonstrated a sensitivity of 85% and
specificity of 92% in identifying lipid-rich necrotic core. Thoracic aortic plaque CMR has been
validated against transoesophageal echocardiography with strong correlations shown for
plaque composition and plaque thickness [Fayad 2000]. CMR has also been compared

against histological classification according to American Heart Association guidelines and
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found to have good agreement, being able to discriminate advanced lesions from early and

intermediate lesions [Cai 2002].

4.5.3 Contrast agents

Use of contrast agents can improve the sensitivity of detecting plaque components. They
reduce the need for very high spatial resolution for the assessment of plaque morphology by
multicontrast CMR alone, and if targeted to receptors or plaque components, reduce the

need for image interpretation.

Gadolinium

Gadolinium is a paramagnetic contrast agent routinely used in CMR for perfusion imaging,
identification of intracardiac thrombus and myocardial scar tissue. Gadolinium chelates
increase the intraluminal signal after injection and are able to detect neovascularisation in
plagues [Yuan 2002b; Kerwin 2003]. Gadolinium chelates are not specific for
neovascularisation. As extracellular agents they have been shown to accumulate in areas of
inflammation (due to increased vascular wall permeability) [Cai 2005] and fibrotic tissue (due
to an increased volume of distribution) [Yuan 2002b; Cai 2005]. Kinetic models of their
biodistribution may therefore be required to accurately identify plaque components,
particularly in smaller vessels such as the coronary arteries where current levels of resolution
make it difficult to differentiate between plaque components. Gadolinium uptake was seen to
occur more in calcified plagues compared to non-calcified plaques when evaluated against
MSCT [Yeon 2007]. It has also been used post myocardial infarction and appears to

measure local inflammation [Ibrahim 2009].

Molecular imaging

Molecular imaging unites CMR with biological processes occurring in the arterial wall. In CVD
these include angiogenesis, inflammation and thrombosis. Probes have been constructed to
target markers including fibrins, selectins and integrins. A ligand is attached to a signal
element and targeted to a specific receptor involved in the biological process under
investigation. Signal elements used in CMR include gadolinium and iron oxides. Increased
signal intensity and affinity to the target can be achieved by using a nanoparticle carrying
large numbers of ligands and signal elements (Figure 4.10). They are used for research, not

in routine clinical practice.
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Figure 4.10. Figure showing a molecular contrast agent. The ligand and signal element can be directly
linked or attached to a nanoparticle carrier.

Endothelium
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* Signal element = Gadolinium chelates
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Angiogenesis
To clearly identify areas of neovascularisation, CMR agents that remain, or remain longer in
the intravascular space are needed. Integrin a3, over-expressed on the endothelium of new

vessels has been targeted to identify areas of neovascularisation [Winter 2003].

Inflammation

Inflammation in the fibrous cap results in its thinning and ultimately rupture. This is mediated
by MMPs secreted by macrophages. Ultrasmall paramagnetic particles of iron oxide
(USPIOs) are taken up by plaque macrophages and can be detected as areas of signal loss
on CMR [Kooi 2003; Trivedi 2004]. Optimum imaging time is 24-36 hours after injection
[Trivedi 2004]. USPIO uptake by plague macrophages has been validated histologically and

increased uptake in ruptured or vulnerable plagues demonstrated [Kooi 2003; Hyafil 2006].

Gadolinium loaded nanoparticles have also been targeted to areas of endothelial activation
and vascular inflammation, targeting adhesion molecules such as ICAM-1, VCAM-1, E-
selectin and P-selectin [Kim 2010], as well as MMPs [Lancelot 2008].

Thrombosis

Fibrin-targeted contrast agents are able to identify thrombus, a vulnerable plaque
complication. Small thrombi overlying a ruptured plaque indicate those plaques at highest
risk of further rupture and vessel occlusion. Gadolinium-loaded nanoparticles linked to a
fibrin antibody have been used to increase thrombus signal compared to non-contrast

images [Sirol 2005a] and ascertain the age of thrombus [Sirol 2005b]. Sensitivity and
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specificity of 100% for thrombus detection has been demonstrated [Sirol 2005a; Sirol 2005b;
Botnar 2004].

4.5.4 1.5T versus 3.0T

Carotid vessel wall imaging by CMR can overcome many of the limitations of C-IMT,
including one-dimensionality, measurement site variability, and near field artefacts. It can be
performed with constant resolution along the artery and combined into a three-dimensional
model generating the wall volume for the length of artery studied. CMR measurements of
wall area and thickness correlate well with measurements of C-IMT [Mani 2006].
Reproducibility is good with interstudy coefficients of variation of 4.6% [Varghese 2005a],
allowing for a greatly reduced sample size in clinical studies. Inter-rater variability is low, with
interobserver intraclass correlation coefficient of 0.96 at 1.5T field strength [Yuan 1998], and
0.90-0.99 at 3T [van Wijk 2014]. Higher field strengths increase the SNR, increasing image
resolution and decreasing the time taken to acquire the image, but at the expense of
increased artefact. USPIO plaque targeting should be more sensitive at higher field
strengths. Measures of carotid wall volume have been compared at 1.5T and 3.0T field
strengths with no significant differences reported, allowing comparison between scans

acquired at the different field strengths to be made [Yarnykh 2006].

Studies defining normal CMR values for cardiac volumes, function and mass at 3.0T have
not been published. Reproducibility studies at 1.5T and 3.0T have shown no significant
differences in LV and RV volume, mass or function and a high degree of reproducibility
between both field strengths [Hudsmith 2006; Ligabue 2008].

4.5.5 Arterial wall CMR in clinical trials

Carotid and aortic wall and plaque thickness, area and volumes have been used in clinical
trials to look at the effect of standard and aggressive lipid-lowering regimes [Corti 2001; Corti
2002; Corti 2005; Migrino 2011]. Inward remodelling with plaque regression [Corti 2002] and
reduction in the size of the lipid-rich core [Underhill 2008] have also been demonstrated,
indicating that plaque stabilisation may be occurring. Carotid CMR has also been used to
look at the effect of disease modifying treatment on the arterial wall in inflammatory
conditions, e.g. Behcet’s disease [Chan 2011]. The ability of in vivo CMR to quantify plaque
volume and plaque composition with low inter-scan variability allows for relatively small
numbers of patients to be recruited into clinical trials compared to those needed in studies

using ultrasound [Saam 2005].
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4.5.6 The future

The ability to identify targets indicating plaque vulnerability will allow drugs aimed at
stabilising plaque as well as reducing plaque volume to be evaluated longitudinally. This will
provide for a more refined assessment of drug effects in large groups of patients with CVD
rather than the more blunt approaches now used. In diseases associated with increased CV
risk, such as SLE and HIV, where the disease process may vary from that seen in the
general population, the effect of drugs targeting specific inflammatory mechanisms within the

arterial wall may be able to be assessed.
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Chapter 5

Systemic Lupus Erythematosus

5.1 Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease of unknown aetiology
that can affect any organ system. It manifests a broad range of clinical presentations, and
can run a varied clinical course, from a relatively benign disease to a rapidly progressive
disease with organ failure and death. Gender remains the greatest risk for SLE with a female

ratio of 9:1 typical in most studies [D’Cruz 2007].

5.2 Epidemiology

Epidemiological studies have shown large variations in the incidence and prevalence of SLE,
according to geography and ethnicity which may reflect true population differences or
differences in diagnosis and study methodology [Danchenko 2006; Pons-Estel 2010; Rees
2014]. Those with African, Afro-Caribbean or Asian ancestry are at a significantly greater risk
of developing SLE, often with a more severe clinical manifestation. In the UK, overall
estimated incidence rates are 3.8 to 4.91 per 100,000 - 21.9 to 31.46 per 100,000 in the Afro-
Caribbean population versus 3.0 to 6.73 per 100,000 in the white population [Danchenko
2006; Rees 2014]. Similarly, prevalence in the Afro-Caribbean population is 159.4 to 517.51
per 100,000 compared with 20.5 to 134.53 per 100,000 for the white population [Danchenko
2006; Rees 2014]. This racial variation is consistent in worldwide epidemiological studies
with incidence and prevalence of SLE being highest in non-Caucasian populations
[Danchenko 2006; Pons-Estel 2010; Somers 2014].

SLE is often described as a disease of women in their reproductive years, although it can
occur at any age. Early studies showed peak incidence rates in women aged 15-44 years
with peak prevalence occurring at 45-64 years [Siegel 1973]. This pattern is still seen in
black women in the United States [Pons-Estel 2010; Somers 2014]. In other populations,
however, a different pattern has emerged, with the highest age-specific incidence rates
occurring after 40 years of age. In the United Kingdom the highest age-specific incidence
rate has been found to be between 40-49 years [Rees 2014] and 50-54 years [Somers
2007]. Other Northern European studies have found even later age-specific peak incidence
rates - 50-59 years (Iceland) [Gudmundsson 1990]; 65-74 years (Sweden) [Stahl-Hallengren
2000]. In males, small numbers make age-specific incidence rates difficult to interpret
although peak incidence appears to be later than in women. In the UK incidence has been

shown to peak in men between 60-69 years [Rees 2014] and 70-74years [Somers 2007;
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Jiménez 2003]; these findings are echoed in other studies around the world [Somers 2014;
Stahl-Hallengren 2000]. Prevalence is significantly higher in women than in men at all ages,
with an increasing trend seen in both sexes, which is more marked in women [Rees 2014;
Somers 2014]. The peak age in prevalence has been found to be 60-69 years for women
and 80-89 years for men in the UK [Rees 2014] compared with 40-49 years for women in the
US [Somers 2014].

Temporal increases in worldwide incidence and prevalence have been noted. Between 1955
and 1974, the SLE incidence in the USA increased from 1.0 to 7.6 per 100,000 [Siegel 1970;
Fessel 1974]. In Rochester, USA, the age-adjusted incidence of SLE more than tripled from
1-51 per 100,000 in 1950-79 to 5-56 per 100,000 in 1980-1992 [Uramoto 1999]. Similar
increases were seen in Europe [Gudmundsson 1990; Voss 1998]. Although some of this
increase may reflect an increase in disease occurrence, greater awareness of SLE, wider
availability, sensitivity and use of antinuclear antibody (ANA) testing, more accurate
diagnosis and the diagnosis of milder cases, are also likely to have contributed. The
increased incidence observed over the last few decades may however, now be stabilising
[Somers 2007; Stahl-Hallengren 2000] or even falling [Rees 2014]. Prevalence, however,
continues to increase largely due to improved survival — 5-year survival 50% in 1950
compared with 90% in the 1990s [Gladman 1996a], which continues to improve [Uramoto
1999; Urowitz 2008].

5.3 Aetiology and Pathogenesis

5.3.1 Introduction

The aetiology and pathogenesis of SLE remains unclear, but is clearly multi-factorial. Varied
penetrance and lack of concordance amongst genetically identical twins [Deapen 1992]
suggests that a variety of triggers as well as a susceptible genetic profile are likely key in
inducing SLE onset and flares [Liu 2012]. Studies suggest a role for immunological, genetic,

hormonal and environmental factors.

5.3.2 Immunology

Numerous immune defects occur in SLE, some episodic, some corresponding to disease
activity and some contributing to the pathological changes seen in SLE. Abnormalities are
predominantly involved in immune regulation and cause a loss of ‘self tolerance’ [Munoz
2005; Liu 2012].

The main immunological characteristics are high ANA titres, high levels of circulating immune

complexes and increased complement consumption [Munoz 2005]. Autoantibodies are
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present years before the onset of clinical features. A study looking at the stored serum
samples of US military personnel showed that ANAs were present in 78% (at a dilution of
1:120 or more), anti-double stranded DNA (anti-dsDNA) antibodies in 55%, anti-Ro
antibodies in 47%, anti-La antibodies in 34%, anti-Sm antibodies in 32%, anti-nuclear
ribonucleoprotein (anti-nRNP) antibodies in 26%, and antiphospholipid (aPL) antibodies in
18%, often years before symptom onset and clinical diagnosis. Antibodies appear in a
predictable course with a peak in their numbers prior to the appearance of clinical illness.
The presence of antibodies alone, however, does not indicate disease, as evidenced by the
occurrence of the same antibodies in some normal individuals, albeit in smaller quantities
[Arbuckle 2003]. Other factors (e.g. variability in immune response, environmental triggers)

may be needed to produce clinical illness [Liu 2012].

The autoantibodies associated with SLE are primarily directed against intracellular antigens
[Liu 2012]. Apoptosis is an active, programmed and genetically conserved process that
occurs in all tissues under both physiological and pathological conditions. If apoptotic cells
are not cleared promptly, membrane integrity may be lost and intracellular material released,
compromising the maintenance of self-tolerance [Liu 2012]. Necrosis occurs when external
factors such as infection, mechanical injury and ischaemia affect cells resulting in disruption

of the cell membrane [Munoz 2005].

Under normal conditions, apoptotic material is cleared by macrophages, which produce anti-
inflammatory cytokines and/or sequester nuclear autoantigens, down-regulating the antigen
presentation function of dendritic cells. Consequently, there is no inflammation and T- and B-
cell tolerance is induced. In SLE, phagocytosis is significantly impaired [Landry 1977],
allowing self-antigens to activate proinflammatory receptors (e.g. Fc receptors) [Liu 2012].
Apoptotic cells accumulate, become necrotic and accessible to tissue and follicular dendritic
cells. The adaptive immune system is activated. Tissue dendritic cells produce inflammatory
cytokines and present autoantigens to autoreactive T-cells. Follicular dendritic cells may

sequester autoantigens and present them to autoreactive B-cells [Munoz 2005].

The innate immune system is also activated. Complement components C1q, C3 and C4 are
involved in the clearance of dying cells [Munoz 2005, Taylor 2000, Gaipl 2001]. Complement
binding has been found to be an early feature of necrosis and a late feature of apoptotic cell
death, possibly acting as a backup mechanism to clear apoptotic cells [Gaipl 2001].
Complement deficiencies and reduced complement activity found in SLE patients impair this

clearance mechanism, [Munoz 2005; Sturfelt 2005] further promoting inflammation.
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There is also growing evidence for the role played by cytokines such as B-lymphocyte
stimulators (BLys), interleukin-6, interleukin-17, interleukin-18, type | interferons and TNF-a,,
in the pathogenesis of SLE. These cytokines have roles in the differentiation, maturation and

activation of various immune cells, mediating local inflammation and tissue injury [Yap 2013].

The pentraxins such as C-reactive protein (CRP) are highly conserved glycoproteins and
acute-phase reactants involved in the regulation of inflammation. CRP acts as an opsonin by
interacting with the Fc receptor on phagocytic cells, enhancing the phagocytosis of cells
undergoing apoptosis. CRP also induces complement activation via the classical pathway
[Munoz 2005]. CRP levels are inappropriately low in SLE patients, [Pereira da Silva 1980]
and this may contribute to the impaired phagocytosis of apoptotic cells. CRP can also bind to
the nuclear constituents of necrotic cells, such as histones and small nuclear
ribonucleoproteins, and human-derived CRP has been shown to suppress renal inflammation
in @ murine model of human SLE. This suggests a major immunomodulatory role of CRP is

to limit acute inflammation and tissue damage [Rodriguez 2005; Ogden 2005].

5.3.3 Genetics

Over 40 gene loci conferring susceptibility to SLE have been identified [Rullo 2013; Boackle
2013; Altorok 2013; Ghodke-Puranik 2015]. Familial and monozygotic twin studies support
the idea of a genetic predisposition to SLE. However, even amongst monozygotic twins,
concordance rates are only 24% [Deapen 1992] and SLE occurrence rarely follows a
classical Mendelian inheritance pattern. It is assumed that the inheritance of multiple genes
with varying effects, as well as epigenetic factors, combine to give an overall genetic risk for
developing SLE [Boackle 2013; Ghodke-Puranik 2015].

Genes influencing the innate and adaptive immune pathways have been identified. These
include the HLA genes involved in the major histocompatibility complex; genes involved with
DNA degradation, cellular apoptosis and phagocytosis (e.g. TREX1, DNASE1, FAS, FASL,
FCGR, C1q, C2, C4); genes involved in macrophage, natural-killer cell and dendritic cell
signalling (e.g. Toll-like receptor [TLR-3, TLR-7, TLR-8, TLR-9], Type-I interferon pathway
[IRF3, IRF 5, IRF7], STAT4, TNFAIP3, TNIP1); genes involved in B-cell function and
signalling (e.g. BLK, BANK1, PRDM1); and genes involved in T-cell function and signalling
(e.g. PTPN22, TNFSF4) [Rullo 2013; Ghodke-Puranik 2015].

The X-chromosome may also be important. Several predisposing gene variants, e.g. TLR7
and IRAK1, are located on the X-chromosome [Rullo 2013]. Men with Klinefelter's syndrome

(XXY) have a risk of SLE similar to that of ethnically matched women whereas Turner's
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syndrome (XO) is underrepresented amongst SLE patients, suggesting a gene-dose effect
[Scofield 2008; Cooney 2009]. Other possibilities for SLE susceptibility and female
predisposition include epigenetic mechanisms such as demethylation of the CD40LG

promoter and the enhancer on the inactive X-chromosome [Lu 2007].

5.3.4 Hormonal Factors

Sex hormone involvement, particularly oestrogen, in the aetiology of SLE might be inferred
from the ‘average’ SLE patient (female, with onset after puberty). Oestrogen can impair B-
cell tolerance in mice [Grimaldi 2006; Petri 2008]. In human cohort studies a slightly
increased risk of developing SLE has been found in those taking the oral contraceptive pill or
hormone replacement therapy [Sanchez-Guerrero 1997; Costenbader 2007]. The existence
of childhood, post-menopausal and the often more clinically severe male SLE, goes against
this ‘oestrogen hypothesis’, although higher oestrogen levels have been reported in men with
SLE [Petri 2008]. Conflicting evidence also exists on the risk of SLE flares when using oral
contraceptives, hormone replacement therapy or during pregnancy [D’Cruz 2007; Petri
2008].

Other hormones have been implicated in SLE. Increased prolactin levels can promote the
activation and survival of autoreactive B-cells, impairing B-cell immunological tolerance
[Grimaldi 2006; Petri 2008]. High prolactin levels in SLE have been associated with
increased disease activity levels [Petri 2008]. Reduced levels of the androgens testosterone
and dehydroepiandrosterone (DHEA) have been reported with SLE in both sexes [Petri
2008]. Hence, the gender bias in SLE is not easily explained by simple hormonal influences.
A complex interaction of sex hormones, the possible involvement of sex-linked genes and

other factors is probably involved.

5.3.5 Environmental Factors

Environmental factors, such as ultraviolet light, infection, vitamin D deficiency, cigarette
smoke, and chemicals have been implicated in the induction of SLE and disease flares.
Epigenetic changes are believed to mediate many of the environmental factor effects via

oxidative stress and modification of CD4+ T-cell gene expression [Somers 2014].

Ultraviolet Light

Ultraviolet (UV) light can induce SLE flares and may contribute to disease onset [Bijl 2006;
Barbhaiya 2014]. Both UV-A and UV-B can induce keratinocyte apoptosis, releasing nuclear
antigens and triggering an autoimmune inflammatory response [Bijl 2006; Barbhaiya 2014].

This appears to be dose dependent [Caricchio 2003]. Keratinocytes may also up-regulate
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MHC-II, stimulate autoreactive B-cells by releasing autoantigens and proinflammatory

cytokines, and present antigens to the immune system [Caricchio 2003].

Infections

Infections may trigger SLE by disturbing immunoregulation and causing tissue damage,
resulting in antigen release [Danchenko 2006]. Bacterial and viral infections (e.g. Epstein-
Barr, herpes zoster, cytomegalovirus, endogenous retroviruses) may contribute to the
development of autoimmunity via molecular mimicry. An increased prevalence of these
infections has been found in some SLE cohorts [James 2012; Cooper 2002; Adelman 2002;
Nelson 2014].

Vitamin D Deficiency

Photosensitivity in SLE and consequent avoidance of sunlight exposure increases the risk of
vitamin D deficiency. The protective immunomodulatory role of vitamin D is increasingly
recognised and deficiency has been associated with higher SLE disease activity in some
studies [Petri 2013]. Vitamin D level correction has been associated with reduced proteinuria

and disease activity scores but no significant change in serological markers [Petri 2013].

Smoking

The importance of cigarette smoking in SLE onset is uncertain. Current evidence suggests a
weak association (odds ratio 1.5, 95% confidence interval: 1.09-2.08) for developing SLE in
current smokers versus never smokers. The mechanisms are unclear but could include
tissue hypoxia, toxin-mediated cellular necrosis, interference in sex hormone metabolism and

immunomodulatory effects [Costenbader 2004; Takvorian 2014].

Chemicals

Population-based studies have shown a consistent association between silica exposure and
SLE onset [Parks 2006; Parks 2014]. In animals silica effects include increased pro-
inflammatory cytokine production (TNF and IL-1) and macrophage toxicity resulting in cellular

apoptosis and increased intracellular self-antigen exposure [Parks 2006].

Pesticides have been implicated in increasing the risk of SLE, but the specific type(s) of
pesticide are unknown and data based on only a few case-control studies [Parks 2006]. Few
studies have investigated the association of solvents and other hydrocarbons with SLE, and

no definitive evidence has been found [Parks 2014].
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5.4 Diagnostic criteria

Classification of SLE is done according to the consensus criteria of the American College of
Rheumatology (formerly the American Rheumatism Association) first defined in 1971 [Cohen
1971] and subsequently revised in 1982 [Tan 1982], 1997 [Hochberg 1997] and 2012 [Petri
2012]. It was developed for use in clinical research as a tool for the identification and
characterisation of SLE, and may fail to identify some patients particularly early on in the
disease [Pons-Estel 2014]. A patient is classified as having SLE if 4 or more of the Systemic
Lupus International Collaborating Clinics (SLICC) 2012 classification criteria (see Table 5.1)
are met (this must include at least one clinical and one immunological criterion), or if there is
biopsy-proven nephritis compatible with SLE in the presence of ANAs or anti-dsDNA
antibodies. Symptoms and laboratory findings are cumulative and need not be present

concurrently [Petri 2012].
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Table 5.1. Clinical and immunologic criteria used in the Systemic Lupus International Collaborating
Clinics (SLICC) classification system (adapted from Petri ef al, 2012).

Clinical criteria

1. Acute cutaneous lupus. including: Lupus malar rash

Bullous lupus
Toxic epidermal necrolysis variant of SLE
Maculopapular lupus rash
Photosensitive lupus rash
in the absence of dermatomyosilis
Subacute cutaneous lupus (non-indurated psoriafoerm &'or annular polycyclic
lesions)

2. Chronic cutansous lupus, incleding Classic discoid rash
Localised (above the neck)
Generalized {above & below the neck)
Hypertrophic (verrucous) lupus
Lupus panniculitis {profundus)
Mucosal lupus
Lupus erythematous tumidus
Chilblains lupus
Discoid lupusfichen planus overlap
3. Oral ulcers Palate
Buccal
Tongue
OR nasal
in the absence of other causes, e.g. vasculitis, Behcet's diseass,
infection (herpeswirus), infiammaton bows! diseasse, reactive arthntis,
& acidic foods
4. Mon-scarring alopecia Diffuse thinning or hair fragility with visible broken hairs
in the absence of other causes e.g. alopecia areata, drugs, iron
deficiency, & androgenic alopecia
5. Bynovitis Involving =2 joints, characterized by swelling or effusion
OR temdermess in 2 or more joints and at least 30 minutes of moming stiffness

. Serositis Typical pleurisy for more than 1 day
OR plaural effusicns
OR plaural rub
Typical paricardial pain for more than 1 day
OR pericardial effusion
OR pericardial rub
OR pericarditis by electrocardiography
in the absence of other cavses, e.q. infection, uremia, & Dresaler's
pericarditis
7. Renal Urine protein—to-creatinine ratio {or 24-h urine protein) of 500 mg /24-h
OR red blood cell casts

8. Neurologic Seizuras
Peychosis
Mononeuritis multiplex
in the absence of other known causes e.g. primary vasculifis
Myelitis
Paripheral or cranial neuropathy
in the absence of other causes e.g. vasculitis, infection, & diabetes
Acute confusional state
in the absence of other causes, including foxicimetabolic, uremia,
drugs

9. Hesmolytic anasmia

10. Leukopenia (<4,000/mm? at least once)
in the absence of other known causes such as Felfy's syndrome, drugs, and portal Aypertension
OR lymphopenia {<1,000/mm? at least onca)
in the absence of other known causes e.g. coricosteroids, drugs, & infeclion

11. Thrembocytopenia (<100,000/mm3} at least once
in the absence of other causes e.g. drugs, portal hypertension & thrombotic thrombocytopenic purpura

Ammunologic criteria

1. AMA level above laboratory reference range

2_Anti-dsDMNA antibody level above laboratory reference range (or =2-fold the referance rangs if tested by
ELISA)
3_Anti-Sm: presence of antibody to Sm onuclear antigen

4. Antiphospholipid antibody positivity as determined by any of:
Paositive test result for lupus anticoagulamnt
False-positive test result for rapid plasma reagin
Medium- or high-titer anticardiolipin antibody level (g4, 193, or Ight)
Positive test result for anti-"2-glycoprotein | {lg&, IgG, or Ight)

5. Low complement:
Low C3
Low C4
Low CHSO

6. Direct Coombs’ test
in the absence of hemolytic anemia

ELISA = enzyme-linked immunosorbent assay
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5.5 Cardiovascular disease in SLE
5.5.1 Introduction

The range of CVD in SLE includes Raynaud’s phenomenon, vasculitis, endothelial
dysfunction, a procoagulant tendency associated with antiphospholipid antibodies,
atherosclerosis and myocardial dysfunction (particularly, increased left ventricular ejection
fraction and mass due to left ventricular hypertrophy) [EI-Magadmi 2004; Lima 2002; Pieretti
2007; Chow 2007]. The 5-year survival rate has increased [Gladman 1996a], partly due to a
decrease in deaths from SLE disease activity and infections [Gustafsson 2014], but the
mortality rate still exceeds that seen in the general population (SMR 2.4) [Bernatsky 2006;
Gustafsson 2012]. Deaths from CVD have not decreased and accounted for 48% of all
deaths in a recent Swedish SLE cohort study [Gustafsson 2012]. Studies of CVD in SLE
include those looking at hard clinical outcomes (myocardial infarction, angina, stroke,
transient ischaemic attack, claudication, peripheral arterial thrombosis) and those looking for
the presence of atherosclerosis, either as definite disease (plaques and to a lesser extent
arterial calcification) or for the presence of surrogate markers of atherosclerosis, particularly
C-IMT.

5.5.2 Coronary artery disease

SLE is a recognised independent risk factor for atherosclerosis and coronary artery disease
(CAD), with an incidence of myocardial infarction for women with SLE aged 35-44 years,
greater than 50 times that in the Framingham dataset [Manzi 1997; EI-Magadmi 2004]. Even
after matching for traditional cardiovascular risk factors, CAD risk in SLE is 7-fold higher than
that of healthy controls [Esdaile 2001].

Subclinical coronary atherosclerosis has been investigated in SLE. Coronary artery
calcification has been shown to be significantly increased in SLE patients compared with
age- and sex-matched controls by electron beam-CT (EBCT) - 31% versus 9% [Asanuma
2003]; 19.4% versus 6.2% [Chung 2006]; 47.6% versus 35.2% [Kao 2008]. Approximately
one-third of women with SLE and no history of coronary artery disease have been shown to

have abnormalities of myocardial perfusion on SPECT [Bruce 2000; Sella 2003].

5.5.3 Carotid plaque

The presence and extent of atherosclerotic plaque in the carotid arteries can be determined
using non-invasive imaging techniques such as ultrasound and cardiovascular magnetic
resonance (CMR). A plethora of carotid ultrasound studies looking at the presence and
progression of plaque have been undertaken in healthy populations, populations with known
CVD as well as in SLE [Belcaro 1996; Crouse 2006; Roman 2003; Eder 2014; Frerix 2014].
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Atherosclerosis is a systemic disease [Rothwell 2001; Frerix 2014], and assessment of
carotid plaque by ultrasound is used as a measure of systemic atherosclerosis and as a

surrogate for the presence and possible effect of treatments on the coronary arteries.

The presence of carotid plaque has been found to predict future cardiovascular events in
healthy populations [Roman 2006; Belcaro 1996]. In SLE patients, the prevalence of carotid
plaque has found to be significantly greater than in healthy controls. In a cohort study by
Roman et al. 37.1% of SLE patients versus 15.2% of controls had carotid plaque,
independent of traditional cardiovascular risk factors [Roman 2003]. Further studies have
observed the frequency of carotid plaques in SLE patients as between 30-43%, compared to
20-30% in controls [Manzi 1999; Thompson 2008; Anania 2010; Kao 2013]. As in controls,
the presence of carotid plagues has been found to be predictive of future cardiovascular
events [Kao 2013].

5.5.4 Carotid intima media thickness

Mean and maximum C-IMT values have been shown to correlate significantly with coronary
artery disease and atheroma burden [Granér 2006], although less so than carotid plaque
[Eder 2014]. C-IMT has also been found to be predictive of future cardiovascular events in
healthy populations, although less so than carotid plaque [Chambless 1997; O’Leary 1999;
Lorenz 2007; Belcaro 1996]. Although increased C-IMT is often thought of as an early
manifestation of atherosclerosis, increased C-IMT and carotid plaques do not always co-
exist, suggesting that they may be expressions of different atherosclerosis phenotypes [Eder
2014] or that C-IMT may reflect a non-atherosclerotic remodelling response to arterial wall
injury [Stein 2011; Frerix 2014]. Indeed, increased C-IMT can be found at a younger age
than the development of plaques and the presence of the former does not necessarily

precede the latter [Frerix 2014].

In SLE, C-IMT has not been found to be consistently raised: C-IMT has been found to be
increased in SLE patients with known CVD but was similar between SLE patients without
CVD and controls [Svenungsson 2001] and reduced compared to controls in other studies
[Roman 2003]. Atheromatous plaques can frequently be found without increased C-IMT in
SLE [Frerix 2014]. Other studies have however found increased C-IMT in SLE patients with
no overt CVD [Shang 2008]. Increased C-IMT in SLE patients has been associated with an
increased risk for cardiovascular events (HR 1.35, 95% CI 1.15 to 1.59, p <0.01), albeit lower
than that for the presence of carotid plaque (HR 4.67, 95% CI 1.41 to 15.53, p=0.01) [Kao
2013].
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5.5.5 Endothelial dysfunction and arterial stiffness

Endothelial dysfunction is a systemic process and one of the earliest stages of
atherosclerosis, predating the development of focal plaque [Celermajer 1992; Flammer
2012]. It is assessed primarily by the measurement of flow-mediated dilatation (FMD) of the
brachial artery and has been associated with all traditional cardiovascular risk factors
[Celermajer 1992; Mason 2003] and with an increase in cardiovascular events [Suwaidi
2000]. Endothelial function is impaired in SLE, even in individuals without traditional
cardiovascular risk factors [Lima 2002; El-Magadmi 2004; Wang 2014]. FMD has been
shown to correlate negatively with C-IMT i.e. increasing C-IMT correlates with a greater
degree of endothelial dysfunction [El-Magadmi 2004]. Endothelial dysfunction can be
reversible, and has been shown to improve in SLE with reduced inflammation [Parker 2014]

and with statin treatment [Ferreira 2007; Vera-Lastra 2016].

Arterial stiffness is also an early marker of vascular disease and is increased in the setting of
traditional cardiovascular risk factors [Roman 2005]. Arterial stiffness is increased in SLE
[Roman 2005; Shang 2008] and may be correlated with disease activity [Chow 2007; Shang
2008].

5.5.6 Myocardial mass and function

SLE is associated with myocardial dysfunction. Increased left ventricular ejection fraction and
mass due to left ventricular hypertrophy has been found [Pieretti 2007; Chow 2007].
Echocardiography techniques looking at diastolic function and regional systolic and diastolic
myocardial velocities can give an earlier indication of myocardial dysfunction, before global
ejection fraction is affected. There is evidence that these measures are impaired in SLE

patients with no CVD compared with controls [Buss 2010].

5.6 Aetiology of atherosclerosis in SLE

5.6.1 Introduction

Atherosclerosis in SLE may be mediated by SLE specific causes such as coronary vasculitis,
immune-complex mediated endothelial damage and therapies to control SLE disease

activity.

5.6.2 Traditional risk factors

Traditional CVD risk factor prevalence is increased in SLE [Svengusson 2001; Esdaile 2001;
Asanuma 2003; Bruce 2003] and has been associated with the occurrence of CAD [Petri
1992; Asanuma 2003].
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Smoking
Smoking increases CVD risk in the general population as well as in those with autoimmune
disease. The odds ratio for developing SLE is 1.5 in smokers [Costenbader 2004] and SLE

patients who smoke have greater disease activity and ds-DNA positivity [Benvenuti 2015].

Hypertension, insulin resistance, dyslipidaemia and the metabolic syndrome

Hypertension is a risk factor for CVD in all populations and is more prevalent amongst
patients with SLE [Petri 1992; Bruce 2003; Asanuma 2003], affecting up to 33% of SLE
patients without known CVD compared with 13% of controls [Bruce 2003]. Insulin resistance,
as well as frank diabetes, is also more prevalent amongst SLE patients, in those both with
and without known CVD, compared with controls [Svengusson 2001; Bruce 2003].
Dyslipidaemia is frequently seen amongst SLE patients. Increased LDL- and VLDL-
cholesterol, increased TGs, and decreased HDL-cholesterol are seen, and a “lupus lipid
pattern” has been observed, characterised by elevated VLDL-cholesterol and TGs with
normal or low levels of LDL- and HDL-cholesterol [Benvenuti 2015]. Anti-lipoprotein lipase,
anti-HDL and anti-apolipoprotein A1 antibodies, as well as lipid peroxidation and anti-ox-LDL
antibodies, both of which increase the levels of pro-atherogenic oxLDL are also seen in SLE
[Benvenuti 2015].

The metabolic syndrome is defined by a clustering of CVD risk factors including
hypertension, dyslipidaemia (elevated TGs and LDL-cholesterol; low total and HDL-
cholesterol), insulin resistance, central obesity, elevated CRP and elevated homocysteine.
The metabolic syndrome is more prevalent among SLE patients [Bruce 2003; Asanuma
2003; Sabio 2008] compared with controls, occurs in younger patients and is associated with
more hypertension, hypertriglyceridaemia, raised inflammatory markers, disease damage
and corticosteroid use [Sabio 2008; Parker 2013]. The presence of the metabolic syndrome
in SLE patients is associated with a 2-fold increase in CVD [Bruce 2003; Parker 2013].

5.6.3 Autoantibodies

Autoantibodies play a key role in SLE as well as in atherosclerosis. Anti-dsDNA is a marker
of SLE and associated with disease activity. Association of anti-dsDNA and CVD is
conflicting in SLE — some studies have shown an association with CVD event rates [Magder
2012] whereas others have shown no significant difference between anti-dsDNA and the
presence of carotid artery plaque or clinical coronary or cerebrovascular disease [Roman
2003].
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Antiphospholipid antibodies are common in SLE. In the Hopkins’ Lupus Cohort 47% were
anti-cardiolipin, 32.5% anti-p2-glycoprotein-1 and 26% lupus anticoagulant positive [Petri
2010]. Lupus anticoagulant was the most strongly associated with arterial and venous
thrombosis, and the only antiphospholipid antibody associated with myocardial infarction.
There was however no association between antiphospholipid antibodies and atherosclerosis,
despite their ability to increase endothelial cell adhesion molecules and the movement of
leucocytes into the vascular intima. This confirms the findings by Roman in 2003 where none
of the antiphospholipid antibodies were associated with carotid plaque, or with clinical
coronary or cerebrovascular disease [Roman 2003]. Other studies however have
demonstrated an association of antiphospholipid antibodies with increased risk of CVD, with

their presence predicting a first CVD event [Gustafsson 2009].

5.6.4 Inflammatory markers

Inflammatory mediators such as CRP and ICAM-1 may act as biomarkers for CVD in the
general population [Ridker 2000; Ridker 2001; Blake 2002; Roman 2003; Ridker 2003].
Markers of systemic inflammation such as TNF-a, MCP-1, IL-6, fibrinogen, a- antitrypsin,
serum amyloid A and CRP are increased in SLE patients with CVD [Gustafsson 2009;
Gustafsson 2014]. Using a high-sensitivity assay, CRP levels predict cardiovascular events
in the general population [Ridker 2000]. In SLE, CRP is not a good marker of disease activity
and its role in CVD is conflicting. Some studies have shown an association between higher
levels of CRP and CVD [Manzi 1999; Gustafsson 2009] whereas others have found no
independent ability of CRP to predict CVD [Doria 2003; Kiani 2008]. In a study of carotid
plaque in SLE although inflammatory mediators including CRP were elevated, the difference
was not significant between those with and without plaque. The authors suggest that
inflammatory markers may lose their discriminatory power with respect to CVD in conditions
with elevated levels of inflammation, unlike the general population, where most inflammatory

markers fall within normal ranges [Roman 2003].

The cytokine interferon-a (IFN-a) may increase CVD risk in SLE by resulting in endothelial
damage and vascular repair inhibition [Skaggs 2012]. IFN-a secretion may cause endothelial
cell apoptosis, resulting in vascular damage, and may prevent differentiation of endothelial
progenitor and circulating angiogenic cells into endothelial cells, impairing vascular repair
[Skaggs 2012; Gustafsson 2014]. IFN-a levels correlate with disease activity and severity,

and are associated with vascular disease including venous thrombosis [Gustafsson 2014].
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5.6.5 Sex hormones, vitamin D and homocysteine

Oestrogen, prolactin, testosterone and DHEA have all been implicated in SLE development
and flare frequency [Petri 2008]. High oestrogen and prolactin levels can cause B-cell
tolerance breakdown [Grimaldi 2006; Petri 2008], however, hormonal interactions are
complex and upregulation of other, mainly T-cell protective mechanisms occur. Menopausal
onset has been found to occur earlier in SLE thus removing the atheroprotective effect found

in women at an earlier age in those with SLE [Bruce 2003].

Low vitamin D has been implicated in a wide range of diseases including CVD, cancer and
autoimmune diseases [Petri 2013]. Low vitamin D is frequently found in SLE patients
possibly exacerbated by avoidance to sun exposure. Raising levels to 40ng/ml has been
associated with a significant but clinically modest reduction in SLE disease activity score
[Petri 2013], but the long-term beneficial effects on disease activity/severity and possible
reduction in hard end-points such as CVD have yet to be elucidated and will require large

trials.

Elevated homocysteine has been associated with CVD in the general population [Ridker
2000], and SLE patients have been found to have higher levels of homocysteine compared
with controls [Bruce 2003]. In SLE, conflicting results have been found between
homocysteine and CVD - some studies show no difference between homocysteine levels in
SLE patients with or without a CVD event [Gustafsson 2009], whilst in others, raised
homocysteine levels have been predictive of CVD [McMahon 2014]. Homocysteine levels
were found to be higher in SLE patients with carotid plaques compared with those without
plaque, but statistical significance was not reached, and the homocysteine levels were within

the normal range and not significantly different to the control group [Roman 2003].

5.6.6 SLE treatment

SLE treatment is aimed at reducing disease activity and inflammation. This is achieved
primarily by the use of corticosteroids, usually prednisolone, and hydroxychloroquine,
although other agents such as mycophenolate, azathioprine, methotrexate and the anti-

CD20 monoclonal antibody rituximab are also employed.

Steroids are known to increase lipids, particularly LDL-cholesterol and TGs and cause
glucose intolerance therefore increasing the risk of atherosclerosis. Duration and cumulative
steroid dose has been associated with increased CVD in SLE [Petri 1992; Svengusson 2001;
Roman 2003], however, no association with average daily dose, ever use or pulsed

treatment has been seen [Petri 1992; Roman 2003]. This suggests that increased CVD may
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actually reflect disease activity and/or severity, with steroid use being a marker of this.
Steroids reduce inflammation, another risk factor for CVD, and may therefore actually have
atheroprotective effects particularly during disease flares. In a study by Roman et al, SLE
patients with carotid plaque had received lower daily prednisolone doses compared with
patients with no plaque [Roman 2003]. Acute CVD events have been associated with current
corticosteroid use even after adjustment for disease activity, but not with previous use,
suggesting that corticosteroids may only have a short-term effect on CVD risk [Magder
2012].

Hydroxychloroquine is an antimalarial that reduces disease flares and organ damage in SLE
[Benvenuti 2015]. Its use has been found to be lower in SLE patients with carotid plaque
compared to those without plaque [Roman 2003]. Hydroxychloroquine has been shown to
improve the lipid profile in SLE by reducing LDL and VLDL-cholesterol and increasing HDL-

cholesterol. It also reduces vascular inflammation and hyperglycaemia [Benvenuti 2015].

Other SLE therapies include monoclonal antibodies (rituximab and belimumab), which may
improve the lipid profile in SLE whilst reducing disease activity; methotrexate, which has
been shown to reduce the risk of CVD in other inflammatory arthropathies, and may have a
similar effect in SLE; mycophenolate, which has not shown any change in CVD risk in
preliminary studies in SLE but has been associated with reduced atherosclerosis in murine
models of SLE; and azathioprine for which data is limited and conflicting with regards to CVD
risk [Benvenuti 2015].

5.6.7 Prevention of atherosclerosis in SLE

The risk of CVD in SLE is not fully explained by traditional CV risk factors and risk is
underestimated by the Framingham Risk Score [Esadile 2001; Bruce 2003]. The current
strategy in reducing CVD risk in SLE involves treatment to reduce SLE disease activity as
well as aggressive treatment of disease flares; use of steroid-sparing agents; and addressing
modifiable risk factors such as hypertension, diabetes and smoking. Dyslipidaemia is
currently treated with statins according to NCEP targets, although the increased risk of CAD
in the SLE population and the ability of statins to reduce inflammatory markers such as CRP
have resulted in statins becoming widely prescribed, even in those with no known CVD and
normolipidaemia, and despite the lack of evidence that statins can effect a beneficial effect

on surrogate markers of CVD or CVD events in these lower-risk SLE patients [Petri 2011].
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5.6.8 SLE as a risk factor

SLE itself is an independent risk factor for CVD with a relative risk of 10.1 for nonfatal Ml,
17.0 for death due to CHD, 7.5 for overall CHD and 7.9 for stroke after controlling for
conventional risk factors [Esdaile 2001]. SLE may increase CVD risk due to disease activity,
which is an independent risk factor for increased CVD events [Benvenuti 2015]. Other factors
associated with SLE, such as a more sedentary lifestyle due to poor health, may enhance
the effects of both traditional and SLE-related CVD risk factors.

5.6.9 Summary

The increased risk of CVD in SLE therefore represents a complex interplay of traditional CVD
risk factors, SLE specific factors such as disease activity and severity, SLE treatments which
can exert both atheroprotective as well as atherogenic effects, and the effects of sex

hormones, an earlier menopause and the number and type of autoantibodies present.
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Chapter 6
Human Immunodeficiency Virus (HIV)

6.1 Introduction

The acquired immunodeficiency syndrome (AIDS) was first described in 1981 among
homosexual men in the United States who presented with Pneumocystis carinii pneumonia
and Kaposi’'s sarcoma [Centers for Disease Control 1981a; Centers for Disease Control
1981b]. HIV was later identified as the cause. Invariably fatal at the time, infection with HIV
has become chronic and lifelong due to the introduction of effective combination anti-
retroviral treatment (cART) in the mid-1990s [WHO Global Health Observatory Data
Repository]. Despite this, mortality rates in HIV-infected individuals are still higher than in the
general population and non-AIDS related morbidity and mortality is increasing [Sackoff 2006;
Lohse 2007]. Cardiovascular disease, especially ischaemic heart disease, is an important

cause of morbidity and mortality among HIV-infected individuals [Sackoff 2006;Triant 2012].

6.2 Epidemiology

An estimated 35.0 million people worldwide were living with HIV at the end of 2013 [WHO
Global Health Observatory Data Repository]. This equates to approximately 0.8% of adults
aged 15-49 years worldwide. Prevalence, however, varies considerably between regions and
countries (Figure 1). Sub-Saharan Africa remains the most severely affected region, with
nearly 1 in 20 adults affected and containing almost 71% of the people living with HIV

worldwide.

Figure 6.1. Worldwide prevalence of HIV in adults at the end of 2013 [from WHO Global Health
Observatory Data Repository, Data on the size of the epidemic: Number of people (all ages) living with
HIV. Accessed online 28/02/16].
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In the UK an estimated 103,700 people were living with HIV in 2014, with one in four aged 50
years and over [Skingsley 2015]. The overall HIV prevalence was 1.9 per 1,000 people aged
15 and over. An estimated 18,100 (17%) of people were unaware of their infection. HIV in the
UK remains largely concentrated among men who have sex with men (MSM) and men and
women of black African ethnicity (Figure 2). In the UK, as in the US, the numbers of new HIV
diagnoses have plateaued or decreased slightly in recent years, but the number of people
living with HIV has increased as deaths have reduced dramatically with the widespread use
of cART [Skingsley 2015; CDC HIV Surveillance Report 2014]. A falling rate of new
infections is also being seen in some of the most severely affected regions in the world, such
as sub-Saharan Africa, as cART and education programmes become increasingly available
[WHO Global Health Observatory Data Repository]. Transmission rates however continue to
be high in certain groups. In the UK and US transmission remains high in MSM as well as
Black Africans (UK) and African-Americans, Latinos and mixed race individuals (US) [CDC
HIV Surveillance Report 2014]. In Eastern Europe and parts of Asia, intravenous drug use
and heterosexual sex are major modes of transmission. In sub-Saharan Africa, heterosexual
transmission is the mode of transmission [WHO Global Health Observatory Data Repository;
HIV/AIDS surveillance in Europe 2014].

Figure 6.2. Estimated number' of people living with HIV (both diagnosed and undiagnosed) all ages:
UK, 2014 (From: HIV in the UK — Situation Report 2015: data to end 2014. November 2015. Public
Health England, London).
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6.3 The Human Immunodeficiency Virus

HIV is a lentivirus, a retroviral family member. It infects cells of the human immune system
including T-lymphocytes, macrophages and dendritic cells, causing immunosuppression.
Untreated, it eventually causes AIDS. There are two types of HIV: HIV-1 and HIV-2.
Molecular studies suggest that HIV-1 evolved from a strain of ape simian immunodeficiency
virus (SIV), and HIV-2 evolved from a mangabey monkey SIV strain [Gao 1999; Keele 2006;
Hirsch 1989]. Zoonotic transmission to humans, is believed to have occurred due to
similarities between the SIV and HIV viral genomes, their geographical association in Africa
and the practice of consuming primate meat in West Africa, providing a possible transmission
route [Gao 1999].

HIV-1 is the most prevalent type and is further divided into groups and subtypes. There are
four distinct viral groups, each believed to have evolved from different episodes of zoonotic
transmission: groups M, N and O are derived from chimpanzees and group P from gorillas
[Plantier 2009]. The pandemic strain causing most HIV infection is group M (“Main”). Other
groups have more limited geographical distributions [Gao 1999]. The group M virus
comprises 9 subtypes, of which subtype C accounts for almost half of global HIV-1 infections
and is predominantly found in southern Africa and India. Subtype B is found predominantly in
western and central Europe, North America, the Caribbean and South America [Hemelaar
2011]. Group O is limited to West Africa and group P, only discovered in 2009, to Cameroon
[Gao 1999; Plantier 2009; Hemelaar 2011].

HIV-2 accounts for about 5% of worldwide HIV infections [WHO Global Health Observatory
Data Repository]. It predominates in West Africa, Portugal, Spain and India, but is found
worldwide. HIV-2 infection appears to follow a more indolent course and is intrinsically
resistant to certain antiretroviral agents [Panel on Antiretroviral Guidelines for Adults and

Adolescents].

The occurrence of multiple HIV strains as well as their differing rates of transmission, disease
progression and mutation causing viral immune escape have and continue to pose

challenges for the development of safe and effective vaccines and treatments.

6.4 Immune dysfunction
6.4.1 Cell-mediated Immunity
Early HIV infection is characterised by rapid viral replication, high viral load (>100,000

copies/mL) and CD4+ T cell count reduction, the hallmark of HIV infection, which may be
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transient. In the acute stages (i.e. 1-2 weeks) an illness characterised by fever,
lymphadenopathy, arthralgia/myalgia, sore throat, rash and headache may occur, although
some will be asymptomatic. After about six months, viral levels stabilise. Untreated, HIV
replication remains high and CD4+ cell destruction continues [Ho 1995]. However, rates of
destruction and replacement are usually almost balanced, and the CD4+ cell count decline is
slow [Ho 1995]. CD4+ cells in the gastrointestinal tract are massively depleted early in
infection with minimum recovery after cART [Maartens 2014]. There is also a loss in T-
helper-17 cells and mucosal-associated T-cells, which act as a front-line defence against
bacteria. This, together with increased gastrointestinal tract permeability allows increased
concentrations of bacterial products, such as lipopolysaccharide (LPS), in the blood
[Maartens 2014].

6.4.2 Humoral Immunity

HIV also activates the humoral immune system. B cells are activated and, in advanced HIV
infection, undergo terminal differentiation with increased antibody secretion. Many of these
antibodies however are non-specific. As with cellular immunity, humoral immunity declines
with time [Chong 2004].

6.4.3 HIV controllers

A substantial minority of HIV-infected individuals are termed ‘long-term non-progressors’.
These individuals maintain a stable CD4+ cell count (>500 cells/microL), low viraemia levels
(<10,000 copies/mL) and show no clinical progression, despite not receiving cART [Madec
2009]. A very small minority of HIV-infected individuals are termed ‘elite controllers’. These
individuals are able to maintain undetectable viral loads (on current commercial assays) and
maintain high CD4+ cell counts for long periods without cART [Pereyra 2009]. Viral load
suppression in elite controllers is comparable to that seen in patients taking cART [Dinoso
2008]. Despite this, compared to non-HIV infected individuals, elite controllers remain at
increased risk of the non-infectious complications of HIV including CVD due to very low

levels of viral replication and chronic inflammation [Pereyra 2009; Pereyra 2012].

6.4.4 Immune activation and Inflammation

HIV infection is characterised by marked immune activation, involving both the adaptive and
innate immune systems, and abnormalities in coagulation [So-Armah 2016]. There is chronic
inflammation with persistently elevated inflammatory markers [Lo 2012]. Inflammatory
markers increase with increasing viraemia [Floris-Moore 2009; Calmy 2009] and predict
mortality [Tien 2010; So-Armah 2016]. HIV acts as a ligand for the Toll-like receptors (TLR7,

TLR8) on dendritic cells, resulting in the production of interferon-a. LPS, from increased
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gastrointestinal bacterial translocation, activates TLR4 resulting in the production of pro-
inflammatory cytokines such as interleukin-6 (IL-6) and tumour necrosis factor-o (TNF-a)
[Maartens 2014]. Direct correlations between plasma LPS levels in HIV-infected individuals,
residual viraemia, cellular activation (including CD38+HLA-DR+CD8+T cells and
monocytes), interferon responsive genes and pro-inflammatory cytokines such as interferon-
o (IFN-a), IL-6 and TNF-a have been observed [Zevin 2016]. A reduction in bacteria
beneficial to health and an increase of potentially inflammatory bacteria is also associated
with HIV-infection [Zevin 2016]. HIV is associated with raised markers of endothelial
activation including VCAM-1, P-selectin and MCP-1, which decrease with antiretroviral
treatment [Calmy 2009]. Markers of inflammation in HIV-infection have been associated with
increased mortality [So-Armah 2016; Kuller 2008], CVD [Duprez 2012], as well as cancer

and neurological disease [Maartens 2014].

6.5 Atherosclerosis in HIV

6.5.1 Introduction

The development of increasingly potent antiretroviral drugs, effective drug combinations and
once-a-day preparations, which have aided compliance and are increasingly accessible to
HIV-infected individuals worldwide, has improved survival and resulted in concomitant
increases in morbidity and mortality due to non-infectious complications of HIV. The
increased incidence of CVD has become of concern due to the high prevalence of CVD risk
factors amongst HIV-infected individuals, anti-retroviral-induced metabolic changes and the
persistent inflammation and immune dysfunction associated with HIV-infection, which are
known to promote the development and progression of atherosclerosis [Triant 2013;
Hemkens 2014]. It is likely that both traditional and HIV-specific risk factors may act

synergistically resulting in an increased CVD risk.

6.5.2 Risk factors and cardiovascular risk in HIV

Traditional cardiovascular risk factors, such as dyslipidaemia, impaired glucose tolerance,
diabetes, central obesity, smoking and hypertension, are increased in HIV cohorts [Triant
2007; Saves 2003]. Control studies have shown an excess risk of CVD in HIV-infected
individuals compared with HIV-uninfected controls even after adjustment for traditional
cardiovascular risk factors, with adjusted relative risks of up to 2.12 [Triant 2007; Obel 2007].
Meta-analyses have found this to be true for both treated and untreated HIV-infected
individuals [Hemkens 2014], and even elite controllers remain at increased risk of CVD [Hsue
2009; Pereyra 2012]. Post-mortem studies in young HIV-positive patients have shown

significant atherosclerosis with a pattern described as being between typical atherosclerosis
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and the accelerated atherosclerosis of cardiac transplant rejection (diffuse, circumferential)
[Tabib 2000]. HIV has been found to be associated with endothelial dysfunction (as assessed
by flow-mediated dilatation - FMD) [Arildsen 2013], coronary atherosclerosis on CT [Lo
2012], increased C-IMT and carotid plaques on ultrasound [Kaplan 2011; Hsue 2012] and
aortic plaques on MRI [Floris-Moore 2009].

Dyslipidaemia

A fall in mean total cholesterol, LDL-cholesterol (including small LDL particles) and HDL-
cholesterol occurs after HIV-infection [Riddler 2003; Riddler 2008]. cART initiation results in
large increases in total and LDL-cholesterol, but levels return approximately to pre-HIV-
infection levels, and are not greater than that associated with aging [Riddler 2003]. The LDL-
cholesterol profile, however, changes with cART to include a greater proportion of small,
dense LDL-lipoprotein particles as well as VLDL lipoprotein particles [Riddler 2008], both of
which are associated with greater atherogenic potential. Elevated levels of these small dense
LDL particles as well as apolipoprotein B, have been independently associated with coronary
events in HIV-infected individuals receiving cART [Bucher 2012]. The reduction in HDL-
cholesterol by HIV-infection may increase CVD risk by reducing the atheroprotective effects
mediated by HDL-cholesterol, including reverse cholesterol transport and it's purported anti-
inflammatory and anti-oxidant effects [Rohatgi 2014; Kontush 2003; McGrath 2009].
Significant increases in TGs are also seen in HIV-infected individuals receiving cART,

increasing the risk of CVD, although the independent effect is small [Worm 2011].

Lipodystrophy

Alterations in body fat composition and distribution are seen in almost 50% of HIV-infected
individuals on cART [Hemkens 2014; Stanley 2012]. Loss of subcutaneous fat from the face
and limbs (lipoatrophy), increased central fat gain with visceral, breast, cervical and/or
dorsocervical fat deposition (lipohypertrophy) or a combination of both is seen. Both
lipoatrophy and lipohypertrophy have been associated with increased TGs, decreased HDL-
cholesterol and insulin resistance [Hemkens 2014; Stanley 2012]. Inflammatory markers
including hs-CRP, IL-6, and TNF-a have been shown to be similar in HIV-infected men with
lipodystrophy to obese non-HIV infected men, despite the HIV cohort having significantly
lower body fat [Samara 2009]. HIV-infected individuals with lipodystrophy have increased

Framingham risk scores and are at an increased risk of CVD [Lake 2011].

Impaired glucose tolerance and diabetes
Impaired glucose tolerance and overt diabetes has been found to be similar to or possibly

modestly increased in cART-naive, HIV-infected individuals compared to non-HIV infected
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individuals [Stanley 2012]. cART treatment however is associated with an increased
prevalence of diabetes. The D:A:D study showed that all cART regimens were associated
with an increased risk of diabetes [Friis-Mgller 2003]. Inflammatory markers, particularly
TNF-a, have been associated with an increased risk of diabetes [Brown 2010]. TNF-a is
released by lymphocytes, macrophages and endothelial cells and is highly expressed in HIV-
infected individuals. It is also produced by adipose tissue and interacts with the insulin
receptor attenuating the effect of insulin binding and causing insulin resistance [Brown 2010].
Population studies examining the association of TNF-a and diabetes, as well as the effect of

TNF-a blockers on insulin resistance, however have been conflicting [Brown 2010].

6.5.3 Chronic inflammation and immune activation

A growing body of evidence suggests that HIV-associated inflammation and immune
dysfunction may contribute to the increased risk for CVD seen in HIV-infected individuals.
Relative risk of ischaemic heart disease among those with a CD4+ cell count <200 cells/ml
was found to be greater than in those with a cell count >200 cells/ml at cART initiation [Obel
2007]. Activated T-lymphocytes in HIV-infected individuals have been found to be associated

with subclinical carotid artery disease (C-IMT) [Kaplan 2011].

In the SMART frial, individuals were assigned to either continuous cART (viral suppression)
or interruption of cART until CD4+ counts <250cells/uL (drug conservation), in an attempt to
reduce the adverse cardiovascular and metabolic effects of cCART. However, an increased
risk of CVD events in the drug conservation group compared to the viral suppression group
was seen [El-Sadr 2006]. Increased levels of the inflammatory markers IL-6, hs-CRP and D-
dimer were observed in the drug conservation group and predicted CVD [Duprez 2012]. The
initiation of the atherosclerotic process as a result of injury or inflammation to the vascular
endothelium results in the release of cytokines and adhesion molecules such as VCAM-1.
These allow macrophages and lymphocytes to enter the vascular wall setting up an
inflammatory cascade. VCAM-1 is raised with HIV infection and cART has been shown to
reduce its levels [Calmy 2009]. Despite the significant declines in pro-inflammatory mediators
(e.g. s-VCAM-1, P-selectin, leptin and D-dimer), increases in anti-inflammatory mediators
(e.g. adiponectin, IL-10), and viral suppression in patients receiving cART [Calmy 2009],
aortic arterial inflammation has been found to be similar in HIV-infected individuals with low
Framingham risk scores to that in HIV-negative individuals with atherosclerosis
[Subramanian 2012]. Arterial inflammation was associated with sCD163, a marker of

macrophage activation.
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6.5.4 The role of antiretroviral drugs

Protease inhibitors (Pls) and nucleoside reverse transcriptase inhibitors (NRTIs) are used in
the treatment of HIV. Their role in increasing CVD risk remains controversial. Pls have been
associated with increased rates of myocardial infarction (MI) [Friis-Mgller 2007], possibly in
part (but not entirely) attributable to dyslipidaemia. The evidence for NRTls is conflicting. The
D:A:D study has shown an increase in the risk of MI with increased duration of cART
exposure, independently associated with Pl use, although an effect of NRTIs could not be
ruled out [Friis-Mgller 2007]. A further analysis of the D:A:D study data demonstrated that the
NRTIs abacavir and didanosine increased the risk of Ml [D:A:D Study Group 2008]. Meta-
analyses however have produced conflicting data with one recent study confirming the
increased MI risk associated with abacavir and another finding no increased risk [Hemkens
2014]. In the PI group exposure to the first generation of drugs such as indinavir has been
associated with an increased risk of MI, but the data for the newer drugs in this class remains
limited [Hemkens 2014].

Anti-retroviral drugs may of course increase the risk of CVD by adverse metabolic effects.
The Pls have been associated with increased diabetes and insulin resistance, particularly the
first generation of drugs. NRTIs, especially the thymidine analogues zidovudine and
stavudine, are also associated with a drug-induced risk of diabetes, possibly due to their
mitochondrial toxicity [Hemkens 2014]. Dyslipidaemia, commonly seen in HIV-infected
individuals, is also associated with cART. Increases in total cholesterol, LDL-cholesterol, and
TGs are seen with Pls, a more marked effect occurring with the first-generation of drugs
compared to newer ones (e.g. indinavir, lopinavir versus atazanavir, and darunavir). The
NRTIs also increase LDL-cholesterol and TGs to varying degrees, and the non-nucleoside
reverse transcriptase inhibitors (NNRTIs) such as efavirenz, can lead to higher increases in
total and LDL-cholesterol than the newer Pls [Hemkens 2014].

6.6 HIV in children and young adults
HIV-infection acquired in utero or perinatally, untreated, caused death from AIDS by the age
of 5 years. Twenty years of effective cART means the first generation of HIV-infected

children have reached adulthood.

As in adults, cART results in adverse metabolic effects. They are known to cause the same
pattern of dyslipidaemia in children [Rhoads 2006]. HIV-infection causes falls in LDL-
cholesterol and HDL-cholesterol as in adults. Children newly exposed to cART experience a

significant rise in LDL-cholesterol over the first year [Rhoads 2011; Sztam 2011]. In a United
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Kingdom cohort of 449 children, Pls caused greater rises in total cholesterol than NNRTIs
[Rhoads 2011]. 10.5% had LDL-cholesterol over the 95% percentile for LDL (3.33mmol/L),
with 17 children having persistently raised LDL-cholesterol above the threshold (>4.1mmol/L)
for pharmacological intervention. Unlike what has been observed to date in adults, NNRTIs

also caused an increase in HDL-cholesterol in this paediatric population.

Lipodystrophy is also seen in a majority of HIV-infected children and adolescents with both
peripheral atrophy and central lipohypertrophy occurring [Lipshultz 2013]. Both the Pls and
the NNRTIs have been associated with fat redistribution [Lipshultz 2013; Sims 2011],
although some studies have shown some beneficial effects with increased growth and lean
body mass [Lipshultz 2013]. Other adverse metabolic effects seen in up to a third of HIV-
infected children exposed to cART include impaired glucose tolerance and insulin resistance
[Sims 2011]. Microalbuminuria, a marker of vascular disease or injury, has been observed in

up to 15% of HIV-infected children and is inversely related to CD4+ cell count [Sims 2011].

As in adults, chronic inflammation and immune dysfunction caused by HIV occurs. HIV-
infected children have higher circulating levels of inflammatory biomarkers (e.g. hsCRP, IL-6,
monocyte chemoattractant protein-1 [MCP-1]) and vascular dysfunction (e.g. intercellular
adhesion molecule [ICAM], VCAM), when compared to healthy children, and cART duration
has been associated with increased VCAM-1 [Sims 2011].

Although no reports of MI in children with HIV-infection exist, subclinical premature
atherosclerosis is more likely to be present than in healthy children. Non-invasive surrogates
of CVD risk have been widely used in both adults and children with HIV-infection as CVD
events are of low prevalence. Ultrasound, used to look for the presence of early
atherosclerosis (abnormal FMD and C-IMT) in paediatric HIV populations, has led to
conflicting results, possibly due to lack of sensitivity resulting in poor reproducibility of
findings as well as lack of information on the natural history of C-IMT in children and the
likelihood that C-IMT may change very little over time in this group [Bonnet 2004; Charakida
2005; McComsey 2007]. Charakida et al. showed that HIV-infected children had impaired
vascular function (assessed by FMD) and increased C-IMT compared to healthy children,
with those exposed to Pls having a greater C-IMT. High levels of hsCRP have been found to
be associated with higher C-IMT in HIV-infected children [Sims 2011]. Bonnet et al. found
HIV-infected children to have increased arterial stiffness and impaired vascular function
compared with healthy controls, but C-IMT was not increased. A longitudinal study of C-IMT
in children with HIV-infection showed a reduction in C-IMT with time, but as the natural

history of C-IMT in children is not known, whether this was due to treatment effects,
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increased CD4+ counts or other factors is unknown [Barlow-Mosha 2013]. Arterial stiffness
and vascular dysfunction have been correlated with increasing age and duration of exposure
to cART [Sims 2011].

High rates of coronary artery abnormalities with CMR have been found in children and young
adults with HIV-infection, with more than 50% exhibiting luminal narrowing and irregularity of
the coronary vessel wall [Mikhail 2011]. No control group was included in this study but the
findings suggest the presence of premature atherosclerosis in HIV-infected children and

young adults.

All these findings indicate that HIV-infection and long-term cART use may substantially
increase the CVD risk for children and young adults with HIV-infection. Unlike in the adult
HIV population, where guidelines recommend aggressive management of traditional
cardiovascular risk factors including dyslipidaemia, in the paediatric population, more
conservative measures, such as dietary advice and exercise, are currently taken, although
for those with persistent and significant elevations, lipid-lowering treatment with HMG-CoA

reductase inhibitors (statins) is recommended.
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Chapter 7
Methods

In the four clinical studies described in this thesis (Chapters 8-11), the main focus was
cardiovascular magnetic resonance (CMR) derived carotid artery parameters. The methods
used are described in sections 7.1. A CMR assessment of endothelial function was also
performed in some participants (section 7.2). In the Systemic Lupus Erythematosus (SLE)
studies (Chapters 8 and 9) a cardiac CMR study with gadolinium contrast was also

performed (section 7.3).

7.1  Assessment of the carotid artery

7.1.1 Imaging Hardware

Scanner

The scans for the SLE studies were performed using a 1.5 Tesla scanner (Siemens Avanto,
Erlangen, Germany). The studies in HIV-infected individuals were performed using a 3.0

Tesla scanner (Siemens Skyra). All studies were electrocardiogram gated.

Coils

For all scans in the four studies, a purpose-built bilateral four-channel phased-array carotid
surface coil (Machnet BV, Eelde, the Netherlands) was used. The head and neck were
immobilised using a specially designed vacuum head and neck cushion. All subjects were
positioned so that the region of the carotid bifurcation was in the isocentre of the magnet. To

protect their hearing, all subjects were given in-the-ear earplugs.

7.1.2 Assessment of carotid artery wall volume

Imaging Protocol

Bright blood gradient echo localisers were acquired in all three orthogonal planes to locate
the subjects’ head and neck within the scanner. The carotid arteries were identified on the
localisers and a stack of time-of-flight (TOF) images was acquired perpendicular to their long
axis (Figure 7.1). A saturation band was placed cranially to the region being imaged so that a
high signal would be obtained only from blood flowing in the caudo-cranial direction. The
carotid bifurcation on each side was identified from the TOF images. Using a plane running
through three points taken from the TOF images, one in the common carotid artery, one in
the internal carotid artery and one in the external carotid artery, a low resolution T1-weighted
fast spin echo (FSE) image was acquired through the bifurcation on each side. A second

image was acquired perpendicular to this in the common carotid artery (Figure 7.2). These
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T1-weighted FSE images were used to assess for the presence of any obvious carotid
plaque, to determine the location and orientation of the carotid artery for further imaging, and
to verify optimal coil position. Optimal coil position was defined as the carotid artery
bifurcation being in the middle of the area of high signal underlying the coil. If the coil position

was suboptimal, it was repositioned, and imaging recommenced.

Figure 7.1 Stack of TOF images acquired perpendicular to the carotid artery long axis.

Figure 7.2 T1-weighted FSE images acquired perpendicularly to each other through the carotid
bifurcation on the right (top) and left (bottom).

| Right carotid

Left carotid Left carotid
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Using the localising images, described above, high-resolution images were then acquired. A
contiguous stack of 20 high-resolution T1-weighted FSE images, centred on the carotid
bifurcation bilaterally, was acquired approximately perpendicular to the longitudinal axis of
both common carotid arteries, in the same orientation as the TOF images (Figure 7.3). 40
mm of longitudinal coverage per artery was acquired. Slice thickness was 2 mm. For the SLE
studies (Chapters 8 and 9) performed on the 1.5 Tesla scanner, typical sequence
parameters were: field of view (FOV) read 110mm and 60mm phase, imaging matrix
256x150, TE 10ms, TR 550ms, echo train length 9, bandwidth 230 Hz/pixel, 4 averages,
pixel size 0.43mmx0.43mm (interpolated to 0.21mmx0.21mm). For the HIV studies (Chapters
10 and 11) performed on the 3.0 Tesla scanner, typical sequence parameters were: field of
view (FOV) read 110 mm, FOV phase 100%, TE 11ms, echo train length 9, readout time
90ms, bandwidth 230 Hz/pixel, 3 averages, pixel size 0.43mmx0.43mm (interpolated to
0.21mmx0.21mm). In all cases, image acquisition was ECG-gated to each cardiac cycle with
end-diastolic triggering. Dark blood preparation was used with the inversion time (TI)
determined by average R-R interval. Saturation bands were placed anteriorly and posteriorly
to the region imaged to reduce artefact from swallowing and CSF pulsation, and improve the
image in the region of interest i.e. the carotid arteries. Phase oversampling was used as

needed to eliminate “wrap artefact” from the carotid artery images.

Figure 7.3 Stack of high-resolution T1-weighted FSE images, centred on the carotid bifurcation

bilaterally, acquired in the same orientation as the TOF images.
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Image Analysis

Carotid artery image analysis was performed using Atheroma Tools (a plug-in of CMRtools,
Cardiovascular Imaging Solutions, London), dedicated software developed at and validated
by the Royal Brompton Hospital CMR Unit [Varghese 2006]. The internal and external
surfaces of the common and internal carotid arteries were contoured manually for each slice

to give luminal and total vessel (adventitial) areas. A three dimensional model was generated
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to give the lumen volume, wall volume and total vessel volume for the standardised 40mm
length (Figure 7.4). The total wall volume is expressed as a percentage of the total vessel
volume, the wall/outer wall ratio (W/OW ratio). The W/OW ratio is an index of arterial

thickening [Saam 2005]. A visual assessment was made for the presence of atheroma.

Figure 7.4 Carotid artery image analysis using Atheroma Tools (CMRtools, Cardiovascular Imaging
Solutions, London), showing contouring of the luminal and adventitial carotid artery borders (left), and

3D model of the carotid artery (bottom right).
5 ==

7.1.3 Assessment of carotid artery distensibility

Arterial stiffness is one of the earliest manifestations of adverse structural and functional
changes in the blood vessel wall that can be detected. It is a measure of vascular health
[Cavalcante 2011]. Arterial distensibility, a measure of arterial stiffness, is the relative change
in blood vessel area during each cardiac cycle and reflects the ability of the artery to expand
and contract. Decreased arterial distensibility (increased arterial stiffness) occurs with aging
due to degenerative processes in the media of the arterial wall, where changes in elastin
organisation and increases in collagen occur in the extracellular matrix [Palombo 2016].
Many studies have shown a link between arterial distensibility/stiffness and atherosclerotic
burden and CVD events. Distensibility of the carotid arteries using ultrasound has been used
as a novel risk factor for CVD in studies including the Rotterdam Study [van Popele 2001]
and the Multi-Ethnic Study of Atherosclerosis [Bild 2002]. Whereas ultrasound has been
used previously in the assessment of arterial distensibility, the improvement in temporal
resolution of CMR has led to this technique being used increasingly, with both the aorta and
carotids being suitable. CMR imaging allows the acquisition of a two-dimensional image for
use in distensibility analysis versus the one-dimensional image obtained with ultrasound.

Other advantages of CMR over ultrasound include the ability to image in a plane
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perpendicular to the artery and an increased reproducibility in imaging position between

sequential scans.

Imaging Protocol

Using the two longitudinal, perpendicular low-resolution T1-weighted FSE images described
in section 7.1.2, a cine image perpendicular to the common carotid artery just below the
carotid bulb was acquired on each side. The imaging sequence used was a steady state free
precession (SSFP) sequence. Sequence parameters were FOV 105mm x 52mm, flip angle
60 degrees, bandwidth 977 Hz/pixel, voxel size of 0.66 x 0.82 x 6mm. Prospective ECG-

gating was used.

Image Analysis
A cine image perpendicular to the common carotid artery was manually contoured using
Atheroma Tools at end diastole and end systole for each side, and the percentage

distensibility calculated.

7.2 Assessment of endothelial function

Endothelial dysfunction is a pathological state where an imbalance between substances
causing vasodilatation and vasoconstriction occurs [Flammer 2012]. Nitric oxide (NO) is one
of the most important vasodilators and is also involved in inhibiting platelet adhesion and
aggregation, leucocyte migration and smooth muscle proliferation — key steps in the
development of atherosclerosis. Most, if not all, CVD risk factors are associated with
endothelial dysfunction, and endothelial dysfunction can be seen as an index of the overall
CVD risk burden and vasculoprotective factors in an individual [Bonetti 2003]. It is an early
marker of atherosclerosis preceding the development of morphological vascular change
[Flammer 2012] and is therefore used as a surrogate for the assessment of vascular health.
Measured response to pharmacological agents or haemodynamic provocation tests are used

to assess it.

Flow-mediated vasodilatation (FMD) of the brachial artery using vascular ultrasound is the
most widely used technique to assess endothelial function. It measures the ability of the
brachial artery to respond to endothelial NO release during reactive hyperaemia (flow-
mediated) after occlusion of the artery for 5-minutes. A blood pressure cuff placed distally to
the brachial artery is inflated to 20-50mmHg above systolic pressure (protocols vary between
laboratories [Bonetti 2003]) rendering the forearm ischaemic. When the cuff is released the
increased flow and shear stress results in the release of NO, which leads to dilatation of the

brachial artery. The diameter of the brachial artery is measured before cuff inflation and after
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cuff deflation until maximal dilatation has occurred. Endothelial independent vasodilatation
measuring the change in brachial artery diameter in response to sublingual glyceryl trinitrate
(GTN) spray is also conventionally assessed. CMR allows the assessment of brachial artery
FMD using the same technique [Sorenson 2002] and has been used in clinical trials as an

end-point to look for improvement in overall vascular health [Tanner 2007; Chan 2011].

Imaging Protocol

Brachial artery reactivity (BAR), to assess FMD, was carried out using a previously validated
CMR protocol [Sorenson 2002]. A small loop surface coil was placed over the right brachial
artery. To measure endothelium dependent reactivity, the artery was occluded at the forearm
distal to the coil, by inflating a blood pressure cuff to 20mmHg above systolic pressure. The
artery was scanned immediately and at one-minute intervals for five minutes on cuff
deflation. A single slice TruFISP sequence was used. Sequence parameters were: FoV
70mm read and 70mm phase, TE 4.2ms, TR 246ms, bandwidth 268 Hz/pixel, slice thickness
5mm, 1 average. Non-endothelium dependent reactivity was then measured - 400ug
sublingual GTN was given and the artery scanned immediately and at 1-minute intervals until

maximal dilatation had taken place.

Image Analysis

Analysis of the brachial images was carried out by contouring around the internal lumen at
baseline and maximal dilatation for both endothelium-dependent and independent dilatation
(Figure 7.5). The CMRtools program automatically calculated the area and the FMD was

expressed as the percentage change in area.

Figure 7.5 FMD analysis. The brachial artery lumen is contoured at baseline and at maximal dilatation.

Maximal dilatation
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7.3 Assessment of cardiac ventricular volumes, function and mass

CMR is the gold-standard technique for assessing ventricular volume, function and mass. A
full three-dimensional dataset can be acquired, and image acquisition is not limited by
anatomical features, cardiac orientation or imaging ‘windows’ as occurs with
echocardiography. No geometrical assumptions are made as there is no need to extrapolate
from one and two-dimensional data, reducing the possibility and magnitude of measurement

errors.

Imaging Protocol

A standard CMR protocol was performed for the cardiac study using an eight-element
phased array receiver coil with the heart in the isocentre of the magnet. Initial rapid pilot
scans, to optimise subject position in the magnetic field, were obtained using a breath-hold in
the standard orthogonal planes (axial, sagittal, coronal). HASTE (half-Fourier acquisition
turbo spin-echo) images were then acquired in the orthogonal axial, sagittal and coronal
planes. These free-breathing, sequences result in single-frame, black blood images which
are useful for rapid morphological assessment of the heart and surrounding structures. Using
these low-resolution FSE images a two-chamber pilot view was obtained, followed by four
perpendicular short-axis pilot views. The mitral valve and left ventricular apex were identified
from the pilot images allowing balanced steady-state free precession cine images to be
acquired in the vertical long axis (two-chamber), horizontal long axis (four-chamber), left
ventricular outflow tract and right ventricular outflow tract planes during expiratory breath-
hold using ECG-gating. A contiguous short-axis stack was obtained from the ventricular base
to the apex, imaging parallel to the atrioventricular groove [Kramer 2008]. Cine images were
acquired every 1cm and sequence parameters were: in-plane resolution 1.4 x 1.8mm, slice

thickness 8mm, and temporal resolution 50ms (Figure 7.6).

At the baseline study, late gadolinium enhancement images (long-axis planes and short-axis
stack) were obtained approximately 10 minutes after an intravenous injection of gadolinium
contrast (Gadovist, Bayer-Schering, Berlin, Germany, 0.1mmol/kg) was given. An ECG-gated
expiratory breath-hold inversion recovery prepared segmented turbo-fast low angle shot
gradient echo sequence was used. These images were repeated in an orthogonal phase
encoding direction to exclude artefacts. The inversion time was optimised in all cases to null

the normal myocardium (typically 320-440ms).
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Figure 7.6 Two-chamber (a) and four-chamber (b) images showing planning for short axis stack

parallel to the atrioventricular groove (c).
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Image Analysis

Cardiac image analysis was performed using LVtools (a plug-in of CMRtools, Cardiovascular
Imaging Solutions, London). Left and right ventricular volumes (end-diastolic volume, end-
systolic volume, stroke volume, and ejection fraction) and LV mass were determined after
contouring of the epicardial and endocardial borders. The LVtools software allows for a semi-
automated tracing of the epicardial and endocardial borders by placing points at anatomical
boundaries within the images.

Intensity-based thresholding is then used to define the blood pool. Signal intensity is used to
define individual voxels as blood or myocardium and the threshold altered until appearances
correlate with visual assessment. Papillary muscles and trabeculations are included in the
myocardial volume rather than in the blood pool volume. Using the long-axis views, the mitral
and aortic valve planes can be defined and tracked throughout the cardiac cycle, so long-

axis motion of the heart is taken into account in the calculation of the ventricular indices.

Semi-automated tracing of the epicardial and endocardial borders and myocardial

thresholding were carried out for each short-axis image slice (Figure 7.7), and the slices
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summated to give total blood and heart volumes at end-diastole and end-systole. Subtraction
of the total blood volume from the total heart volume gave the total myocardial tissue volume.
Myocardial mass was determined using the density of myocardium (1.05g/cm®) at end-
diastole. Ventricular volumes and mass were then indexed to body surface area. Visual

assessment was made of the presence and pattern of late gadolinium enhancement.

Figure 7.7 LV and RV analysis using CMRtools showing semi-automated tracing of the epicardial and
endocardial borders, and myocardial thresholding (top left).
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Chapter 8
Cardiac and vascular findings in systemic lupus erythematosus by
CMR

8.1 Introduction

Systemic lupus erythematosus (SLE) is a chronic multisystem inflammatory autoimmune
disease, with a significant excess of CVD [Manzi 1997; EI-Magadmi 2004; D’Cruz 2007]. It is
associated with premature atherosclerosis. There is an increased prevalence of impaired
vascular function (endothelial dysfunction and arterial stiffness) [EI-Magadmi 2004; Lima
2002] as well as carotid plaque and increased C-IMT on ultrasound studies [Manzi 1999;
Roman 2003; Kao 2013]. It has also been found to be associated with increased left
ventricular ejection fraction and mass due to left ventricular hypertrophy on

echocardiography [Pieretti 2007].

Atherosclerotic plaque and changes in C-IMT are both associated with increased CVD event
risk and are used as surrogates for CVD [Chambless 1997; Roman 2006; Belcaro 1996; Kao
2013]. However, they do not necessarily co-exist and one does not precede the other,
indicating that different mechanisms are involved in their development. Plaque and increased
C-IMT can be focal or diffuse, and they are typically assessed using ultrasound to obtain a
one-dimensional measure, with different centres examining varying segments of the carotid
artery. This may result in diseased regions of the carotid being missed. CMR overcomes
these limitations by allowing a long three-dimensional segment of the carotid artery to be
imaged and measured. This increases the likelihood that focal plaque or localised increased
C-IMT will not be missed. CMR also allows endothelial function (by FMD) and vascular
stiffness to be assessed. Cardiac CMR provides an accurate measurement of ventricular
volume, function and mass, and uniquely enables assessment of the myocardium for the
presence of fibrosis or scarring due to previous inflammation or infarction. Cardiac CMR
studies have focused predominantly on the presence of myocardial fibrosis in SLE patients
with myocarditis [Mavrogeni 2013] and with a history of typical and atypical cardiac
symptoms [Mavrogeni 2016], while also looking at a non-selected cohort [Seneviratne 2016].
These studies have shown a significant prevalence of myocardial fibrosis, predominantly
mid-wall, associated with increased age but not necessarily SLE duration and consistent with
possible previous myocardial inflammation. Subendocardial fibrosis consistent with
myocardial infarction was also seen, as expected, in patients with known CAD as well as a

proportion of SLE patients with cardiac symptoms but no known CVD.
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Although there is a lower threshold for investigating CVD in SLE patients due to the
magnitude of increased risk and physician awareness, the routine investigation of
asymptomatic patients is not undertaken. CMR is unique in enabling assessment of cardiac
and vascular health in one comprehensive study, and as far as we are aware, this is the first

such CMR study in an asymptomatic and predominantly low CVD risk SLE group.

8.2 Methods

8.2.1 Patient Population

Forty-one female patients, aged 18 to 80 years inclusive, with a diagnosis of SLE by
American College of Rheumatology (ACR) criteria [Tan 1982], were recruited from four
London centres - Imperial College Healthcare NHS Trust (Hammersmith, Charing Cross and
St Mary's Hospitals), and London Northwest Healthcare NHS Trust (Northwick Park
Hospital). Eleven patients were initially recruited and scanned by Dr Niall Keenan in a pilot
study as part of his MD thesis, and a further thirty patients were subsequently recruited,
scanned and analysed by me and the data pooled. Patient history was taken and physical
examination and ECG performed. Disease activity and damage were assessed using the
Systemic Lupus Erythematosus Disease Activity Index SELENA Modification (SLEDAI)
[Bombardier 1992] and the Systemic Lupus International Collaborating Clinics/ACR Damage
Index (SLICC/ACR) respectively [Gladman 1996b]. The SLE group was compared against
two populations of normal female volunteers recruited in previous studies by members of our
research group. Both these populations had been recruited through an advertising campaign
and screened with a health questionnaire, physical examination, blood tests and ECG. Any
volunteers with an elevated cardiac risk score or CVD risk factors, including hypertension,
hypercholesterolaemia, or diabetes, or who had an abnormal ECG, were excluded from the
studies. Fifty normal volunteers underwent CMR carotid artery wall imaging [Keenan 2009a],
and sixty normal volunteers underwent CMR for LV and RV structure and function (without
gadolinium contrast) [Maceira 2006a; Maceira 2006b]. All patients gave informed written

consent. The hospital research ethics committee approved the study.

8.2.2 CMR protocol

All carotid artery studies were performed on dedicated 1.5 Tesla scanners (Siemens Avanto
or Sonata, Erlangen, Germany) as described in Sections 7.1.2 Imaging Protocol and 7.1.3,
Imaging Protocol. In summary, a contiguous stack of 20 high-resolution T1-weighted FSE
images, centred on the carotid bifurcation bilaterally, was acquired approximately
perpendicular to the longitudinal axis of both common carotid arteries giving a 40 mm of
longitudinal coverage per artery. All images were analysed off-line using Atheroma Tools, a

plug-in of CMRtools software (Cardiovascular Imaging Solutions, London), as described in
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Sections 7.1.2 Image Analysis and 7.1.3 Image Analysis. A visual assessment was made for

the presence or absence of atherosclerotic plaque.

Cardiac studies were performed using a standard CMR protocol (see Section 7.3, Imaging
Protocol). In summary, a contiguous short-axis stack of cine images was acquired every 1cm
from the ventricular base to the apex, imaging parallel to the atrioventricular groove [Kramer
2008]. Late gadolinium enhancement (LGE) images (long-axis planes and short-axis stack)
were obtained approximately 10 minutes after an intravenous injection of gadolinium contrast
(Gadovist, Bayer-Schering, Berlin, Germany, 0.1mmol/kg) was given. Cardiac image analysis
was performed using LVtools (a plug-in of CMRtools, Cardiovascular Imaging Solutions,
London) as described in Section 7.3, Image Analysis. Left and right ventricular volumes (end-
diastolic volume, end-systolic volume, stroke volume, and ejection fraction) and LV mass
were obtained by contouring of the epicardial and endocardial borders. Cardiac parameters
were indexed to body surface area (BSA). Visual assessment was made of the presence and
pattern of LGE.

Assessment of endothelial function was carried out by brachial artery reactivity (to assess
FMD) as described in Section 7.2. The internal brachial artery lumen at baseline and
maximal dilatation were contoured for both endothelium dependent and independent
dilatation. CMRtools automatically calculated the area and FMD was expressed as the
percentage change in area. Post-menopausal females and females menstruating at the time
of their scan underwent the BAR scan. Pre-menopausal females not menstruating at the time
of the scan did not undergo the BAR scan, as significant fluctuations occur with hormonal
changes during the menstrual cycle [Hashimoto 1995] and most were part of the SLE RCT
(Chapter 9) which required serial FMD assessments. FMD changes in the menstrual phase
are comparable to changes seen in male subjects [Hashimoto 1995], allowing comparisons

to be made. Results were compared to a historical normal control cohort [Wiesmann 2004].

8.2.3 Statistical methods

Descriptive statistics were performed on baseline population data and the populations
compared. Unpaired t-tests were performed to compare data between the patient groups. A
multivariate regression analysis was performed to assess for the strength of association
between the carotid artery wall/outer wall (W/OW) ratio in SLE and CVD risk factors. A
Univariate analysis was performed to assess for predictors of SLE. For carotid artery wall
volume and W/OW, age-adjusted Z-scores and 95% reference ranges were derived for the
normal and SLE populations and the results compared. A Z-score is a statistical

measurement of a score’s relationship to the mean of a normally distributed group of scores.
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A Z-score of 0 indicates the score is the same as the mean, and Z-scores of +1 or -1 indicate
one standard deviation above or below the mean. Descriptive statistics were derived for the

presence of plaque and LGE.

8.3 Results

8.3.1 Patient Characteristics

Baseline characteristics for SLE patients and both groups of normal controls are shown in
Table 8.1. There was no significant difference in age between the groups. The SLE group
had had a diagnosis of SLE made on average 15.5 years previously. Three patients (7%)
had known cerebrovascular disease and one (2%) had known coronary artery disease.
Sixteen (39%) were known or found to be hypertensive, six (15%) had
hypercholesterolaemia, one (2%) was diabetic and eight (19%) were current smokers. Seven
(17%) were on lipid-lowering treatment with a statin and eleven (27%) were on an
antihypertensive. The SLE group was significantly heavier with a higher body mass index
(BMI) than the control groups, and had a significantly higher heart rate. Blood pressure was
also increased compared to the controls although this was only significant for systolic blood
pressure when compared to the normal carotid group and for diastolic blood pressure when
compared to the normal cardiac group; diastolic blood pressure was also elevated compared
to the normal carotid group but did not reach significance. Twenty-eight (68%) of the SLE
patients were on corticosteroids, which may account for the increased BMI in this group.
Thirty-two  patients were taking an additional disease-modifying drug: 66%
hydroxychloroquine, 17% azathioprine, 15% mycophenolate and 5% methotrexate. The
average SLEDAI score was 3.2 indicating low disease activity; no patients were suffering a
disease flare at the time of participation in the study. All patients completed the full carotid
and cardiac CMR protocol except for two who declined gadolinium contrast and in whom no
LGE images were acquired. Twenty-four (59%) of the SLE patients underwent endothelial
function assessment by FMD of the brachial artery — the rest either declined due to
discomfort having already undergone carotid and cardiac scanning, or were not in a suitable
phase of their menstrual cycle to allow for meaningful repeat assessment as part of the SLE
RCT (see Chapter 9) [Hashimoto 1995].

8.3.2 Carotid CMR

Atherosclerotic plaque (Figure 8.1) was identified in 18 (44%) of SLE patients with a further 9
(21%) having areas of focal carotid vessel wall thickening, giving a total of 29 (71%) with
evidence of subclinical atherosclerosis. Multicontrast CMR of the plaques identified that 7
(39%) were predominantly calcified, 5 (28%) were predominantly fibrous of which 1 had a

very small lipid core, and none comprised predominantly a large lipid core; plaque
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composition was not available for 6 of the SLE patients identified as having atherosclerotic

plaque.

Volumetric analysis of the 40mm longitudinal sections of the carotid arteries scanned showed
that the carotid artery was significantly thicker in SLE patients compared to normal controls
(Table 8.2) — wall volume was 12% greater than in normal (p=0.006), and W/OW was 5%
greater (p=0.02). In 6 (15%) of SLE patients, W/OW ratio was greater than the normal range
(Figure 8.2). The SLE patients’ regression lines for the wall volume and W/OW ratio were
above those for the normal control group, although only slightly so. There were no significant
differences in either total vessel or lumen volumes compared to normal controls. There was
also no significant difference in carotid artery distensibility although values were lower, as
would be expected in the presence of arterial wall thickening and atherosclerosis, in the SLE
patient group. Multivariate regression analysis showed that hypertension and diabetes were
significantly associated with increased W/OW, but corticosteroid use and current smoking
was not (Table 8.3).

8.3.3 Cardiac CMR

Ventricular parameters

Ventricular parameters are shown in Table 8.4. Left and right ventricular volumes were
significantly smaller in SLE patients, particularly end systolic volumes, and this is reflected in
the significantly higher ejection fraction seen in the SLE group. Ventricular volumes indexed
to BSA were also significantly smaller in the SLE patients. There was no significant

difference in left ventricular mass.

LGE

LGE, indicating myocardial fibrosis, was seen in seven (17%) of the SLE patients. In three
patients (7% of the SLE patient cohort) the pattern seen suggested previous, unrecognised,
myocardial infarction — LGE was transmural with associated thrombus in one; the other two
were subendocardial (Figure 8.3). None was know to have coronary artery disease. Three
patients had midwall and one patient subepicardial fibrosis, patterns consistent with previous
myocarditis (10% of the SLE patient cohort). Gadolinium was not administered to the historic

normal cohort, so the presence or otherwise of myocardial fibrosis in that cohort is unknown.
8.3.4 Endothelial function

Mean endothelium-dependent dilatation (FMD) of the brachial artery was significantly

reduced in SLE patients compared to normal historical controls (6.3% vs. 15.5%, p=0.02),
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indicating significant endothelial dysfunction. Endothelium-independent vasodilatation in

response to GTN was similar between the two groups (Table 8.5).
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Table 8.1. Baseline characteristics of patients studied. Results are shown as mean (95% confidence

interval) for continuous variables or numbers (%) for categorical variables.

SLE (n=41) Normals - carotids p Normals - p
(n=50) cardiac (n=60)

Age (years) 48.6 (44.5, 52.7) 44.3 (40.2, 48.4) 0.14 49.1 (44.9, 53.3) 0.87
Race White 21 (51) 48 (96) <0.001

Afrocaribbean/Black 10 (24) 1(2) 0.001

Asian 5(12) 1(2) 0.05

Mixed 1(2) 0 (0) 0.27

Not recorded 4 (10) 0 (0) 0.02 60
Heart rate (bpm) 74.1(70.3,77.9) 67.2 (64.4, 70.0) 0.003 66.1 (63.5,66.7) | 0.0006
Systolic blood pressure (mmHg) 126.9 (121.6, 132.2) | 117.4 (114.1,120.6) | 0.003 122.3 (1184, 0.16

126.3)

Diastolic blood pressure (mmHg) 76.8 (72.8, 80.8) 72.8 (71.0,74.7) 0.08 71.8 (69.7, 74.0) 0.03
Body mass index (kg/m®) 26.2 (24.3, 28.1) 22.9 (22.3, 23.5) 0.006 23.9 (22.7,25.1) 0.03
Body surface area (m°) 1.71 (1.66, 1.76) 1.71 (1.67, 1.75) 0.98 1.71 (1.68, 1.75) 0.92

Years since SLE diagnosis 15.5(12.41, 18.6) N/A N/A
SLEDAI 3.2(2.43,4.02) N/A N/A
SLIicC 0.77 (0.46, 1.08) N/A N/A
Cerebrovascular disease 3(7) None None
Coronary artery disease 1(2) None None
Hypertension 16 (39) None None
Diabetes mellitus 1(2) None None
Hypercholesterolaemia 6 (15) None None
Current smoker 8 (19) None None
Current treatment

Corticosteroids 28 (68) N/A N/A
Azathioprine 7(17) N/A N/A
Methotrexate 2 (5) N/A N/A
Hydroxychloroquine 27 (66) N/A N/A
Mycophenolate mofetil 6 (15) N/A N/A
Statins 7(17) None None
Antihypertensive 11 (27) None None

SLE disease duration not recorded for 2 patients.
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Figure 8.1. T1-weighted transaxial CMR images of the common carotid artery showing (a) a normal
volunteer with a thin and smooth vessel wall; (b) an SLE patient with arterial wall thickening (white
arrow); (c¢) an SLE patient with atherosclerotic plaque — images are (from left-to-right) T1-weighted,
T2-weighted and proton density weighted. A fibrous cap (red arrow) and underlying calcification (star)

is seen.
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Table 8.2. Carotid CMR measurements in SLE and control subjects.

SLE (n=41) Normals - carotids p
(n=50)
Lumen Volume (mm?°) 1456.8 (1361.1, 1552.5) | 1397.6 (1324.0, 1471.3) 0.32
Wall Volume (mm°) 716.3 (666.7, 765.8) 639.8 (611.2, 668.4) 0.006
Total Vessel Volume (mm°) | 2173.1 (2040.9, 2305.3) | 2037.5 (1938.8, 2136.2) 0.095
W/OW Ratio (%) 33.0 (31.8, 34.2) 31.5(30.9, 32.1) 0.02
Distensibility (%) 21.8 (19.4, 24.3) 22.8 (21.0, 24.6) 0.49

Values are mean (95% confidence interval). Significant values are shown in bold text.

Figure 8.2. Mean carotid artery wall volume and W/OW ratio. (a) The regression lines (red and blue)

represent the mean and 95% confidence intervals respectively for the normal control group; the black

regression line represents the mean for the study population. (b) Box plots of age- and sex-matched

Z-scores derived from the normal control group.
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Table 8.3. Multivariate regression analysis showing the strength of association between W/OW ratio
and CVD risk factors in the SLE group.

Variable Coefficient p Adjusted Coefficient p
(95% ClI) (95% ClI)

Hypertension 3.18 (0.85, 5.50) 0.009 3.50 (1.24, 5.77) 0.004

Diabetes 9.59 (2.50, 16.68) 0.009 10.79 (4.08, 17.50) 0.003

Current smoker 0.26 (-2.70, 3.23) 0.86 0.24 (-2.43, 2.90) 0.86

Steroid use 1.09 (-1.62, 3.80) 0.42 -0.23 (-2.63, 2.16) 0.85

Table 8.4. Left and right ventricular parameters for SLE patients and normal controls. Absolute values
are given; measures of ventricular volume and left ventricular mass are also given indexed to body

surface area (BSA).

SLE (n=41) Normals - cardiac p
(n=60)
LVEDV (ml) 112.2 (115.2, 119.2) | 123.8 (118.3, 129.3) 0.01
LVESV (ml) 31.8 (28.5, 35.0) 37.8(35.3,40.2) 0.003
LVSV (ml) 80.4 (75.4, 85.4) 86.1 (82.3, 89.8) 0.07
LVEF (%) 71.9 (69.9, 73.9) 69.7 (68.5, 70.8) 0.04
LV mass (@) 104.7 (97.2, 112.1) | 107.7 (103.0, 112.4) 0.47
LVEDV/BSA (ml/m?) 65.8 (61.9, 69.6) 72.2 (69.6, 74.8) 0.005
LVESV/BSA (ml/m?) 18.8 (16.8, 20.7) 22.0 (20.7, 23.3) 0.005
LV mass/BSA (g/m°) 61.1 (57.4, 64.8) 62.7 (60.7, 64.6) 0.41
RVEDV (ml) 112.9 (105.2, 120.6) 124.9 (118.8, 130.9) 0.02
RVESV (ml) 33.0 (29.1, 36.9) 42.2 (38.7, 45.6) 0.002
RVSV (ml) 79.9 (75.1, 84.7) 82.7 (79.1, 86.3) 0.37
RVEF (%) 71.3(69.3,73.2) 66.7 (65.0, 68.3) 0.0008
RVEDV/BSA (ml/m?) 65.5 (60.6, 70.3) 72.8 (69.9, 75.7) 0.007
RVESV/BSA (ml/m?) 20.6 (17.8, 23.8) 24.6 (22.7, 26.4) 0.02

Values are mean (95%confidence interval). LV = left ventricle; RV = right ventricle; EDV = end
diastolic volume; ESV = end systolic volume; SV = stroke volume; EF = ejection fraction.
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Figure 8.3. GE images from SLE patients — (a) and (b) show early gadolinium enhancement; all other
images are LGE. (a) and (b) Mural thrombus at the cardiac apex. (c) and (d) Transmural fibrosis
indicating a full thickness myocardial infarction. (e) and (f) subendocardial fibrosis indication a

subendocardial infarction [Keenan 2010].
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Table 8.5. Endothelium dependent and independent dilatation of the brachial artery - % change in

area.
SLE (n=24) Normal controls p
(n=12)
Endothelium-dependent dilatation (%) 6.3 16.5 0.02
[FMD] (1.31,11.3) (11.6, 19.4)
Endothelium-independent dilatation (%) 48.2 57.0 0.34
[GTN] (36.8, 59.5) (42.4,71.6)
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8.4 Discussion

Despite the reduced mortality from CVD seen recently in the general population [Mozaffarian
2015], deaths from CVD have not decreased amongst SLE patients and account for up to
48% of all deaths [Gustafsson 2012]. Previous studies have reported a high frequency of
vascular dysfunction and premature atherosclerosis and this study confirms this, identifying
carotid arterial wall thickening, a high prevalence of carotid plaque and endothelial
dysfunction, as well as the presence of previously unrecognised cardiac pathology, in one

single attendance at a CMR unit.

The carotid artery wall volume and W/OW ratio are increased in SLE patients without a
decrease in lumen size. This is consistent with the outward remodelling seen in the early
stages of atherosclerosis [Glagov 1987] and can only therefore be visualised with imaging of
the whole vessel, not just the lumen as occurs in angiography. To our knowledge, this is the
first study looking at arterial wall assessment in SLE patients. Previous studies of C-IMT by
ultrasound have shown conflicting results on whether arterial wall is thickened in SLE. C-IMT
was increased in SLE patients with known CVD, but not in those without known CVD
[Svenungsson 2001]; increased in SLE patients with no overt CVD compared to controls
[Shang 2008]; but decreased compared to controls in another study [Roman 2003].
Increased C-IMT in SLE patients, however, has been associated with an increased risk for
cardiovascular events (HR 1.35) [Kao 2013]. We have found a 49% prevalence rate of
carotid plaque which is consistent with previous ultrasound studies in which carotid plaques
have been found in 30-43% amongst SLE cohorts [Manzi 1999; Roman 2003; Thompson
2008; Anania 2010; Kao 2013], despite a significant proportion of our cohort having low CVD
risk by traditional risk scoring. Only three patients with carotid plaque were known to have
CVD. Of those with known low CVD risk, 5/38 (13%) had carotid plaque present. None of our
normal control group, who were selected to have no history of CVD, no CVD risk factors and
a low CVD risk score, had carotid plaque. In SLE, as in the general population, carotid
plague has been found to be strongly predictive of cardiovascular events [Roman 2006;
Belcaro 1996; Kao 2013].

CMR arterial wall assessment is a different technique to ultrasound (US) and measures
arterial adventitia as well as the endothelial and medial layers. The adventitia cannot usually
be distinguished clearly on CMR, but it has been shown that measurements correlate well
with measurements of C-IMT [Mani 2006]. It can overcome many of the limitations of C-IMT:
variability of measurement site, near field artifacts, and problems related to ‘imaging
windows’. CMR is also a three-dimensional technique and the vast majority of C-IMT studies

to date have been one-dimensional. The absolute values, and techniques cannot therefore
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be directly compared between studies, but principles and findings can be applied. In our
cohort, consisting predominantly of young SLE patients with a low CVD risk, the carotid

arterial wall is significantly thickened compared to the normal age- and sex- matched control

group.

The earliest changes associated with impaired vascular function and atherosclerosis include
endothelial function assessed by FMD and measures of arterial stiffness, both of which are
associated with risk factors for atherosclerosis and with an increase in cardiovascular events
[Celermajer 1992; Suwaidi 2000; Roman 2005]. We have found that CMR is able to identify
significantly impaired endothelial function in SLE patients; arterial stiffness was increased
compared to normal controls, but not significantly so. This is another way in which increased
cardiovascular risk can be identified, used to risk stratify and assess treatment efficacy in
SLE patients, as endothelial dysfunction and arterial stiffness can be reversible [Parker
2014]. The results are consistent with those obtained by ultrasound studies where both
endothelial function and arterial distensibility have been found to be abnormal in SLE cohorts
even in patients with low CVD risk [Lima 2002; EI-Magadmi 2004; Roman 2005; Shang 2008;
Wang 2014].

The presence of hypertension and diabetes, both known CVD risk factors, were
independently associated with increased W/OW ratio in our SLE cohort. Interestingly, current
steroid use was not, despite being taken by 68% of the SLE patients. Corticosteroid use is a
surrogate for disease activity and therefore inflammation in SLE, which itself can increase the
risk of atherosclerosis. Corticosteroids increase the risk of hypertension, dyslipidaemia and
diabetes, all of which are CVD risk factors. Corticosteroids also lead to weight gain, as seen
in our cohort, which may reduce physical activity beyond that due to SLE symptoms, further
compounding the risk of hypertension, impaired glucose tolerance and dyslipidaemia. They
are however atheroprotective by reducing inflammation. Our findings are consistent with
previous studies where the risk of atherosclerosis has been seen with increased duration of
steroid use, but not with current treatment, average daily dose or the use of pulsed
corticosteroid therapy [Petri 1992; Roman 2003]. Acute CVD events have been associated
with current corticosteroid use, even after adjustment for disease activity, suggesting that
corticosteroids may only have a short-term effect on CVD risk [Magder 2012], possibly in
those with established atherosclerosis, but not necessarily increasing the risk of developing
atherosclerosis when used short-term. We did not have information on corticosteroid therapy

duration in our SLE cohort.
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Similar to previous echocardiography studies of SLE patients [Pieretti 2007; Chow 2007], we
found a significantly higher ejection fraction in the SLE cohort. There was however no
increase in left ventricular mass as has been observed previously. This may reflect the
greater accuracy of CMR in measuring LV myocardial mass from a stack of slices covering
the entire ventricle compared with echocardiography were only one-dimensional measures of
the basal septum and posterior wall are taken and the mass calculated using certain
geometric assumptions, ignoring wall thickness at other sites, and the longitudinal dimension

of the ventricle.

Myocardial fibrosis was seen in 17% of our SLE cohort. In three the pattern seen suggested
previous myocardial infarction, despite there being no known history of coronary artery
disease. A recent CMR study of an unselected cohort of adult SLE patients identified
myocardial fibrosis in 37% of patients [Seneviratne 2016], however, only one of these was
consistent with myocardial infarction and occurred in a patient with known CVD who had
previously undergone coronary artery bypass grafting and coronary stenting. The other
patterns of myocardial fibrosis were consistent with previous myocardial inflammation and
24% of patients in that study were known to have had a clinical history of pericarditis. This
contrasts with our current study where only 10% had findings consistent with previous

myocarditis.

The current study includes two groups of SLE patients, the first un-selected for CVD risk
(recruited and investigated by Dr Niall Keenan), and a second larger group of low CVD-risk
SLE patients recruited as part of a randomised control trial (see Chapter 9). If this second
group is excluded, the prevalence of ‘silent’ coronary artery disease in the unselected group
is 18%, suggesting a possible significant undetected burden of coronary artery disease
amongst SLE patients. This echoes findings using other imaging techniques such as electron
beam-CT (EBCT) where a high prevalence of coronary artery calcification in SLE patients
compared with controls has been found [Asanuma 2003; Chung 2006; Kao 2008], and single
photon emission computed tomography (SPECT) where approximately one-third of women
with SLE and no history of coronary artery disease have been shown to have abnormalities

of myocardial perfusion [Bruce 2000; Sella 2003].

8.4.1 Study limitations

This is a relatively small cross-sectional study involving two phases of recruitment with
slightly different criteria — the first eleven patients were an ‘all-comer’ SLE cohort ranging
from those with known atherosclerosis to a few low-risk individuals, whereas the second

phase comprised a mainly low traditional CVD risk SLE group, where none had known
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atherosclerosis. The presence and magnitude of CVD may therefore be lower than that
which may be present in the SLE population at large. The study does not include male
patients, who may have a different CVD risk profile, and the study may therefore not be

applicable to male SLE patients.

There was a mean age difference between the normal historic cohort and the SLE cohort,
with the latter being 4.3 years older. This did not reach statistical significance, but as carotid
wall volume and W/OW is known to increase with age [Keenan 2009a], age differences may
have influenced the observed results and be of clinical significance. It would have been
useful to include age in the multivariate analysis to estimate its contribution to the increased
W/OW in the SLE cohort and to compare this with the contribution of aging to increased

W/OW the normal historic cohort.

Systolic blood pressure was also significantly increased in the SLE cohort compared to the
normal cohort. As C-IMT has been shown to increase with systolic blood pressure [Tauvil
2007], possibly as a result of increased mechanical stress, wall volume by CMR would
therefore be expected to increase as well. Indeed, hypertension was positively associated
with W/OW in our study, which may at least in part account for the higher wall volume and
W/OW seen in the SLE cohort.

8.5 Conclusion

Our CMR study confirms the presence of early atherosclerosis in SLE assessed by a
combination of endothelial dysfunction, increased arterial stiffness as well as increased
carotid arterial plaque and wall thickness. It also demonstrates the existence of significant
‘silent’ cardiac disease in those with no history of cardiac symptoms. In many of these
patients, the only evidence of atherosclerosis was the presence of an abnormal carotid CMR,
suggesting that CMR offers a way of detecting asymptomatic premature atherosclerosis in
patients with SLE, improving risk stratification, and allowing targeted secondary prevention in
those who have few if any traditional CVD risk factors. CMR also provides a number of
reproducible end-points, such as arterial wall volume and W/OW, which can be used as
surrogate end-points for CVD in clinical trials looking at the ability of therapies to reduce CVD
risk in SLE populations. We therefore undertook a randomised controlled trial looking at the
effect of rosuvastatin, a potent lipid-lowering agent, on carotid arterial wall parameters in SLE

patients with no current indication for statin therapy (Chapter 9).
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Chapter 9
A randomised placebo controlled trial of rosuvastatin in systemic

lupus erythematosus

9.1 Introduction

Systemic lupus erythematosus (SLE) is a recognised independent risk factor for
atherosclerosis and coronary artery disease (CAD). It is one of the strongest known risk
factors for CAD with an incidence of myocardial infarction greater than 50 times that in the
Framingham dataset, for women with SLE aged 35-44 years [Manzi 1997; El-Magadmi
2004]. A bimodal pattern of death in SLE was noted in 1976 with an early peak related to
nephritis and sepsis and a second peak reflecting deaths related to premature myocardial
infarction [Urowitz 1976]. Even after matching traditional cardiovascular risk factors, the risk
of CAD in SLE is 7-fold higher than that of healthy controls [Esdaile 2001]. The relative risk of
death from myocardial infarction of 17 [Esdaile 2001], suggests that SLE-specific risk factors
and inflammation play a role [Svenungsson 2001; Ridker 2000]. The duration and severity of
SLE disease activity correlates positively with CAD risk, consistent with the paradigm of
atherosclerosis as a disease of vascular inflammation [Manzi 1997; Karp 2008; Ross 1999].
SLE has been associated with increased coronary-artery calcification on CT [Asanuma
2003], increased carotid intimal media thickness (C-IMT) on B-mode ultrasound

[Svenungsson 2001], and carotid plaques [Roman 2003].

C-IMT is a surrogate for the presence of atherosclerosis throughout the arterial tree and has
been shown to be predictive of cardiovascular events in populations with and without
established cardiovascular disease [Lorenz 2007]. Cardiovascular magnetic resonance
(CMR) of the carotid vessel wall can overcome many of the limitations of C-IMT, such as
one-dimensionality, measurement site variability, and near field artefacts, and has been
shown to correlate well with measurements of C-IMT [Mani 2006]. Constant resolution along
the length of the artery can be achieved with CMR and 2D images combined into a three-
dimensional model giving the wall volume for the length of artery studied. Reproducibility is
good with interstudy coefficients of variation of 4.4% [Varghese 2005b], allowing for smaller

sample size in clinical studies.

Statins significantly reduce cardiovascular morbidity and mortality in patients with
hyperlipidaemia, diabetes or established CAD [Pedersen 1994; Shepherd 1995]. Importantly,
in the JUPITER study rosuvastatin significantly reduced the incidence of major

cardiovascular events in healthy individuals without hyperlipidaemia (LDL-C<3.4mmol/L) but
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with elevated levels of C reactive protein measured by a high-sensitivity assay (hs-CRP)
[Ridker 2008]. Statins reduce progression and induce the regression of atherosclerotic
plaque, as assessed by angiography [Blankenhorn 1993], intravascular ultrasound [Nissen
2006], C-IMT measurements by ultrasound [Hodis 1996] and CMR [Corti 2001; Corti 2005;
Migrino 2011]. In addition to potent reduction of LDL-cholesterol [Pedersen 1994; Shepherd
1995; Ridker 2008], statins exert immunomodulatory and anti-inflammatory effects. These
include anti-oxidant actions [Bellosta 1998], and reduction of hs-CRP [Ridker 2008], nuclear
factor-kB activity [Mihos 2012], inflammatory cytokines (e.g. TNF-a [Raza 2012], MCP-1
[Blanco-Colio 2007]) and ultimately leukocyte trans-endothelial migration [Maher 2009].
Statins may also increase fibrinolytic activity [Lefer 2001] and decrease tissue factor, thus

reducing activation of the coagulation cascade [Lefer 2001; Bellosta 2000].

While statin therapy modulates biomarkers of inflammation, including surrogates of vascular
risk, in rheumatoid arthritis [McCarey 2004] and neurological models of inflammation
[Malfitano 2014], there are scant and equivocal data with regards to clinical outcomes.
Indeed a recent study using atorvastatin versus placebo in SLE failed to show any benefit on
disease activity, measures of inflammation, C-IMT or carotid plaque in the treatment group
[Petri 2011]. Furthermore, patients with SLE were specifically excluded from the JUPITER
study [Ridker 2008]. Despite this, the increased risk of CAD in the SLE population has
resulted in statins becoming widely prescribed, even in those with mild disease and
normolipidaemia. We therefore sought to investigate whether treatment with rosuvastatin, in
stable SLE subjects without hyperlipidaemia and no other current indication for the use of

statins, can retard the development of atherosclerosis as measured by CMR.

9.2 Methods

9.2.1 Patient population

Subjects were aged 18 to 80 years inclusive, male or female, with a diagnosis of SLE by
American College of Rheumatology (ACR) criteria [Tan 1982; Hochberg 1997], no current
indication for statins and a fasting LDL-C<3.4mmol/L. Women with childbearing potential
were required to have used effective contraception for at least one month prior to screening,
and advised to continue the same contraceptive method during the study and for 30 days
after completion. Patients with raised creatine kinase (CK) or liver function tests (LFTs) were
allowed to enrol if, in the opinion of the responsible rheumatologist, the test abnormality was
minor and not a contraindication to the use of a statin. Exclusion criteria were known
atherosclerotic vascular disease (ischaemic heart disease, cerebrovascular disease,
peripheral vascular disease); current or previous statin therapy; renal dysfunction (estimated

creatinine clearance < 60/ml/1.73/m?); hyperlipidaemia (fasting LDL-C >3.4mmol/L); active
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myositis or CK >150IU/L with a pathological cause; liver disease with LFTs >1.5 times the
upper limit of normal; contraindications to CMR; pregnancy; breastfeeding; and treatment

with cyclosporin A.

9.2.2 Study design

The study was a 2-year randomised double-blind, placebo-controlled trial of rosuvastatin
20mg versus matching placebo. Recruitment took place in four London centres - Imperial
College Healthcare NHS Trust (Hammersmith, Charing Cross and St Mary's Hospitals), and
London Northwest Healthcare NHS Trust (Northwick Park Hospital). CMR was performed at
the Royal Brompton Hospital at baseline, 1 year and 2 years. CMR studies consisted of 2 or
3 parts. All patients underwent carotid artery and cardiac studies with some also undergoing
a brachial artery reactivity (BAR) scan to assess flow-mediated dilatation (FMD) — see
supplementary methods below. The Clinical Trials and Evaluation Unit at Royal Brompton
Hospital carried out randomisation to treatment with rosuvastatin or placebo after the
baseline CMR study. Subjects were followed up every three months in their usual
rheumatology clinic, with a clinical examination and standard blood tests (including markers
of inflammation [CRP, ESR] and disease activity [dsDNA, complement levels]). Disease
activity and damage were assessed at baseline and quarterly using the Systemic Lupus
Erythematosus Disease Activity Index SELENA Modification (SLEDAI) [Bombardier 1992]
and the Systemic Lupus International Collaborating Clinics/ACR Damage Index
(SLICC/ACR) respectively [Gladman 1996b]. Lipid profile was checked annually. An
electrocardiograph (ECG) was performed at baseline. All patients provided written informed

consent.

9.2.3 CMR protocol

All studies were performed on a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany). A
purpose-built bilateral four-channel phased array carotid surface coil (Machnet, Eelde, The
Netherlands) with a specially designed head and neck cushion was used for carotid imaging.
The CMR protocol is described in Sections 7.1.2 and 7.1.3, Imaging Protocols. Briefly, a
contiguous stack of 20 high-resolution T1-weighted fast spin echo (FSE) images, centred on
the carotid bifurcation bilaterally, was acquired approximately perpendicular to the
longitudinal axis of both common carotid arteries, giving 40 mm of longitudinal coverage per

artery.

The cardiac study was performed using a standard CMR protocol as described in Section
7.3, Imaging Protocol. Briefly, a contiguous short-axis stack was obtained from ventricular

base to apex imaging parallel to the atrioventricular groove. At the baseline study, late
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gadolinium enhancement (LGE) images (long-axis plane and short-axis stack) were obtained
approximately 10 minutes after giving an intravenous injection of gadolinium contrast

(Gadovist, Bayer-Schering, Berlin, Germany, 0.1mmol/kg).

All images were analysed off-line by a blinded investigator using CMRtools software
(Cardiovascular Imaging Solutions, London). Carotid images were analysed using Atheroma
Tools (a plug-in of CMR tools) as described in Sections 7.1.2 and 7.1.3, Image Analyses. A
visual assessment was made for the presence or absence of atherosclerotic plaque. Left and
right ventricular volumes (end-diastolic volume, end-systolic volume, stroke volume, and
ejection fraction) and LV mass were determined after manual contouring of the epicardial
and endocardial borders (see Section 7.3, Image Analysis). Ventricular volumes and mass
were indexed to body surface area. Visual assessment was made of the presence and
pattern of late gadolinium enhancement. Two separate analyses were carried out. | carried
out the initial analysis, and a second (results given below and which will be presented in a
manuscript for publication) was done subsequently. This came about as staff shortages
necessitated my heavy involvement in recruitment and patient follow up, as well as carrying
out the scans and analysing them. | was therefore party to their clinical progress, symptoms,
disease activity and blood test results (except the year-1 and year-2 lipid profiles to which |
remained blinded), resulting in the introduction of potential bias, as | was not truly fully

blinded to all patient parameters.

9.2.4 Outcome measures

The primary outcome measure was defined as the change from baseline in subclinical
atherosclerosis as assessed by bilateral carotid artery wall volume. Measures of vessel
volume, lumen volume and wall volume expressed as a percentage of the total vessel
volume (wall/outer wall ratio) were also assessed. Secondary outcome measures included
change from baseline in carotid artery distensibility, endothelial function assessed by brachial

artery reactivity, and correlation of vascular findings to ventricular volumes and function.

9.2.5 Statistical methods

Categorical data were presented as number (%) and comparisons done using the chi
squared or Fishers exact test. Normally distributed data were presented as mean (SD) and
analysed using the unpaired or paired t test. Non-normally distributed data were presented
as median (IQR) and comparisons done using the Mann-Whitney (Wilcoxon rank sum) test.
To assess the differences between treatment groups from baseline, the difference in the
variable values was obtained between the two time points and these differences compared

using the unpaired t test. Linear mixed models were used to assess the predictors of the
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primary outcome measure and some secondary outcomes. Where there was a significant
imbalance in baseline variables, such as age, this variable was adjusted for in the linear

mixed models analysis

9.2.6 Power of study

Using a previous CMR study that showed an interstudy SD of 4.4% [Varghese 2005b] the
study was powered to detect 1 SD of change with a sample size of 60. This would yield
>90% power at a p-value of 0.05 to detect a difference of 4.4% between the groups. This is
considered to be an observable difference relative to changes in carotid atheroma over one
year seen in other trials [Corti 2002]. The trial, however, under-recruited with 33 patients
randomised instead of the target of 60. Therefore the actual study power achieved at a p-

value of 0.05 was 68% at year-1 and 66% at year-2.

9.2.7 Safety monitoring

The Data Safety Monitoring Committee reviewed the study throughout the trial and was
provided with all adverse event records. Safety monitoring of CK and LFTs were performed
at one month and three months and then at the quarterly visits. Withdrawal from the study
and discontinuation of trial therapy would be triggered by a CK >5 times or LFTs >3 times the

upper limit of the reference range.

9.2.8 Supplementary methods

Males, post-menopausal females and females menstruating at the time of their first and
subsequent scans also underwent a BAR scan to assess FMD. Pre-menopausal females not
menstruating at the time of the first scan did not undergo the BAR scan, as significant
fluctuations occur with hormonal changes during the menstrual cycle [Hashimoto 1995]. BAR
was carried out using a previously validated CMR protocol [Sorenson 2002]. This is
described in Section 7.2. Briefly, to measure endothelium dependent reactivity, the right
brachial artery was occluded distally at the forearm by inflating a blood pressure cuff to
20mmHg above systolic pressure. The artery was scanned immediately and at one-minute
intervals for five minutes on cuff deflation. Non-endothelium dependent reactivity was then
measured after giving 400ug sublingual glyceryl trinitrate (GTN) and the artery scanned
immediately and at 1-minute intervals until maximal dilatation had taken place. The arterial
intimal border was contoured semi-automatically at baseline and maximal dilatation. The
change was expressed as a percentage. Insufficient numbers had BAR performed to allow

for statistical comparison.
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9.3 Results

9.3.1 Patient characteristics

Thirty-nine patients who fulfilled the ACR diagnostic criteria [Tan 1982; Hochberg 1997] were
consented and thirty-three were enrolled and randomised (Figure 9.1). The mean (SD) age
was 48.1 (13.4) years (range 21-77), 94% were female, 55% Caucasian, 30% Afro-
Caribbean, and 15% were of other ethnic origins. At recruitment 15% were positive for
antiphospholipid antibodies, 23% were lupus anticoagulant positive, 91% were ANA positive
(data for one person missing), and 60% were positive for extractable nuclear antigens. The
mean (SD) eGFR was 90.8 (19.7) ml/min/1.73m?, total cholesterol 4.5 (0.59) mmol/L, LDL-C
2.6 (0.47) mmol/L, HDL-C 1.4 (0.38) mmol/L, and TG 1.27 (0.62) mmol/L. With respect to
SLE disease activity no differences were found between the groups for C3, C4, ESR and
anti-dsDNA. The SLEDAI scores confirmed inactive disease in both groups and no difference
in SLICC damage indices were apparent. The mean (SD) of C3, C4 and dsDNA were 1.17
(0.89) mg/dL, 0.58 (1.08) mg/dL and 43.4 (56.6) IU/ml respectively; normal ranges were C3
0.7-1.7 mg/dL, C4 0.15-0.54 mg/dL and dsDNA 0-30 1U/ml. 9% had albuminuria (1+ and 2+)

on urine dip testing.

The rosuvastatin and placebo groups were similar with respect to the majority of baseline
variables (Table 9.1). Although differences were apparent for the eGFR, leukocyte and
neutrophil counts, these were minor and the values were within the respective normal
ranges. Smoking was more prevalent in the rosuvastatin group but the difference did not
reach statistical significance. SLE duration overall was not statistically different between the
groups. Two patients were diagnosed with hypertension during the study period and
commenced on appropriate therapy. No patients were diagnosed with diabetes mellitus

during the study.

61% of patients were taking prednisolone at a mean dose of 6mg (range 1-20mg), 18% were
prescribed azathioprine, 73% hydroxychloroquine, 15% mycophenolate, 3% methotrexate
and 3% tacrolimus. There was no statistically significant difference between the groups with

regards to drug treatment for SLE (Table 9.1).

Total cholesterol and LDL-cholesterol were significantly decreased at 1 year (p 0.0001 and p
0.0012 respectively, table 9.2). However, lipid-lowering did not reach statistical significance
at 2 years compared to baseline (p=0.10 for both total cholesterol and LDL-cholesterol).
Median (IQR) reported study drug compliance (calculated from patient returns of medication)
was 94 (80.5, 97.5)% at year-1 and 98 (89,100)% at year-2 in those taking rosuvastatin and
91 (87, 100)% at year-1 and 91 (85, 98)% at year-2 in the placebo group. Thus lipid-lowering
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at year-2 was not what would be expected from the calculated compliance i.e. significantly

reduced in the rosuvastatin group.

At baseline, carotid plaque was identified in 39%: 44% in the rosuvastatin group and 35% in
the placebo group (p=0.60). The plaques were small and eccentric with no clinically
significant reduction in lumen volume. Two subjects had visually apparent worsening of their
carotid plaques (1 each from the rosuvastatin and placebo groups); one subject in the
rosuvastatin group developed a small plaque by the end of the study, where the area of
carotid wall had appeared thickened at baseline. No other significant visual changes were
observed during the study. A further 33% (38% rosuvastatin group, 29% placebo group,
p=0.58) had some visually apparent thickening of the carotid wall at baseline. Figure 9.2

shows carotid plaque at the same level taken at baseline, year-1 and year-2.

Carotid artery wall volume was comparable in the placebo and rosuvastatin groups at
baseline, year-1 and year-2 (Table 9.3). There was no significant difference between the
groups with regards to the other carotid measurements. No difference in the change in wall
volume or other carotid measurements between the groups was seen at either the year-1 or
year-2 follow-up (Table 9.4). Carotid artery distensibility was similar between the study
groups at baseline. After 2 years, distensibility had decreased significantly (p = 0.039) in the

group receiving rosuvastatin (Table 9.5).

Cardiac parameters (left and right ventricular volume, mass and function) were not
significantly different between the study groups at baseline, and there was no change during
the 2-year study duration. One patient had a small area of subendocardial LGE; one patient
did not consent to having gadolinium contrast. All other LGE studies were normal. There was
no correlation between either total carotid wall volume or carotid distensibility and cardiac

parameters including left ventricular ejection fraction and left ventricular mass (Table 9.6).

9.3.2 Adverse events

A total of 9 serious adverse events (SAEs) and 62 adverse events (AEs) occurred during the
study period. Of the SAEs, 5 occurred in the placebo group (to 3 patients) and 4 in the
rosuvastatin group (4 patients). The SAEs were all due to hospitalisation, none of which was
considered related to the study drug. Causes were lupus-flare, costochondritis, polyarthritis,
a planned cholecystectomy and pneumonia in the placebo group; and hip fracture due to a
fall, post-elective surgery bleeding, pericarditis, and surgery for severe aortic stenosis
(picked up incidentally on baseline CMR) in the rosuvastatin group. One SAE resulted in

interruption of the study medication (rosuvastatin) for a few days whilst investigations were
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carried out; this occurred at the end of the 2-year study period. One patient withdrew from

the trial after aortic valve surgery for personal reasons.

Of the 62 AEs, 26 occurred in the placebo group (to 10 patients) and 36 in the rosuvastatin
group (to 13 patients). Of these, 56 were classed as mild, 6 as moderate and none as
severe. Of the AEs, 56 were definitely unrelated to the study drug. Known interruption of the
study drug occurred in 1 patient, and study drug was restarted on review by the trial team 1
month later. Of the 6 AEs due to an uncertain cause, interruption of the study drug occurred
in 3 cases; all 3 patients restarted the study drug and continued with the trial. Two other
patients did not interrupt the study drug due to their AE, and 1 patient withdrew from the
study shortly after their AE with blood tests and clinical review having been normal. Of the
AEs definitely or possibly related to lupus (11 and 4 respectively), 60% occurred in the

rosuvastatin group.
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Figure 9.1. Study consort diagram.
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Figure 9.2. Carotid plaque in one individual, imaged at the same level at a) baseline, b) 1-year
and c) 2-years. Images are T1-weighted and show a fibrous cap (white arrow) overlying an

area of calcification (black arrow), which is of low signal, surrounded by fibrous tissue.
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Table 9.1. Baseline characteristics of the study patients by group.

Placebo (n=17) Rosuvastatin (n=16) p-value
Demographic and clinical characteristics

Female 15 (100%) 14 (87.5%) 1.00
Race

Caucasian 7 (47%) 10 (62.5%)

Afro-Caribbean 6 (40%) 2 (12.5%) 0.28

Other 2 (13%) 4 (25%)
Years since SLE diagnosis

0-2 0 (0%) 1(6%)

2-5 2 (13%) 2 (12.5%) 0.43

5-10 5 (33%) 2 (12.5%)

10+ 7 (47%) 10 (62.5%)
Hypertension 2 (13%) 3 (19%) 1.00
Diabetes mellitus 0 (0%) 0 (0%) N/A
Smoker 1(7%) 6 (37.5%) 0.08
Carotid plaque

Yes 6 (35%) 7 (44%) 0.60

No 11 (65%) 9 (56%)
Age (yrs) 44.3 (14.4) 50.8 (12.9) 0.20
BMI (kg/m?) 25.2 (5.5) 26.5 (5.0) 0.51
BSA (m®) 1.7 (0.15) 1.72 (0.18) 0.74
Blood pressure (mmHg)

Systolic 124.9 (18.1) 123.4 (22.1) 0.84

Diastolic 73.7 (11.2) 71.9 (12.9) 0.67
Heart rate (bpm) 77.1(9.1) 76.4 (13.5) 0.87
SLE drug treatment

Prednisolone 11 (65%) 9 (56%) 0.62

Azathioprine 3 (18%) 3 (19%) 0.94

Hydroxychloroquine 12 (71%) 12 (75%) 0.78

Mycophenolate 3 (18%) 2 (12.5%) 0.68

Blood parameters

Total cholesterol (mmol/L) 4.43 (0.47) 4.40 (0.51) 0.86
LDL cholesterol (mmol/L) 2.57 (0.41) 2.60 (0.56) 0.86
HDL cholesterol (mmol/L) 1.41 (0.38) 1.30 (0.24) 0.34
Sodium (mmol/L) 141.13 (2.26) 140.44 (2.22) 0.39
Potassium (mmol/L) 4.01(0.37) 4.26 (0.31) 0.054
Urea (mmol/L) 4.18 (1.03) 5.23 (1.78) 0.059
Creatinine (umol/L) 67.2 (8.9) 73.6 (14.5) 0.15
eGFR (ml/min/1.73m?) 99.78 (20.91) 84.70 (13.78) 0.024
Creatine kinase (IU/L) 71 (53, 143) 80.5 (50.5, 125) 0.80
Albumin (g/L) 38 (35, 40) 39.5 (36, 41.5) 0.33
Bilirubin (umol/L) 6 (4, 10) 7 (5, 10.5) 0.45
Alkaline phosphatase (IU/L) 62 (45, 74) 62 (49.571.5) 0.77
Alanine transaminase (IU/L) 18 (14, 25) 21 (16, 24) 0.38
Haemoglobin (g/dL) 12.47 (1.48) 12.66 (1.44) 0.71
Total white cell count (x10°/L) 4.2 (3.9,5.7) 5.7(4.8,7.1) 0.04

Lymphocytes 1.44 (1.10, 1.90) 1.33 (0.92, 1.85) 0.68

Neutrophils 2.7 (2.4,3.1) 4.13 (2.75, 4.70) 0.046
CRP (mg/L) 5(1,6) 4 (1.25,10.6) 0.69
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ESR (mm/hr) 16 (8, 49) 25 (12.5, 46) 0.59

dsDNA (U/ml) 56.4 (10.0, 85.0) 13.0 (10.0, 25.0) 0.07
C3 (mg/dL) 0.99 (0.92, 1.15) 1.05 (0.85, 1.18) 0.90
C4 (mg/dL) 0.17 (0.14, 0.23) 0.20 (0.12, 0.25) 0.93
Anticardiolipin 1(7.1) 3(18.8) 0.60
Lupus anticoagulant 3 (20) 3(21.4) 1.00
Disease activity score
SLEDAI score 1(0,1) 0(0,1) 0.05
SLICC score 2(1,4) 0(0,2) 0.14

Data are mean (standard deviation) for normally distributed variables, median (interquartile range, IQR) for
continuous variables with a skewed distribution or n (%) for categorical variables. BMI indicates body mass index;
BSA, body surface area; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated glomerular
filtration rate; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; C3, complement component 3; C4,
complement component 4; dsDNA, double-stranded DNA. SLE disease duration not recorded for 1 patient in the
placebo group and 1 patient in the rosuvastatin group.
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Table 9.2. Change in lipids from baseline.

Mean LDL-C (mmol/L)

Treatment At After 1yr  After 2 yrs Mean change p-value for
group baseline change
Rosuvastatin 2.60 (0.56) 1.60(0.79) - -1.00 (-1.40, -0.60) 0.001
Placebo 2.57 (0.41) 2.54(0.53) - -0.08 (-0.38, 0.22)

Rosuvastatin 2.60 (0.56) - 1.99 (0.90) -0.61 (-1.06, -0.16) 0.10
Placebo 2.57 (0.41) - 2.55(0.67) -0.14 (-0.47, 0.20)
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Table 9.3. Carotid artery measurements at a) baseline, b) 1-year and c¢) 2-years. (Results are mean

+SD).

a) Baseline

Variable Placebo Rosuvastatin p
(n=15) (n=16)

Total Wall Volume (mmd) 1328.24 + 303.50 1378.83 £+ 207.29 0.61

Total lumen Volume (mma) 3032.29 + 819.25 3019.44 +497.92 0.96

Total Vessel Volume (mm3) 4360.53 + 1092.48 4398.27 + 688.11  0.91

WOW (%) 30.77 £ 2.77 31.45+1.60 0.43

Distensibility (%) 20.33 + 6.86 21.03+£6.73 0.78

b) 1-year follow-up

Variable Placebo Rosuvastatin p
(n=12) (n=15)

Total Wall Volume (mmd) 1244.59 + 246.68 1325.49 £+ 235.70 0.39

Total lumen Volume (mma) 2952.21 + 821.74 2950.07 £ 589.21  0.99

Total Vessel Volume (mm®) 4196.80 + 1050.67 4275.56 + 804.79  0.83

WOW (%) 30.06 £ 2.29 3112+ 2.10 0.22

Distensibility (%) 23.64 +£9.78 18.33 £ 5.07 0.11*

c) 2-year follow-up

Variable Placebo Rosuvastatin p
(n=12) (n=14)

Total Wall Volume (mmd) 1250.03 + 214.63 1303.23+171.75 0.49

Total lumen Volume (mm®)  3006.03 + 787.89 2915.60 £ 369.99 0.70

Total Vessel Volume (mm3) 4256.06 + 974.49 4218.83 +517.54 0.90

WOW (%) 29.80 £ 2.76 30.92+1.84 0.23

Distensibility (%) 21.5+8.02 18.36 £ 7.39 0.32

*t-test with unequal variance
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Table 9.4. Primary outcome (total wall volume) and other carotid artery measurements shown as a)
change from baseline to year-1 and b) change from baseline to year-2. Results are shown as mean
(95%Cl).

a) change from baseline to year-1

(-2.41, 0.48)

(-1.38, -0.03)

(-1.17, 1.69)

Variable Placebo (n=12) Rosuvastatin (n=15) Treatment effect o]
Total Vessel Volume  -163.73 -122.71 41.02 0.77
(mm?®) (-375.04, 45.58) (-326.12, 80.71) (-240.11, 322.16)
Total Wall Volume -83.65 -563.35 30.30 0.49
(mm?) (-159.41, -7.89) (-111.86, 5.16) (-58.90, 119.51)
Total Lumen Volume  -80.08 -69.36 10.72 0.92
(mm?) (-246.14, 85.98) (-226.86, 88.14) (-208.24, 229.68)
W/OW (%) -0.71 -0.33 0.38 0.56
(-2.02, 0.59) (-1.09, 0.44) (-0.98, 1.75)

b) change from baseline to year-2
Variable Placebo (n=12) Rosuvastatin (n=14) Treatment effect P
Total Vessel Volume  -104.47 -113.15 - 8.86 0.95
(mm?) (-319.10, 110.16) (-353.50, 127.20) (-319.10, 301.73)
Total Wall Volume -78.20 -64.66 13.54 0.80
(mm?®) (-169.89, 13.48) (-136.86, 7.53) (-95.43, 122.52)
Total Lumen Volume  -26.26 -48.48 -22.22 0.84
(mm?) (-185.38, 132.85) (-224.16, 127.17) (-250.27, 205.82)
W/OW (%) -0.97 -0.71 0.26 0.71
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Table 9.5. Results of linear mixed models (using all data points and including year as a covariate) —

Coefficients of active treatment variable in comparison with placebo.

Variable Active treatment coefficient (95%CI) P value

CMR parameters

Total vessel volume 47.17 (-561.82, 660.15) 0.88
Total wall volume 65.98 (-95.68, 227.65) 0.42
Total lumen volume -16.92 (-481.56, 447.71) 0.94
W/OW 0.92 (-0.56, 2.39) 0.22
Carotid distensibility -2.53 (-4.92, -0.13) 0.039

Lipid parameters

Total cholesterol -0.56 (-0.86, -0.26) <0.0001
LDL- cholesterol -0.46 (-0.73, -0.19) 0.001
HDL- cholesterol -0.05 (-0.16, 0.06) 0.38
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Table 9.6. Correlations of total carotid wall volume and carotid distensibility to ventricular ejection

fraction and mass.

Placebo Rosuvastatin
Year Ro p Year Ro ¢]
Total wall volume
LVEF 0 0.05 0.87 0 0.22 0.43
1 -0.08 0.80 1 0.09 0.76
2 0.39 0.24 2 0.18 0.53
LV mass 0 0.12 0.71 0 0.20 0.48
1 -0.08 0.80 1 0.08 0.78
2 0.04 0.91 2 -0.15 0.62
Distensibility
LVEF 0 0.02 0.94 0 0.40 0.13
1 0.21 0.51 1 -0.18 0.52
2 -0.006 0.99 2 0.22 0.47
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9.4 Discussion

Death rates in the general population due to cardiovascular disease (CVD) have decreased
by up to 30.8% in the first ten years of this century [Mozaffarian 2015]. Approximately 47% of
the decrease in deaths from CVD in the USA is due to the use of evidence based medical
therapies such as the statins [Ford 2007]. Indeed, statins have been associated with a
reduction in CVD in other at risk groups, such as diabetics with no additional CVD risk factors
[Eldor 2009], and in those with a raised CRP in the presence of normal levels of LDL-
cholesterol [Ridker 2008]. Unfortunately, despite advances in the treatment of SLE and a
reduction of all-cause mortality, the risk of death from CVD has remained unchanged
[Bjornadal 2004]. In contrast, there is emerging data that in rheumatoid arthritis, aggressive
management of disease activity combined with modification of traditional risk factors can

significantly reduce the risk of CV events [Roubille 2015; Solomon 2015].

Although the use of statins in SLE patients without hypercholesterolaemia has appeared
attractive due to their known effect on reducing cardiac events in patients with CVD, and also
because of their anti-inflammatory, immunomodulatory and anti-thrombotic effects [Mihos
2012; Raza 2012; Blanco-Colio 2007] no clear evidence for their routine use has emerged.
Concerns have also been raised that statins may induce lupus or cause a flare of known SLE

[Moulis 2012], but again no clear evidence exists.

This 2-year interventional study of rosuvastatin in normolipidaemic SLE patients with mild
disease has shown no benefit in improving the primary endpoint of total carotid wall volume,
which is a marker of subclinical atherosclerosis. This echoes a recent study by Petri et al.
where the administration of atorvastatin versus placebo showed no benefit in the primary
endpoint, namely analysis of C-IMT by ultrasound [Petri 2011]. Moreover, our secondary
endpoint of carotid artery distensibility worsened in the statin group. Arterial distensibility is a
marker of vascular health and arterial stiffness has been associated with cardiovascular
mortality and morbidity [Suwaidi 2000; Cavalcante 2011]. SLE patients at low risk for CVD
have been found to exhibit increased arterial stiffness [Sacre 2014]. The lack of improvement
in carotid artery distensibility in our study correlates with the failure to reduce carotid wall
volume, both being markers of cardiovascular risk [Simons 1999]. Statins have been found to
improve arterial stiffness (measured by pulse wave velocity) in a recent meta-analysis [Upala
2016]. Individual studies however have been conflicting in their results [Upala 2016; Rizos
2010], and the effects seen can vary depending on the arterial bed examined [Shige 2001].
Most studies have been carried out in patients with hyperlipidaemia and/or known CVD. It is
possible that the conflicting results obtained in previous studies are due to one or a

combination of the type of statin used, variation between PWV protocol used and the arterial
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bed studied [Shige 2001; Ballard 2015]. The effect of statins on arterial stiffness on various

conditions, particularly when not associated with hyperlipidaemia is unclear/unknown.

These combined data leave us with the question of when statins should be recommended to
patients with SLE. An LDL-C target of <100 mg/dL (<2.6mmol/L) has been recommended
[Stojan 2013]. Ideally disease-specific indices should be derived. The lipid environment in
patients with inflammatory diseases per se, and SLE in particular is complex. A putative pro-
inflammatory form of HDL (piHDL) is increased in patients with SLE [McMahon 2006] and
may enhance LDL-oxidation and foam cell deposition. The total cholesterol to HDL-C ratio
may be a more applicable measure of CV risk in SLE patients. Our findings add weight to the
argument that statins should not be routinely prescribed to SLE patients who lack traditional
cardiovascular risk factors, have stable disease and no clear indication for statin therapy
[Robertson 2013].

9.4.1 Study limitations

This study had several significant limitations. One limitation is the low number of SLE
patients recruited, which resulted in under-powering of the study for its endpoints. This
reflects both the difficulties in recruiting predominantly young women of child-bearing age
who are asymptomatic and otherwise well into a long-term demanding clinical trial and the
number of SLE patients already prescribed statins by their care providers. Indeed during
screening, 22% of potential SLE patients identified were already prescribed a statin. It would
be interesting to ascertain whether these patients have the same CVD risk profile as our
study group, or whether other risk factors such as a family history of premature CVD are

present.

Another limitation is the apparent poor compliance with medication during year-2 of the trial.
Statins produce significant reductions in total cholesterol and LDL-cholesterol levels which
are maintained over time with continued administration. Similar statin lipid-lowering effects in
SLE patients have been found in previous studies [Petri 2011]. The absence of a significant
difference in total cholesterol and LDL-cholesterol at the end of the second year in our study
suggests that the medication returned was not an accurate reflection of medication
consumed. Thus, the lack of difference in the primary endpoint may be due to poor
compliance rather than the inability of rosuvastatin to effect a change in the study endpoint.
This highlights the pertinent issues surrounding compliance with medication by asymptomatic
patients. Both SLE patients [Chambers 2007] and patients on prescribed statins [Maningat
2013] have demonstrated poor compliance with treatment which may result in adverse

clinical outcomes. Hence our study likely reflects an important real-world problem in
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managing this group of patients. Indeed non-adherence rates up to 76% have been reported
[Costedoat-Chalumeau 2013].

Some differences in demographics existed between the groups. Although these did not reach
statistical significance, the difference in age of 6.5 years, may have been clinically significant,
particularly in a small, underpowered study. The placebo group had a mean age of 44.3
years (range 21-73 years) and the rosuvastatin group 50.9 years (range 28-77 years), so the
baseline results, expected rate of progression and possibly response to the study drug, may
have varied. Using values derived from the change in carotid wall volume with age in a
healthy female population [Keenan 2009a], a mean difference of 10mm? (using the difference
between mean wall volumes in the 40-49 year and 50-59 year cohorts in that study) to
19.7mm?® (using the average increase in carotid wall volume per year across their entire
cohort of 20-69 years) would have been expected between the groups in our study, with the
higher values in the rosuvastatin group. The rosuvastatin group’s wall volume was 50.6mm?
higher at baseline than that of the placebo group, consistent with aging. However, the
absolute volumes were higher than would be expected in a healthy population. In Keenan’s
study, the mean wall volume increase varies with age. Over the course of the current study,
wall volume progression may have been different due to differences in the mean age of the
groups. Wall volume would have been expected to increase, at least in the placebo group by
between 2mm?® and 6.06mm?>, a difference, which given the potential measurement errors
inherent to the technique (6% [Kang 2000]), may be too small to be detected and the study
duration may therefore have been too short to detect any real changes. The expected rate of
change in the rosuvastatin group would have been between -2mm?® and 6.06mm? over this
period [Keenan 2009a)]. However, over the study period, carotid wall volume values actually
fell in both groups (Table 9.3). Possible reasons for the wall volume decrease in the placebo
group include the younger age of this group not resulting in the expected rate of wall volume
progression, although this seems unlikely, given the natural history of carotid wall volume is
to increase over time [Keenan 2009a]. The fall in wall volume may have been due to
concomitant drug effects, which may also have been at play in the rosuvastatin group, as
both cohorts were on similar SLE treatment regimes. More likely, however, the explanation is
again that the study was underpowered to detect real difference between the groups, and
was further compounded by the much higher drop-out rate in the placebo group than in the

rosuvastatin group (29% versus 12.5%).
It is possible that our power calculations were based on incorrect assumptions. Power

calculations were based on previous studies showing coefficients of variation of 4.4-4.6%

with predominantly males and a mean LDL-cholesterol of 3.5mmol/L, including patients
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treated for hypercholesterolaemia [Varghese 2005a], or with known carotid atherosclerosis
[Varghese 2005b; Saam 2005]. The vast majority of subjects in the current study were
female, who have lower absolute carotid wall volumes and slower rates of progression with
age [Keenan 2009a], had no known history of atherosclerosis and had LDL-cholesterol
<3.4mmol/L. Hence, our power calculations may have been based on cohorts in which a
study drug versus placebo would have been expected to generate greater differences in
carotid wall volume, than could have occurred in our group of patients. Under-recruitment in
our study would have compounded this problem. The coefficients of variation obtained by the
observer analysing the data in this study were 15-19% for the wall volume (Table(a)
Appendix), much higher than that seen in the studies from which the power calculations were
derived. This would also have made those power calculations meaningless, magnifying the
under-powering effect and resulting in a study, which would not be able to detect any

possible drug effect using the measurement technique employed.

It is possible that the wrong arterial territory was looked at. SLE is associated with a
significantly increased risk of coronary artery disease and myocardial infarction [Manzi 1997;
El-Magadmi 2004], and although C-IMT is associated with an increase in cardiovascular risk
in both healthy populations and populations with other cardiovascular risk factors [Lorenz
2007], it is possible that in SLE the atherosclerotic process varies between the different
arterial territories and a study looking at the coronary arteries may have yielded a more

relevant, and possibly different, result for this group of patients.

It is possible that the wrong measurement parameters were used and that a change in
plaque volume and/or composition would have been a better surrogate measurement. In our
study however, the carotid plaques seen were mostly calcified and other areas showed
thickening of the carotid wall with no discrete plaque formation, which may not reflect the
same pathophysiological mechanism as lipid-rich atherosclerosis. Therefore no significant
statin effect would have been expected. Indeed, in a previous study by Corti et al. [Corti
2002], areas of normal vessel wall as assessed by wall thickness showed no change with
statin therapy, and no decrease in coronary calcium score was observed in SLE patients
treated with atorvastatin [Petri 2011]. A study looking at the presence and composition of
atherosclerosis in the coronary arteries of a low traditional cardiovascular risk SLE cohort

and how this responds to statin therapy may therefore be a better modality to employ.
The use of surrogate end points instead of actual cardiovascular events is another limitation.

Given the low incidence of CV events, large patient numbers would need to be recruited and

followed up over many years. Problems with compliance mean that even then the outcome
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may be inconclusive. So far studies in both RA and SLE have failed to prospectively recruit
enough patients to show any significant change in the incidence of cardiovascular events
[Mason 2015]. There is also the possibility that a different statin may have exerted a different
effect on this group of SLE patients, although this is unlikely given what is known about

different statins in other patient groups.

9.4.2 Conclusion and clinical implications

The current study provides no evidence to suggest that the routine prescription of statins is
justified in SLE patients with no current National Cholesterol Education Program (NCEP)
indication for lipid lowering [Cleeman 2001]. However, SLE disease activity should be treated
aggressively alongside management of traditional cardiovascular risk factors. SLE patients
with hyperlipidaemia should continue to be treated with statins and other lipid-lowering
medications to achieve the recommended NCEP targets. In parallel, other strategies to

improve control of SLE disease activity need to be developed.
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Chapter 10
CMR of carotid artery ageing in treated HIV-infected subjects with

low cardiovascular risk

10.1 Introduction

Among people living with HIV-infection (estimated at 35.3 million worldwide [WHO Global
Health Observatory Data Repository]; 107,800 in the UK in 2013, see section 6.2), the
increase in non-infections complications of HIV and non-AIDS related morbidity and mortality
[Sackoff 2006; Lohse 2007] can be attributed, in part, to the transformation of HIV-infection
from an invariably fatal condition to a chronic and lifelong condition. One in four HIV-infected
individuals in the UK is now =50 years of age [Yin 2014], a change brought about by the
introduction of combination anti-retroviral treatment (cART) in the mid-1990s. However,
mortality rates are still higher among HIV-infected individuals than among the general
population [Sackoff 2006; Lohse 2007]. CVD, particularly ischaemic heart disease (IHD),

constitutes an important cause of morbidity and mortality [Sackoff 2006; Triant 2012].

The roles played by long-term cART and HIV-infection itself remain controversial and hard to
assess. Traditional cardiovascular risk factors such as dyslipidaemia, impaired glucose
tolerance, diabetes, central obesity, smoking and hypertension are prevalent in this
population, clearly contributing to increased CVD morbidity and mortality and acting as a
confounding factor in our understanding of the effects of HIV-infection itself on CVD risk
[Saves 2003; Triant 2007]. However, even after adjustment for these risk factors, HIV-
infected individuals show an excess risk of CVD of up to 2.12 as compared with HIV-
uninfected controls [Triant 2007; Obel 2007]. Other chronic inflammatory diseases, such as
rheumatoid arthritis [Watson 2003], and infections, such as Chlamydia and cytomegalovirus
[Rosenfeld 2011], have also been associated with increased CVD risk, and inflammation is

implicated at every stage in the progression of atherosclerosis (see section 2.3).

Potential CVD risks associated with antiretroviral drugs and anti-retroviral-induced metabolic
changes are discussed in section 6.5.4. However, it is worth noting that among long term
non-progressors and HIV-controllers with low viral loads and maintained CD4+ cell counts
(see section 6.4.3) higher C-IMT has been observed and there is still an excess risk of CVD
[Hsue 2009; Pereyra 2009; Pereyra 2012].

HIV-associated immune dysfunction may contribute to the increased risk for CVD seen in

HIV-infected individuals. The relative risk of IHD is greater for those with a CD4+ cell count
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<200 cells/ml than for those with a cell count >200 cells/ml at cART initiation [Obel 2007] and
in HIV-infection, activated T-lymphocytes are associated with increased C-IMT indicating

subclinical carotid artery disease [Kaplan 2011].

There is increasing evidence that HIV-associated chronic inflammation (see section 6.4.4)
may also make a contribution to increased CVD risk. HIV infection is characterised by
persistently elevated inflammatory markers [Lo 2012], which increase with increasing
viraemia [Floris-Moore 2009; Calmy 2009]. Raised inflammatory markers in HIV-infection are
associated with CVD [Duprez 2012] and increased mortality [So-Armah 2016; Kuller 2008].
HIV-associated elevated markers of endothelial activation fall but may not normalise with
cART [Calmy 2009]. Despite viral load suppression in patients receiving cART [Calmy 2009],
aortic arterial inflammation has been found to be similar in HIV-infected individuals with low
Framingham risk scores to that in HIV-negative individuals with atherosclerosis
[Subramanian 2012].

Increasing C-IMT is associated with increased prevalence of cardiovascular risk factors, the
presence of atherosclerotic plaque and increased CVD event risk in non-HIV populations
[Lloyd-Jones 2009; Uno 2010]. Many studies have used C-IMT to look for the presence and
rate of progression of subclinical atherosclerosis in HIV-infected individuals [Ho 2009; Hanna
2015]. Findings have been conflicting due to variations in study design and ultrasound

methodology, e.g. different centres examining varying segments of the carotid artery.

Imaging of the carotid artery wall by CMR can overcome many limitations of C-IMT: the one-
dimensional nature of the measure, measurement site variability, susceptibility to near field
artefacts and problems with ‘imaging windows’. Although CMR arterial wall assessment
differs in some respects from C-IMT (the former including arterial adventitia as well as the
intimal and medial layers), measurements of wall area and thickness have been shown to

correlate well with measurements of C-IMT [Mani 2006].

To our knowledge, no carotid CMR studies have been carried out in HIV-infected individuals
with low traditional cardiovascular risk and we therefore undertook to assess carotid wall
volume and subclinical atherosclerosis by CMR in such a group compared to a low

cardiovascular risk, HIV-uninfected cohort.
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10.2 Methods

10.2.1 Patient population

Thirty-three HIV-infected patients were recruited from the outpatient HIV unit at St Mary’s
Hospital, Imperial Healthcare NHS trust, London, United Kingdom. Inclusion criteria were
HIV-infection (known to be HIV antibody positive =2 years), male or female sex, 20 to 70
years old, stable on cART and plasma HIV RNA<50 copies/mL (Quantiplex assayTM, Bayer,
Emeryville, CA, USA). Exclusion criteria were current or previous history of CVD, positive
family history of premature vascular disease, current or previous history of modifiable risk
factors for atherosclerosis (current or former smoking, hypertension, hyperlipidaemia,
diabetes), Framingham risk score of greater than 10% or DAD risk score of greater than 5%
[Friis-Mgller 2010], the taking of any cardiovascular medication (e.g. anti-platelet,
antihypertensive, lipid-lowering medications), alcohol abuse, recreational drug use within 6
months, and any contraindication to CMR. The Imperial College London NHS health care
trust Ethics Committee approved the study. All subjects gave informed written consent.
Clinical assessment was carried out at a screening visit (by Dr Jaime Vera) including age,
height, weight, ethnicity, HIV-disease history, blood pressure, ECG, blood tests (CD4
lymphocyte count, plasma HIV RNA, fasting lipids, glucose, electrolytes, urea and
creatinine), and assessment of cardiac risk factors. Subjects found to have elevated blood
pressure (>140/90 mm Hg), elevated total cholesterol to HDL ratio (>5), elevated
triglycerides, elevated glucose, or an abnormal ECG were excluded from the study and
referred to their physician for further management. A historic cohort of thirty-five HIV-
uninfected healthy subjects with no known CVD, no current or previous history of major
modifiable risk factors for atherosclerosis and low cardiovascular risk scores (<10%),
matched for age, sex and where possible, ethnicity was used as a control group [Keenan
2009al].

10.2.2 CMR protocol

CMR was performed using a 3.0T scanner (Siemens Skyra, Erlangen, Germany) and a
purpose-built bilateral four-channel phased-array carotid surface coil (Machnet BV, Eelde,
the Netherlands), with the head and neck immobilised, at the Cardiovascular Biomedical
Research Unit, Royal Brompton Hospital, London, United Kingdom. The CMR protocol is
described in Sections 7.1.2 and 7.1.3, Imaging protocols. Briefly, a contiguous stack of 20
high-resolution T1-weighted fast spin echo (FSE) images, centred on the carotid bifurcation
bilaterally, was acquired approximately perpendicular to the longitudinal axis of both common
carotid arteries, giving 40 mm of longitudinal coverage per artery. CMR image analysis,

whilst blinded to all parameters other than HIV-status was performed off-line by me using
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dedicated software (Atheroma Tools, a plug-in of CMR tools, Cardiovascular Imaging
Solutions, London, UK) as described in Sections 7.1.2 and 7.1.3, Image analyses. A visual

assessment was made for the presence or absence of atherosclerotic plaque.

The historic cohort had been scanned previously on a 1.5T scanner using similar protocols
and the images had been analysed using the same methods employed for this study, in
order to provide ‘normative’ data and to serve as a control group in future studies [Keenan
2009a]. Measures of carotid wall volume obtained at 1.5T and 3.0T field strengths have been
compared previously and measurement differences did not reach significance; so it is

legitimate to compare scans obtained at 1.5T and 3.0T field strengths [Yarnykh 2006].

10.2.3 Sample Size and Statistical Analyses

The calculated minimum sample size to detect a difference between the two groups (22
patients: 11 cases and 11 controls) was based on an assumed increase in wall volume of
25% amongst the HIV-infected cohort in the context of the findings of Keenan et al. [Keenan
2009a], a study in which the highest rate of increase in wall volume was observed in the 60
to 69 years old age group, showing a mean wall volume of 1083mm?® (estimated standard
deviation 189). Our aim was to recruit a sample of five subjects matched for age and sex in

each age group (20 to 39 years, 40 to 49 years, 50+ years) per sex.

Categorical data are presented as number (%), with comparisons performed using the chi-
squared or Fishers Exact test. Normally distributed numeric data are presented as a mean
(SD) or 95% confidence interval and they were analysed using a 2-sample independent t-
test. Non-normally distributed data (as assessed by visual inspection of graphical data and
test for normality) are presented as median values and inter-quartile ranges (IQR).
Comparisons were performed using the Mann-Whitney (Wilcoxon rank-sum) test. The
strength of association between measured carotid artery variables (W/OW ratio, wall volume,
lumen volume, vessel volume) and age was assessed by linear regression analysis. The
strength of association of patient demographic and HIV-specific parameters with W/OW ratio

was also assessed using linear regression analysis.

10.3 Results

10.3.1 Patient Characteristics

Table 10.1 shows HIV-infected and control group baseline characteristics (as enumerated in
section 10.2.1). Age, sex-distribution, total cholesterol levels, blood pressure, BSA and 10-
year coronary risk were similar between both groups. HIV-infected individuals had a mean

age of 45.2+9.7 years. Mean duration of known HIV-infection was 8.8+4.4 years. All subjects
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were stable on cART with median treatment duration of 7 years (2-21 years); 24 were on a
non-nucleoside reverse transcriptase inhibitor (NNRTI) based regimen and 9 on a protease
inhibitor (P1) based regimen. All subjects were receiving an NRTI backbone comprising of
tenofovir, abacavir and zidovudine in 24, 6 and 3 subjects, respectively. Of those on a PI
based regimen, 5 were on darunavir, 3 were on atazanavir and 1 was on lopinavir. All

patients on Pls were on a boosted combination with ritonavir.

10.3.2 Carotid CMR

The mean carotid CMR measurements for HIV-infected patients and controls are shown in
Table 10.2. The mean W/OW ratio in the HIV-infected group was significantly greater than
that of the control group (36.7+3.7% versus 32.5+2.8% p<0.0001); HIV-infected females
showed a greater difference from female controls than HIV-infected males did from male
controls (Table 10.3). Carotid artery total lumen volumes, vessel volumes and wall volumes
did not differ significantly between the study groups, though mean total wall volume was
greater in the HIV-infected group than in the control group (1712+317mm?® versus
1575+418mm?®). Mean carotid artery distensibility was lower in the HIV-infected group than in
the control group (22.9% versus 24.2%), but not significantly so (p=0.35). Univariate
regression analysis showed that HIV-infection is positively associated with W/OW ratio
(coefficient 5.28, P=0.0001). No significant associations were revealed by multivariate
regression analyses using demographic and HIV-specific parameters: age, ethnicity, CD4
cell count, nadir CD4 cell count, years since HIV diagnosis, years on cART and NRTI or PI
usage, except a lower W/OW ratio on comparing the nucleoside reverse transcriptase
inhibitor abacavir with zidovudine (W/OW 5.48, p=0.038)). In the multivariate analysis, W/OW
was still significantly associated with HIV-status, independently of age, (r=4.37, p= 0.001).

10.3.3 Carotid artery ageing in HIV-infected individuals

Mean carotid artery lumen volume, wall volume, total vessel volume, W/OW ratio and
distensibility for HIV-infected individuals are shown in Table 10.4, broken down by age group
and sex. Figure 10.1 illustrates the increase with age observed in wall volume, total vessel
volume and W/OW ratio in both the HIV-infected group and the control group. Carotid

plaques were not detected in any individuals in this study.

Age and male sex were predictors of greater W/OW ratio, wall volume and total vessel
volume in both groups. In HIV-infected males, wall volume and total vessel volume were
positively associated with age. After the third decade, increase in the W/OW ratio (i.e. vessel
wall thickening) is accelerated compared to male controls (Figure 10.1b). Compared to

female controls, WO/W ratio was significantly greater in HIV-infected females (36.4% versus
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31.3%, P=0.0002). The increase in W/OW ratio was greater among HIV-infected females
compared to female controls than among HIV-infected males when compared to male
controls (36.2% versus 33.4% p=0.0019). Elevated W/OW ratio in HIV-infected females was
present in the third decade, with very little subsequent change (Figure 10.1c). This trend is
different from the one observed in the female control group where W/OW ratio significantly

increased with age.
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Table 10.1. Baseline characteristics including clinical and laboratory parameters

HIV-infected subjects Control Subjects p
(n=33) (n=35)
Age (years) 45.2 (41.8, 48.7) 46.9 (42.9, 50.9) 0.52
Sex n (%)
Male 19 (57) 19(55) 0.97
Female 14(43) 16(45) 0.89
Ethnicity n (%)
White 16(48) 30(85) <0.0001
Black 14(42) 2(5)
Other 3(3) 3(8)
Body surface area (m°) 1.81 (1.76, 1.87) 1.88 (1.79,1.96) 0.22
Blood pressure (mmHg)
Systolic 123.7 (120.0, 127.4) 121.3 (117.5, 125.2) 0.38
Diastolic 76.1 (73.3, 79.0) 76.2 (73.8, 78.6) 0.97
Total Cholesterol (mmol/L) 4.7 (4.5,4.9) 49 (4.6,5.2) 0.34
10-year coronary risk (%) 3.97 (2.58, 5.36) 3.72 (2.5,4.9) 0.78
HIV disease related parameters
Baseline CD4 cell count (cells/uL)| 638.48 (556.72, 720.25) N/A
Nadir CD4 cell count (cells/uL) 276.36 (207.40, 345.33) N/A
Baseline plasma HIV RNA level
copies/mL n(%) 33 (100) /A
Years since HIV diagnosis 8.82 (7.27,10.37) N/A
Years on cART 7.5 (6.0, 9.0) N/A
cART therapy at screening n(%)
NNRTI based 24 (72) N/A
Pl based 9 (28) N/A
NRTI therapy at screening n(%)
Tenofovir based 24 (72) N/A
Abacavir based 6 (18) N/A
Zidovudine based 3(9) N/A

Values are numbers for categorical variables or mean (95% confidence interval) for continuous

variables. cART indicates combine antiretroviral therapy; NNRTI, non-nucleoside reverse transcriptase

inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; PI, protease inhibitor.
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Table 10.2. Carotid CMR measurements in HIV-infected and control subjects.

HIV-infected subjects Control subjects (n=35) p
(n=33)
Total Lumen Volume 2966.6 (2763.5, 3169.7) 3277.5 (2988.4, 3566.7) 0.079
(mm?)
Total Wall Volume (mm3) 1712.1 (1599.4, 1824.8) 1574.8 (1431.3, 1718.3) 0.13
Total Vessel Volume 4678.7 (4391.7, 4965.8) 4852.3 (4433.3, 5271.4) 0.49
(mm?)
W/OW Ratio (%) 36.7 (35.4, 38.0) 32.5(31.5, 33.5) < 0.0001
Distensibility (%) 22.9 (20.6, 25.1) 24.2 (22.4,26.1) 0.35

Values are mean (95% confidence interval). Significant values are shown in bold text.

Table 10.3. Difference in W/OW between male and female HIV-infected subjects compared

to male and female controls using the Z-score.

HIV-infected subjects - Control subjects - median |p
median (IQR) (IQR)
Males 1.36 (0.21,2.75) 0.39 (-0.52, 0.91) 0.024
Females 1.77 (0.14, 2.39) -0.50 (-1.00, 0.32) 0.008

Significant values are shown in bold text.
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Table 10.4. Carotid artery parameters by age group showing mean and 95% confidence

intervals
20-39 years 40-49 years 50-69 years p

HIV-Males n=6 n=8 n=5

Total Lumen Volume (mm?®) 2786.8 (2371.0, 3202.6)  3443.6 (3015.8, 3871.4)  3372.5(2786.2, 3958.9) 0.047
Total Wall Volume (mm®) 1673.8 (1267.5,2080.0)  1919.3 (1759.9, 2078.8)  2052.8 (1723.7, 2381.9)  0.11
Total Vessel Volume (mm®) 4460.6 (3804.5,5116.7)  5362.9 (4831.1,5894.8)  5425.3 (4598.8, 6251.9) 0.032
Average Distensibility (%) 22.5(17.5, 27.5) 24.8 (19.3, 30.4) 21.2 (15.0, 27.4) 0.52
W/OW Ratio (%) 37.3(31.9, 42.8) 36.0 (33.6, 38.4) 37.9 (34.3,41.6) 0.63
HIV-Females n=4 n=5 n=5

Total Lumen Volume (mm®) 2733.0 (1501.7, 2571.0 (2313.7,2828.2)  2601.9 (2046.3, 3157.6) 0.86
Total Wall Volume (mm®) 1424.1 (1292.0, 1556.6)  1460.5 (1252.6, 1668.4)  1594.8 (1434.0, 1755.5) 0.27
Total Vessel Volume (mm®) 4157.1 (2813.0, 5501.1)  4031.5 (3640.0, 4423.1)  4196.7 (3761.3, 4632.1)  0.87
Average Distensibility (%) 22.8 (17.8, 27.9) 23.1(17.9, 28.2) 21.6 (-0.04, 43.1) 0.96
W/OW Ratio (%) 35.0 (27.3,42.7) 36.2 (32.9, 39.5) 38.1(31.2,45.2) 0.54
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Figure 10.1. Graphs of carotid artery wall volume normalized to total vessel volume (W/OW

ratio) plotted against age with regression line.

a) HIV-infected (red) and HIV-negative controls (black).
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10.4 Discussion

This study demonstrates that HIV-infected individuals on cART with low CVD risk exhibit
markers of early atherosclerosis at a younger age than controls. Increased carotid-artery
intima and media thickness is an independent predictor of Ml and stroke [Chambless 1997;
O’leary 1999; Lorenz 2007].Therefore, the rate of vascular events in HIV-infected individuals
is likely to remain raised in spite of aggressive management of modifiable traditional CVD

risk factors.

The DAD study found an independent association between increased CVD risk and the
antiretroviral agents indinavir, abacavir and lopinavir [Friis-Mgller 2003]. Conflicting results
have been found in other studies using carotid ultrasound with regards to the contribution to
the observed increased arterial wall thickening made by HIV-infection itself, the type of
antiretroviral therapy and traditional risk factors. In some studies Pls have been associated
with increased carotid plaques [Maggi 2000] and C-IMT [Seminari 2002], but more recently in
larger studies, no association with increased C-IMT could be established Mercie 2002; Hsue
2004]. Our study showed no association between antiretroviral regimens containing Pls and
increased arterial wall thickness when compared to non Pl-containing antiretroviral regimens.
However, it was not powered to do so and only a few patients on Pl-based therapy were
enrolled. The NRTI abacavir is generally associated with increased CVD risk [Obel 2007], but
contrary to this, in our study a lower W/OW ratio was observed on comparing abacavir with
zidovudine. This is unlikely to be of real significance: the confidence interval is large (-10.63,
-0.34), the sample size is low (6 abacavir, 3 zidovudine) and the model is a poor fit (R-
squared=0.14). It is possible that this result is partly due to a channelling bias in our HIV-
infected cohort with clinicians using abacavir only in subjects considered to have very low
CVD risk.

The presence and progression of increased C-IMT over time are known to be associated
with traditional CVD risk factors [Mercie 2002]. Our study cohorts comprised HIV-infected
and HIV-uninfected individuals without traditional CVD risk factors. Being cross-sectional our
study has not followed up any participants longitudinally, nevertheless the divergence with
increasing age between the lines for patients and controls in Figure 10.1(a) suggests that
HIV-infection and/or cART may be associated with the progression of arterial wall thickening
beyond that which is normally seen with age [Keenan 2009a]. Furthermore, effective viral
suppression among the patients in this study does not seem to abolish the risk. Of course,
viral suppression does not constitute eradication and low-grade chronic inflammation and T-
cell activation persists [Kaplan 2011;Neuhaus 2010; Hunt 2012]. Exposure to HIV-infection

itself and/or the adverse metabolic effects of cART are putative causal factors in the
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increased CVD risk seen with HIV-infection. If increased arterial wall thickening was historic,
reflecting a period of untreated HIV-infection or less than optimal viral suppression, one
might expect that the difference between patients and controls would not increase with
increasing age. However, because this is a cross-sectional study, unmeasured differences
may be present between younger and older HIV-infected individuals - e.g.
immunosenescence with increasing age might allow the effect of HIV-infection and/or
adverse metabolic effects of cCART to be more pronounced in older subjects, resulting in the

diverging lines between patients and controls observed with age (Figure 10.1a).

C-IMT has been found to be higher, progress more rapidly, and be associated with a nadir
CD4+ count <200cells/pL suggesting that HIV-infection itself is a predictor of increased C-
IMT [Hsue 2004]. More recently however, a B-mode ultrasound study following two large
cohorts of HIV-infected patients and HIV-uninfected controls, found no association between
increased carotid intima-media thickness over time and HIV-infection — the increases
observed were consistent with those seen with age [Hanna 2015]. The development of
carotid plaque however, was significantly increased in the HIV-infected cohort when the
CD4+ count was <500cells/pL at baseline, with risk increasing the lower the CD4+ count.
They however found no association between plaque formation and nadir CD4+ level [Hanna
2015]. The measurements of wall volume in our study include all the differing locations
measured for C-IMT as well as areas of thickening, defined as plaques, in the various
ultrasound studies. Multivariate analysis in our current study revealed a trend towards
increased wall volume and increased W/OW ratio with baseline CD4+ counts <500cells/uL,
but no such trend with nadir CD4+ counts. However, it is not possible to draw firm
conclusions with regards to this, since our study was not powered to detect such changes,
our overall numbers are small and only 8 individuals in our cohort exhibited baseline CD4+

counts <500cells/uL, and none had baseline CD4+ counts <200cells/pL.

A markedly increased W/OW ratio in HIV-infected females was observed in our study. It is
possible that sex hormones are involved. Vascular tissue contains oestrogen and androgen
receptors with androgens mediating a variety of actions on endothelial and smooth muscle
cells [Karim 2013]. The cardioprotective effect of oestrogen is well established. Oestrogen is
known to provide protection against HIV Tat protein-induced inflammatory reactions in
human vascular endothelium [Lee 2004]. Conversely, progesterone, present in many
hormonal contraceptives, has been shown to have an immunosuppressive effect, possibly
resulting in susceptibility to HIV progression [Hel 2010]. It may therefore increase the risk of
vascular damage. Premature ovarian failure and early menopause is associated with HIV-

infection [Hunt 2012], which can also lead to reduced oestrogen levels. Therefore excess
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atherosclerosis in the HIV-infected females in our cohort could be caused by alterations in
sex hormones relative to controls, resulting from HIV-infection. Contraceptive information,
sex hormone levels and the number of peri- or postmenopausal females in our study are not

known.

Carotid arterial wall thickening and plaque quantification by CMR has been the subject of
study in various patient groups. These have included groups at high risk of and with known
CVD [Mani 2006; Yuan 1998], as well as cohorts with chronic inflammatory conditions
associated with premature atherosclerosis. [Keenan 2009b] CMR has also been used
longitudinally to assess the effect of drugs on carotid arterial disease progression or
regression, e.g. statins [Corti 2005] (see also Chapters 8 and 9) and immunomodulatory
drugs [Chan 2011]. Carotid CMR could therefore be used to study the effects of established
cardiovascular or anti-retroviral therapies in HIV-infected cohorts with and without traditional
modifiable cardiovascular risk factors, e.g. hypertension, hyperlipidaemia or smoking. It could
also be used to assess the effect of novel HIV therapies on the development or otherwise of
atherosclerosis. The results of our study may serve as a baseline from which the effects of

risk factors and treatments can be assessed.

10.4.1 Study limitations

Although the study was adequately powered overall, the numbers recruited are small. In
particular the comparatively low number of older HIV-infected females may be a reason for
the less pronounced difference in W/OW ratio observed in this group when compared with
controls. Furthermore, the only subject in the 60-70 year group was an outlier (Figure 10.1c).
We cannot exclude the possibility that racial variation contributed to the observed variation in
the W/OW ratio, as the HIV-infected cohort contained a higher proportion of individuals of
black ethnicity than the control group (see Table 10.1). Studies have previously shown that
C-IMT is higher at the common carotid among black adults than among white adults; this is
not observed for the internal carotid arteries [Urbina 2002; Manolio 2008]. Differences in
traditional CVD risk factor profiles between racial groups, although adjusted for statistically
[Urbina 2002], could have affected results in those studies. The effects of ethnicity on our
results should have been mitigated by the fact that the scans were centered on the carotid
bifurcation, with the result that wall measurements of the internal as well as the common
carotid arteries were taken into account. From this perspective, it seems unlikely that the
increased W/OW ratio observed in HIV-infected individuals in our study is solely due to the
difference in ethnic profile between the groups. We found no significant association between
W/OW ratio and either abacavir or Pls. This may have been due to under-powering of the

study to detect this or to the exclusion of patients susceptible to the adverse metabolic
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effects of cART and/or manifesting such effects clinically, i.e. dyslipidaemia and
hyperglycaemia. Since this is a cross-sectional cohort study, the observed carotid arterial
wall thickening cannot be attributed to HIV-infection itself, since all patients were also on
CcART.

10.4.2 Conclusion

This carotid CMR study has shown evidence of premature subclinical atherosclerosis in an
HIV-infected cohort with low measurable CVD risk factors. In spite of these individuals being
stable on cART with effective viral load suppression, they nevertheless show earlier and
greater carotid arterial wall thickening when compared to an HIV-uninfected control group. As
increasing carotid intima-media thickness is independently predictive of stroke and Ml in HIV-
uninfected populations [Chambless 1997; O’leary 1999; Lorenz 2007], these findings suggest
the rate of cardiovascular events is likely to remain high in HIV-infected individuals in spite of
aggressive management of traditional CVD risk factors. The need for early detection and
aggressive treatment of the early signs of CVD is therefore highlighted. Given the known
association between HIV-infection and chronic low-grade inflammation and immune
activation [Lo 2012], and the known adverse metabolic effects of current cART regimes
[Friis-Mgller 2003], the occurrence of premature subclinical atherosclerosis in the absence of
traditional CVD risk factors underlines the importance of novel antiretroviral drug

development.
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Chapter 11

Cardiovascular Disease in young HIV-infected individuals

11.1 Introduction

In adult HIV infected individuals there is increasing evidence of early onset cardiovascular
disease (CVD) and an increased risk of death from myocardial infarction [Sackoff 2006;
Lohse 2007; Triant 2012]. New evidence suggests that HIV infection itself may play a large
role in the aetiology of CVD [Hsue 2009]. Our study in Chapter 10 has shown evidence of
premature subclinical atherosclerosis in an HIV-infected cohort with low measurable CVD
risk factors where HIV and/or its treatment is likely to play a role. Antiretroviral therapy
controls HIV-infection and may therefore act to reduce the risk of CVD, however there is
strong evidence that antiretroviral therapy raises cholesterol levels in both adult and
paediatric populations, which may reduce the potential CVD-risk benefits associated with
control of the HIV infection [Rhoads 2006; Friis-Mgller 2007]. Cardiovascular risk factors are
aggressively managed in the adult HIV population, with patient education and medical
intervention including anti-hypertensive and lipid-lowering medication. To date, however, only
conservative measures, such as dietary advice, are taken in the paediatric population despite
the same pattern of dyslipidaemia being seen in children as is seen in the adult HIV
population [Rhoads 2006].

Research in HIV-infected children using ultrasound procedures such as flow-mediated
dilatation (FMD), pulse wave velocity and C-IMT have shown conflicting, but mostly positive
results suggesting accelerated atherosclerosis compared to normal controls [Bonnet 2004;
Charakida 2005; McComsey 2007], although more recent studies have shown that highly
active antiretroviral therapy (HAART) can reverse these abnormalities [Ross 2010; Kenny
2015]. C-IMT has the disadvantage of being one-dimensional and highly dependent on the
acquisition of quality images, therefore requiring a relatively large number of study subjects.
CMR overcomes many of the limitations of ultrasound by allowing a long three-dimensional
segment of the carotid artery to be imaged and a measure of wall volume to be obtained.
This increases the likelihood that focal plaque or localised increased C-IMT will not be
missed. CMR measurements of wall area and thickness have been shown to correlate well
with measurements of C-IMT [Mani 2006]. CMR also allows for endothelial function (by FMD)
and vascular stiffness to be assessed [Sorenson 2002]. CMR carotid scanning has good
reproducibility allowing for smaller sample sizes in clinical studies [Corti 2001; Saam 2005;
Varghese 2005a].
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To our knowledge, no studies using CMR assessment of carotids to document evidence of
accelerated atherosclerosis in young adults with lifelong HIV infection has been carried out.
We therefore undertook to assess the burden of atherosclerosis in young HIV-infected
adults, and whether CMR would be a useful modality to monitor CVD status and

interventional trial effectiveness in this patient group.

11.2 Methods

11.2.1 Study population

Fifty-one individuals, twenty-four HIV-infected individuals and twenty-seven HIV-uninfected
controls, were recruited from the outpatient HIV unit at St Mary’s Hospital, Imperial
Healthcare NHS Trust, London, United Kingdom. Inclusion criteria for the HIV-infected group
were being 18-24 years of age and infected with HIV from birth. Exclusion criteria were
current poor health, neurocognitive impairment, current pregnancy or any contraindication to
CMR. HIV-infected participants each referred an HIV-uninfected control matched by age,
sex, race and smoking status. Exclusion criteria for the control group were as for the HIV-
infected group plus discovery of HIV-positive status, history of cardiovascular disease,
hypertension (BP>140/90), diabetes, hypercholesterolaemia (total cholesterol >5 mmol/L), or
a family history of cardiovascular disease in a first degree relative (male <55years; female

<B5years).

All participants completed a questionnaire on their family history and underwent a clinical
examination including blood pressure, weight (kg), height (cm), waist and hip circumferences
(cm), ECG and blood tests. All participants had lipid levels measured and HIV-infected
individuals also had glucose levels, full blood count, CD4+ count and viral load measured, as
well as urinary protein/creatinine ratio. Control subjects, after consent was obtained, were
counseled and a HIV test performed. Eight HIV-infected individuals were excluded due to not
completing the CMR scan. Eleven controls were excluded: 1 underlying medical condition

not known at enrolment, 3 raised cholesterol results, and 7 did not complete the CMR scan.

11.2.2 CMR protocol

CMR was performed using a 3.0T scanner (Siemens Skyra, Erlangen, Germany) and a
purpose-built bilateral four-channel phased-array carotid surface coil (Machnet BV, Eelde,
the Netherlands), with the head and neck immobilised, at the Cardiovascular Biomedical
Research Unit, Royal Brompton Hospital, London, United Kingdom. The CMR protocol is
described in Sections 7.1.2 and 7.1.3, Imaging protocols. Briefly, a contiguous stack of 20
high-resolution T1-weighted fast spin echo (FSE) images, centred on the carotid bifurcation

bilaterally, was acquired approximately perpendicular to the longitudinal axis of both common
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carotid arteries, giving 40 mm of longitudinal coverage per artery. Brachial artery reactivity (to
assess FMD) was carried out using a previously validated CMR protocol [Sorenson 2002].
The CMR protocol is described in Section, 7.2 Imaging protocol. CMR image analysis, whilst
blinded to all parameters, was performed off-line by me using dedicated software (Atheroma
Tools, a plug-in of CMR tools, Cardiovascular Imaging Solutions, London, UK) as described
in Sections 7.1.2, 7.1.3 and 7.2, Image analyses. A visual assessment was made for the

presence or absence of atherosclerotic plaque.

11.2.3 Sample size and statistical analysis

Carotid CMR has been shown to have good inter-study reproducibility with a coefficient of
variation of 4.6% [Varghese 2005a] and measurement error of 5.8% for wall volume and
3.2% for W/OW ratio [Saam 2005]. Power analysis based on these measurement errors
shows that a study with fourteen subjects in each group could detect a 5% change in W/OW
ratio and a 10% change in wall volume between the groups [Saam 2005]. Sixteen subjects

were therefore recruited for each of our study groups.

Statistical analysis was done using SPSS version 22 by Dr Margaret Rhoads. Categorical
data were presented as numbers and percentages, and comparisons made using the chi-
squared or Fishers Exact test. Continuous variables were assessed for normal distribution by
the Kolmogorov-Smirnov statistic. Normally distributed data were presented as a mean
(standard deviation) and compared using a 2-sample independent t-test. Non-normally
distributed data were presented as median values and inter-quartile ranges (IQR) and

comparisons done using the Mann-Whitney test.

11.3 Results

11.3.1 Subject characteristics

Table 11.1 shows the demographic data for the HIV-infected and HIV-uninfected control
groups. There was a small but significant difference in age between the groups, with a higher
age in the control group (p=0.048), and in ethnicity, with all in the HIV-infected group being
Black African as opposed to only 62.5% in the control group (p=0.007); the remaining control
subjects were Black Caribbean. There were no significant differences between the groups
with regards to smoking history, alcohol consumption or illicit drug use. Anthropometric
measurements, heart rate and blood pressure were similar between the groups. ECGs were
normal for axis and LVH criteria by the Sokolow-Lyon and Cornell Indices in all participants,

with a difference only seen in the Cornell Index between the groups.
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Lipid measurements were non-fasting. All HIV-uninfected controls had total cholesterol
levels <5mmol/L; one HIV-infected subject had a total cholesterol level >5mmol/L. A low
HDL-cholesterol (<1.2mmol/L) was seen in five controls and eight HIV-infected subjects
(p=0.347). One subject in each group had an LDL-cholesterol level >3.0mmol/L; no subjects
had a non-HDL level >4.0mmol/L, TC/HDL ratio >6.0mmol/L, or ftriglyceride levels
>4.0mmol/L. No significant differences were found for lipid measurements between the
groups. Triglycerides were excluded from analysis as results were non-fasting and their

levels fluctuate widely with eating.

Characteristics specific to the HIV-infected group are shown in Table 11.2. Three (18.8%) of
the HIV-infected individuals were long-term non-progressors (LTNPs) and therefore not on
HAART. Eleven (68.8%) were currently on HAART of which 9 (56.25 %) were on a protease
inhibitor (P1) and 1 (6.25%) was on Abacavir. Eleven (68.8%) participants had received a PI
at some stage. Two (14.3%) participants had a clinical diagnosis of lipodystrophy and were

also not currently on HAART, although they had been previously.

The median viral load (VL) was 106 copies/ml (IQR 50, 1074). The median CD4 count was
500 cells/uL (IQR 400, 679.5). There were two missing CD4 nadirs on patients who started
antiretroviral therapy out of the UK and the median CD4 nadir of the remaining fourteen
subjects was 270 cells/pL (IQR 142.5, 492.5). The median urinary protein/creatine ratio was
12.05 (IQR 11.03, 13.78).

11.3.2 Carotid CMR

Although there was a trend towards smaller vessels with a greater W/OW in the HIV-infected
group, driven by the smaller lumen volume, the difference was not significant (Table 11.3).
Wall volume was not increased in the HIV-infected group. When the three LTNPs, who had
not been exposed to the effects of HAART, were removed from the analysis, the differences
between the groups reduced even further — mean lumen volume p=0.170; mean wall volume
p=0.682; mean vessel volume p=0.170; W/OW p=0.199.
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Table 11.1 Demographic characteristics including clinical and laboratory parameters.

HIV-infected subjects Control subjects p
(n=16) (n=16)

Age (years) 20.29 (1.86) 21.60 (1.98) 0.048
Sex n (%)
- Female 11 (68.8) 11 (68.8) n/s
- Male 5(31.3) 5(31.3)
Ethnicity n (%)
- Black African 16 (100) 10 (62.5) 0.007
- Black Caribbean 0(0) 6 (37.5)
Smoking status
- Current 3(18.8) 3(18.8)
- Ex-smoker 1(6.3) 1(6.3) n/s
- Never 12 (75.0) 12 (75.0)
Alcohol consumption n (%)
- Yes 12 14 n/s
- No 4
Drug use n (%)
- Cannabis 5(31.3) 5(31.3) n/s
- Cocaine 0(0) 0 (0) n/s
Height (cm) 165.9 (11.4) 169.0 (7.56) n/s
Weight (kg) 64.6 (9.16) 69.3 (11.44) n/s
Body Mass Index 23.7 (4.36) 24.3 (4.32) n/s
Waist Circumference (cm) 72.8 (70.50, 79.0) 73.9 (71.25, 85.38) n/s
Hip Circumference (cm) 92.0 (87.25, 101.25) 102 (93.0, 107.88) n/s
Waist/Hip Ratio 0.79 (0.74, 0.85) 0.77 (0.72, 0.80) n/s
Heart rate (bpm) 70 (13.68) 70.9 (11.84) n/s
Blood pressure (mmHg)
- Mean arterial 82.4 (6.56) 83.4 (8.96)
- Systolic 112.8 (9.24) 116.0 (12.84) n/s
- Diastolic 66.9 (6.64) 66.6 (7.92)
ECG axis (degree) 56.4 (29.72) 59.6 (15.48) n/s
ECG LVH criteria
- Sokolow-Lyon Index 27.9 (9.6) 28.5(9.2) n/s
- Cornell ECG Criteria 14.8 (7.84) 10.2 (5.72) 0.027
Total Cholesterol (mmol/L) 4.00 (0.62) 3.58 (0.76) n/s
HDL Cholesterol (mmol/L) 1.27 (0.39) 1.25 (0.35) n/s
LDL Cholesterol (mmol/L) 2.29 (0.58) 1.97 (0.74) n/s
Non-HDL cholesterol (mmol/L) 2.67 (0.60) 2.33 (0.66) n/s
TC/HDL ratio (mmol/L) 3.36 (0.91) 3.01(0.83) n/s

Values are numbers (percentages) for categorical variables, mean (standard deviation) for normally distributed

continuous variables or median (interquartile range) for non-normally distributed continuous variables.
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Table 11.2. HIV-infected group characteristics.

Parameter

Glucose (mmol/L) 4.69 (0.16)
Urinary protein/creatinine ratio 3.67 (4.6)
Haemoglobin (g/dL) 12.3 (1.36)
Platelet count (x107/L) 239.1 (60.4)

HIV viral load (copies/ml)

106 (IQR 50.0, 1074.0)

CD4+ cell
- Count (cells/uL)
- Nadir (cells/pL)

513.4 (217.6)
325.5 (236.8)

- Percentage (%) 26.4 (10.36)
Protease inhibitor use n (%)

- Current 9 (56.3)

- Ever 11 (68.8)
Currently on HAART n (%) 11 (68.8)
Currently on abacavir n (%) 1(6.3)
Long-term non-progressor n (%) 3(18.8)
Lipodystrophy n (%) 2 (14.3)

Values are numbers (percentages) for categorical variables, mean (standard deviation) for normally distributed

continuous variables or median (interquartile range) for non-normally distributed continuous variables.

Table 11.3. Carotid CMR measurements in HIV-infected and control subjects.

HIV-infected subjects Control subjects (n=16) p
(n=16)

Mean lumen volume 1155.22 (939.82, 1294.13) | 1258.77 (1150.07, 1506.44) 0.055
(mm?)
Mean wall volume (mma) 735.91 (665.98, 840.36) 754.24 (722.73, 868.10) 0.498
Mean vessel volume 1891.72 (1617.36, 2031.09 (1904.08, 2329.50) 0.083
(mm?®) 2124.85)
W/OW Ratio (%) 41.0 (37.8,42.1) 38.7 (37.3, 39.7) 0.055
Distensibility (%)
- Left carotid 30.1 (26.0, 44.8) 32.0 (28.6, 38.5) 0.96
- Right carotid 34.7 (28.3, 42.1) 32.9 (29.1, 40.1) 0.68

Values are median (interquartile range).
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11.4 Discussion

The increased risk of CVD associated with HIV-infection in adults [Sackoff 2006; Lohse
2007; Triant 2012], as well as the increased risk seen in those with interruption of continuous
HAART [EI-Sadr 2006] and in LTNPs [Hsue 2009], suggests that HIV-infection itself plays a
role in the increased CVD risk. This has implications for all those with HIV-infection, but is
particularly pertinent in children and young adults living with HIV-infection whose CVD risk

management has been mainly conservative up until now.

This carotid CMR study demonstrates that young adults with perinatally acquired HIV-
infection do not demonstrate evidence of early CVD compared with age, sex and ethnically
matched controls. This is reassuring, given the increased rates of CVD seen among HIV-
infected adults who generally acquired HIV after childhood [Sackoff 2006; Lohse 2007; Triant
2012], and suggests that current treatment strategies with HAART in paediatric populations
have not increased the risk of CVD as these patients enter adulthood. This is in keeping with
recent studies that have demonstrated that abnormalities in the CVD surrogates of C-IMT
and pulse wave velocity (a measure of vascular function) reverse with continuous HAART
[Ross 2010; Kenny 2015]. This suggests that HIV-infected children and young adults may be
at increased CVD risk, but that continuous HAART with good viral suppression can arrest

and possibly normalise this risk.

The trend to an increased W/OW ratio in the current study disappeared when LTNPs were
excluded from the analysis. Although only three in number, therefore making firm
conclusions impossible, this is in keeping with previous ultrasound based studies that have
shown C-IMT in HIV-controllers to be similar to that of HIV-infected individuals with
detectable viraemia not on antiretrovirals, and higher than C-IMT in HIV-uninfected controls
[Hsue 2009]. Despite maintaining CD4+ cell counts, ongoing chronic inflammation, immune
activation and low-level viraemia has been shown to persist in LTNPs and HIV-controllers
[Hsue 2009; Pereyra 2009; Pereyra 2012] and may account for the observed higher C-IMT in

these groups.

The similar carotid wall thickness seen between HIV-infected and HIV-uninfected young
adults in this study conflicts with that observed in studies in adult HIV-infected cohorts [Hsue
2004; Rose 2016], but is similar to that observed in other studies where no significant
differences were found in C-IMT between HIV-infected and HIV-uninfected controls, although
the development of focal carotid plaque was greater in the HIV-infected cohorts [Hanna
2015]. Possible mechanisms for these differences may include a change in physiology in

older adults were the initial vascular insult mediated by HIV-infection is not fully reversed by
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HAART, or differences in compliance and risk behaviour between younger and older cohorts
which may result in HIV resistance or re-infection with resistant strains, necessitating 2™ and
3" line antiretroviral regimens to be initiated. The development of immunosenescence in
HIV-infected adults, which may increase susceptibility to the adverse metabolic effects of
HAART or allow the deleterious vascular effects of HIV-infection to be more pronounced,
may also play a role, and immune and cellular senescence has been found to be associated

with atherosclerosis [Spyridopoulos 2009; Kaplan 2011; Wang 2012].

Both protease inhibitors (Pls) and non-nucleoside reverse transcriptase inhibitors (NNRTIs)
have been associated with adverse metabolic effects including lipodystrophy, insulin
resistance, and dyslipidaemia (including raised LDL-cholesterol), in paediatric populations
[Rhoads 2006; Rhoads 2011, Barlow-Mosha 2013]. In adult HIV-infected cohorts, conflicting
results have been found between the association of CVD risk and antiretrovirals - the DAD
study [Friis-Mgller 2003] found indinavir, abacavir and lopinavir to be independently
associated with increased CVD risk, and Pls have been associated with increased C-IMT
[Seminari 2002] and carotid plaques [Maggi 2000], but other studies have failed to find an

association between Pls and increased C-IMT [Mercie 2002; Hsue 2004].

Hence, although HIV-infection may be associated with increased CVD risk in adult cohorts,
via mechanisms which have yet to be fully elucidated, young adults who acquired their HIV
infection perinatally and who receive HAART do not demonstrate abnormalities suggesting
early atherosclerosis compared to matched controls. This is reassuring and supports the
argument that early diagnosis and treatment of children with HIV is warranted in order to
induce viral suppression and reduce immune activation. The selection of metabolically
friendly HAART regimens should however be paramount, as should education about the
increased CVD risk of HIV-infection in adulthood and the identification and management of

traditional CVD risk factors.

11.4.1 Study limitations

Based on the magnitude of changes observed in previous studies of other disease
populations (e.g. Takayasu’s arteritis [Keenan 2009b] and studies which calculated the
cohort size required to detect a given treatment effect in CMR carotid wall volume
parameters [Saam 2005], this study was adequately powered. However, the numbers remain
low at sixteen per group. As discussed in previous chapters in this thesis, the Saam et al.
study [Saam 2005] was based on 20 patients, most displaying advanced carotid artery
disease, who had a mean age of 68 years (range 52-78 years). It is therefore probable that

this study may not provide an appropriate basis for the power calculation in a study of young
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adults with few traditional CVD risk factors, to detect a difference or change in carotid wall
volume parameters between the groups. It is possible that a larger cohort is actually
required. Similarly, the study by Keenan et al. [Keenan 2009b], which found a significant
difference between sixteen patients with Takayasu’s arteritis and a normal control group,
may not serve as a suitable model. Takayasu’s arteritis is an inflammatory condition affecting
large and medium-sized arteries, which causes a panarteritis with intimal proliferation. HIV-
infection does not produce direct arterial inflammation as a major component of its disease
process. The disease processes are very different and it is not clear that an adequately sized
cohort to detect differences present in one disease population will serve to adequately find
differences in another. The occurrence or rate of change of carotid wall volume parameters is
unknown in teenagers and young adults, be they healthy or otherwise. Our study may

therefore have actually been very underpowered.

Importantly, the HIV-infected group was a heterogeneous group who included three LTNPs
who were HAART inexperienced, two individuals with lipodystrophy who had ceased HAART
and the remainder had commenced HAART at various ages/points in their lives with HIV
according to changing guidelines for HAART initiation and where in the world they were
residing at the time. However, all had started HAART when the CD4 cell count had fallen to
<350cells/pL. The study did not include enough LTNPs, to make substantive conclusions
about them, and indeed we had not set out to look at this group specifically. The findings

may therefore not apply to LTNPs or to elite controllers.

The ethnic composition and difference in ethnicity between the groups is another limitation,
although this is likely to be small. This study includes only Black subjects and may therefore
not be applicable to other racial groups. Studies of carotid wall thickness (C-IMT) in HIV-
uninfected adults have shown a greater C-IMT in Black Americans compared with
Caucasians. This however was limited to the level of the common carotid, but not the internal
carotid arteries [Urbina 2002; Manolio 2008]. Comparisons between Black Africans and
Black Caribbeans, many of whom have a broad range of ethnic ancestry, has not been
undertaken to our knowledge, nor have the studies been carried out in young adults. The use
of a length of the common and internal carotid arteries in our study should reduce the effect
of small ethnic variations in carotid wall thickness (if any exist) in our results, and the fact that
the 37.5% of the control group who were not Black African were all Black Caribbean should

also minimise any racial variation.

Another limitation is the difference in age between the study groups. Although the absolute

difference was small, it was significant, with the control subjects being older. Although the
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changes in C-IMT with age in this age group are not documented, in healthy adult
populations, increasing age is associated with increasing C-IMT [Keenan 2009a]. Therefore
the HIV-infected group may be expected to have had a smaller wall volume and W/OW due
to age alone and the lack of difference found between the groups could therefore be due to
HIV-related factors. However, the difference in wall volume between groups due to age

would be expected to be minimal.

11.4.2 Conclusion
This carotid CMR study in young adults with perinatally acquired HIV-infection, mostly
HAART experienced and compliant, is reassuring in showing no apparent demonstrable

abnormalities suggesting early atherosclerosis.
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Chapter 12

General discussion, conclusions and future directions

12.1 Introduction

This thesis sought to study the presence and pattern of cardiovascular disease, particularly
carotid vascular disease in two conditions with chronic inflammation and immune activation,
SLE and HIV.

12.2 SLE studies

Chapter 8 sought to further define the presence and pattern of cardiovascular disease in the
SLE population using CMR. It confirmed the presence of early atherosclerosis in SLE
assessed by a combination of endothelial dysfunction, increased arterial stiffness as well as
increased carotid arterial plaque and wall thickness. It also demonstrated the existence of
significant ‘silent’ cardiac disease in those with no history of cardiac symptoms. In many of
these patients, the only evidence of atherosclerosis was the presence of an abnormal carotid
CMR, suggesting that CMR offers a way of detecting asymptomatic premature
atherosclerosis in patients with SLE, improving risk stratification, and allowing targeted

secondary prevention in those who have few if any traditional CVD risk factors.

In light of the cardiovascular findings by CMR in SLE patients, a randomised placebo
controlled trial was undertaken, looking at the effect of rosuvastatin, a potent lipid-lowering
agent, on carotid arterial wall parameters in SLE patients with no current National
Cholesterol Education Program (NCEP) indication for lipid lowering. This is reported in
Chapter 9. The results from this study were negative, but it is impossible to draw any robust
conclusions from the outcome due to several study limitations (discussed in Chapter 9),
particularly the significant under-recruitment. Despite these reservations, the study provides
no evidence to suggest that the routine prescription of statins is justified in SLE patients with
no current National Cholesterol Education Program (NCEP) indication for lipid lowering
[Cleeman 2001].

Two sets of analyses of the CMR data obtained in Chapter 9 were carried out. The RCT
study protocol had stated that the person analysing the CMR data (i.e. myself) was to
coordinate and effectively run the study for the principal investigator, scan patients, but not
otherwise play a direct role in patient identification, recruitment and follow-up. However, lack
of adequate staffing and clinical commitments at the recruitment sites meant that there was

no one available to routinely recruit and follow-up patients, resulting in my full involvement at
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all stages in the trial throughout the 2-year period and my effective un-blinding. The result
obtained by the observer blinded only to treatment allocation and lipid results (myself)
yielded very different results (not presented), to the fully blinded observer, almost certainly
caused by observer bias due to effective un-blinding, demostrating the importance of full
blinding for data analysers in randomised trials. The large (for both observers) coefficients of
variation seen for the carotid volume and distensibility parameters (Table(a) Appendix) were
much higher than that reported previously [Corti 2001; Varghese 2005a; Varghese 2005b;
Samm 2005], suggesting that our measurement modality/technique was not performing as
well as expected. Intraclass correlation coefficients (Table(b) Appendix) were also lower than
those previously described [Yuan 1998; Kang 2000; Saam 2005] suggesting the

measurement error in our study was greater than in other studies.

These findings reinforce the use of a single observer to take measurements in a longitudinal
clinical study in order to reduce the scan-to-scan error. Co-training of observers to make
similar judgement calls and improvements in software to aid edge detection may minimise
the interobserver variability and be of use for cohort studies where different observers may
be involved, especially when using historical datasets to compare to a current cohort. The
need for full blinding of observers in trials involving an element of subjectivity in image
analysis is shown to be crucial. This is particularly so when any expected changes are likely

to be small.

12.3 HIV studies

CMR studies of the carotid arteries in HIV are uncommon and to our knowledge the study
reported in Chapter 10 is the first using CMR to assess carotid wall volume and determine
the level of subclinical atherosclerosis in HIV-infected individuals with low cardiovascular risk.
This has shown evidence of premature subclinical atherosclerosis despite subjects being
stable on cART with good viral suppression compared with HIV-uninfected controls. As
increasing C-IMT has been found to be independently predictive of future stroke and
myocardial infarction in HIV-uninfected populations [Chambless 1997; O’Leary 1999; Lorenz
2007], the findings suggest that the rate of cardiovascular events is likely to remain elevated
in HIV-patients despite aggressive treatment of cardiovascular risk factors. This highlights
the need to detect and manage aggressively early signs of cardiovascular disease. Given
the known low-grade inflammation and immune activation associated with HIV-infection [Lo
2010] and the known deleterious metabolic effects of existing cART regimens [Friis-Mgller
2003], the presence of premature subclinical atherosclerosis despite the exclusion of all
traditional cardiovascular risk factors highlights the need for the development of novel

antiretroviral treatments.
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The findings in Chapter 10 are of particular concern for perinatally infected children as both
HIV-infection itself and the adverse metabolic effects of the various antiretroviral therapies
have been postulated to result in the increased CVD risk seen in HIV. In Chapter 11, in the
first (to our knowledge), carotid CMR study in perinatally infected young HIV adults, we
undertook to assess the burden of atherosclerosis in this group and whether CMR would be
a useful modality to monitor CVD status and interventional trial effectiveness. Reassuringly,
in agreement with other recent studies [Ross 2010; Kenny 2015] no apparent demonstrable
abnormalities suggesting early atherosclerosis were seen in a mostly HAART experienced

and compliant patient group.

12.4 General limitations and conclusions
The limitations pertinent to each study are discussed in each relevant chapter, but some

more generally applicable limitations were seen.

Sample size is obviously critical in any study and it is vital that the number recruited should
be, at the minimum, the smallest number needed to achieve the power to detect the
assumed difference between the groups being studied. In calculating the sample size, the
correct patient group needs to be selected and the assumptions made for the cohort to be
studied need to be correct and factored in if they are different to those seen in the groups
from which the power calculations are derived. Hence, the SLE RCT in Chapter 9 was clearly
under-recruited, but even at full recruitment it may have been underpowered to detect any
change at 2-years, as the expected change would have been small and the higher CoVs and
lower ICCs in our study may have masked any effect which may have occurred. The power
calculations derived from cohorts with a different gender profile, greater traditional
cardiovascular risk factors and known atherosclerosis [Varghese 2005a; Varghese 2005b;
Saam 2005], would have magnified this effect. In the study of young adults infected
perinatally with HIV, individuals were paired which helped to reduce the difference between
the groups, however as the numbers recruited were based on the differences seen in other
patient groups, including those where the presence of vascular inflammation is a common
part of the disease process, our sample size may again have been too small, increasing the
chances of a false negative result. The adult HIV cohort was again a small study, but the
power calculation for it was derived from the changes in carotid volume changes seen with
age in a healthy population [Keenan 2009a] and the numbers recruited met the ones
required for the power calculation, except amongst older females. This study was small but
confirmed the findings of a recent study using C-IMT by ultrasound where the C-IMT
increase with age in the HIV cohort exceeded that seen in the HIV-uninfected controls [Fitch
2013].
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The need to carefully train and co-train in the analysis of CMR images is exemplified by the
high CoVs and low ICCs seen in this thesis. Failure to do so will result in the need for greater
numbers of recruits into CMR studies to achieve adequate power, something that is
undesirable as the ability to use small sample sizes is one of the advantages of CMR.
Measurement differences can occur by changes in the level setting and windowing used to
view and analyse images, which can be critical for visual edge detection, and these should
be standardised as much as possible with environmental light factors and screen resolution
kept constant. These measures should help to reduce both intra and inter-observer variation
in studies performed at the same centre. Improvements in edge detection software may also

help.

In comparing cohorts, either historical or contemporary, who are matched for sex and age,
W/OW ratio is used to account for differences in absolute vessel volumes due to body size. It
would be interesting to see if adjusting for BSA as is routinely done for cardiac parameters

would provide a better measure.

Lastly the possibility that CMR of the carotid artery was not the correct modality to use, at
least in the SLE RCT in Chapter 9 needs to be considered. Although we found that wall
volume and W/OW were increased in individuals with SLE in Chapter 8, Figure 8.2 shows
most individuals lay within 2SD of the mean of the healthy non-SLE cohort. As the SLE
cohort in Chapter 8 included a few individuals with known CVD or with increased CVD risk, it
may be that they are the ones producing the significant difference. It would be interesting to
see what the difference between the SLE cohort and the controls is when these known
CVD/high CVD risk SLE subjects are removed. It may also be necessary to take into account
the difference between the pathophysiology of calcified plaques, carotid wall thickening (due
to increased fibrous tissue without discrete plaque formation) and lipid-rich coronary plaques
(which cause the increased coronary artery risk seen in the SLE and HIV cohorts). Any
therapies aimed at reducing this risk may show no demonstrable change in the carotid artery
despite have a clinical effect in the coronary territory. This limitation would also apply in other
conditions with increased coronary risk, for example HIV, when the cardiovascular effects of

drug therapy were being assessed and carotid CMR imaging was used.

In conclusion, CMR provides a valuable non-invasive and well-tolerated imaging modality to
quantify the degree and nature of cardiovascular disease in different patient groups. It can
serve as an accurate and reproducible test but a clear understanding of its limitations and the
need for careful co-training of observers in and between study centres is required to produce

low measurement errors and allow for the comparison of results. Understanding of the
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various pathophysiological changes occurring in different disease processes and patient sub-
groups within these diseases, and the effect on these processes on the carotid arterial wall in
terms of plaque formation and remodelling, needs to be understood before employing carotid
arterial parameters as cardiovascular surrogates for assessing the effect of established or

novel treatments on CVD risk.

12.5 Future directions

It would be interesting to see whether an increased number of subjects recruited into a
placebo controlled trial of statin therapy in SLE for a longer period of study duration would
achieve any measureable changes in carotid wall parameters. This would require a larger
multi-centre study to enable sufficient numbers of suitable patients to be enrolled and should
use a core-lab to analyse the fully blinded CMR data with removal of all possible confounders
including patient sex and scan date. The additional assessment of endothelial function by
FMD as well as arterial stiffness should be included and a panel of disease specific
biomarkers plus biomarkers associated with increased cardiovascular risk in other patient
cohorts should be included in an attempt to define which could be used in SLE patients with

a similar risk profile to improve risk stratification for SLE.

It would be interesting to see what improvement in carotid vessel volume reproducibility
could be achieved by obtaining results from 2+ observers who have had some instruction
and experience in analysing carotid wall images. The observers would then be co-trained to
make the same assumptions with regards to edge detection and image windowing under
standardised environmental conditions. The results before and after training could then be

compared.

In the HIV cohorts studied, it would be interesting to see what changes do or do not develop
in carotid artery parameters of the young perinatally infected cohort by restudying them and
their controls in the future. Whether they come to resemble the adult cohort studied in this
thesis and demonstrate increased wall volume as they age over and above that expected, or
whether they continue to show no significant differences compared to controls might provide
insights into how HIV-infection itself and the current HAART are affecting CVD risk in this
group. This could provide a basis for the need to develop novel therapies and provide further
intervention to modify CVD risk. The assessment of endothelial function in such a group and

how it changes over time compared with controls would also be of interest.

In the adult HIV cohort, who were all low risk for CVD based on traditional risk factors,

assessment of other parameters of vascular health such as endothelial function and
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assessment of cardiac structure and function by CMR would be of interest. The increased
prevalence of cardiac steatosis, fibrosis and dysfunction has been observed in HIV-infected
subjects compared to controls [Holloway 2013]. The HIV cohort in that study was more
heterogeneous and included individuals with a higher risk for CVD than in the study in this
thesis and it would be interesting to see whether some of these findings are specific to HIV-
infection and its treatment and occur in an otherwise low-risk cohort. It would also be of
interest to assess the burden and character of coronary artery disease in an otherwise low
risk HIV group as, from what we have seen in the SLE RCT in Chapter 9, the
pathophysiology of atherosclerosis in HIV may vary between the carotid and coronary
territories, and this would have implications for future studies looking at the modification of
imaging parameters by interventional therapies. Coronary artery atherosclerosis would be
better imaged by CT coronary angiography than CMR due to the better resolution achieved
with the former, and if significant abnormalities were found which are more likely to undergo
change with treatment than carotid parameters, the radiation exposure could be justified in
longitudinal studies. Again, the development of a disease-specific biochemical panel that
could be correlated to structural and functional changes in vascular parameters, and could
be used to risk stratify CVD risk and measure treatment effect, would be of great benefit in

the management of HIV-infected individuals.
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Invited lectures: CMR of the Vessel Wall. Cardiovascular Magnetic Resonance Unit,
Royal Brompton Hospital, London, CMR Course, May 2010, October 2010.
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Abbreviations

ACR American College of Rheumatology
AEs Adverse events

AIDS Acquired immunodeficiency syndrome
ANA Antinuclear antibody

anti-dsDNA  Anti-double stranded DNA
anti-nRNP Anti-nuclear ribonucleoprotein
aPL  Antiphospholipid antibody

BAR Brachial artery reactivity

BLys B-lymphocyte stimulators

BMI  Body mass index

BSA Body surface area

CAD Coronary artery disease

cART Combination anti-retroviral treatment
CHD Coronary heart disease

C-IMT Carotid intima media thickness
CMR Cardiovascular magnetic resonance
CoV Coefficients of variation

CSF Cerebrospinal fluid

Cv Cardiovascular

CVD Cardiovascular disease

DHEA Dehydroepiandrosterone

EBCT Electron beam-CT

ECG Electrocardiogram

EF Ejection fraction

eGFR Estimated glomerular filtration rate
eNOS Endothelial-derived nitric oxide
ESR Erythrocyte sedimentation rate

FDG Fluorodeoxyglucose

FMD Flow-mediated dilatation

FOV Field of view

FSE Fast spin echo

GE Gradient echo

GTN Glyceryl trinitrate

H Single nuclear proton
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HAART Highly active antiretroviral therapy
HASTE Half-Fourier acquisition turbo spin-echo
HDL High-density lipoprotein

HIV ~ Human Immunodeficiency Virus

HMGCoA 3-hydroxy-3-methylglutaryl coenzyme A
hsCRP High sensitivity C reactive protein

ICA Internal carotid artery

ICAM-1 Intercellular adhesion molecule 1
ICCs Intraclass correlation coefficients

IDL Intermediate density lipoprotein

IFN-a Interferon-a

IL Interleukin

INF-y Interferon-y

IVUS Intravascular ultrasound

LDL Low-density lipoprotein

TH17 17-producing T-helper lineage

LGE Late gadolinium enhancement

Lp(a) Lipoprotein (a)

LPS Lipopolysaccharide

LTNPs Long-term non-progressors

MCP-1 Monocyte chemoattractant protein-1

M-CSF Macrophage colony-stimulating factor
MHC-IIMajor histocompatibility complex

MI Myocardial infarction

MMPs Matrix metalloproteinases

MRI  Magnetic resonance imaging

MSCT Multislice computed tomography

MSM Men who have sex with men

NCEP National Cholesterol Education Program
NIRS Near Infrared Spectroscopy

NMR Nuclear magnetic resonance

NNRTIs Non-nucleoside reverse transcriptase inhibitors
NO Nitric oxide

NRTIs Nucleoside reverse transcriptase inhibitors
OCT Optical coherence tomography

PDGF Platelet-derived growth factor
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PDW Proton-density-weighted

PET Positron emission tomography

Pls Protease inhibitors

PWV Pulse wave velocity

RCT Randomised controlled trial

RF Radiofrequency

ROS Reactive oxygen species

SAEs Serious adverse events

SE Spin echo

SIV  Simian immunodeficiency virus

SLE  Systemic lupus erythematosus

SLEDAI Systemic Lupus Erythematosus Disease Activity Index SELENA Modification
SLICC Systemic Lupus International Collaborating Clinics
SMCs Smooth muscle cells

SNR Signal to noise ratio

SPECT Single photon-emission computed tomography
SSFP Steady state free precession

SV Stroke volume

Tiw  T1-weighted

T2w  T2-weighted

T Tesla

TE Time to echo

TGF-B Transforming growth factor-3

TGs  Triglycerides

TNF-a Tumour necrosis factor-a

TOF Time of flight

TR Repetition time

USPIOs Ultrasmall paramagnetic particles of iron oxide
VCAM-1 Vascular adhesion molecule 1

VLDL Very low-density lipoprotein

W/OW Wall/outer wall ratio
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Supplemental Data

Table(a). Coefficients of variation of cardiac and carotid parameters measured for the two

observers.
Variable Year Observer 1 Observer 2
LVEF 0 0.08 0.08
1 0.08 0.09
2 0.09 0.09
RVEF 0 0.08 0.08
1 0.08 0.09
2 0.08 0.09
LVEDV Index 0 0.16 0.18
1 0.17 0.17
2 0.18 0.17
LVESV Index 0 0.29 0.33
1 0.31 0.35
2 0.35 0.35
LV Mass Index 0 0.14 0.21
1 0.16 0.18
2 0.14 0.18
RVEDV Index 0 0.16 0.17
1 0.18 0.16
2 0.17 0.16
RVESV Index 0 0.32 0.32
1 0.32 0.33
2 0.32 0.28
Total Wall Volume 0 0.18 0.21
1 0.19 0.19
2 0.15 0.18
Total Lumen Volume 0 0.21 0.22
1 0.23 0.22
2 0.20 0.22
Total Vessel Volume 0 0.20 0.20
1 0.21 0.20
2 0.18 0.19
W/OwW 0 0.07 0.10
1 0.07 0.10
2 0.08 0.10
Distensibility 0 0.32 0.32
1 0.18 0.32
2 0.39 0.27
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2, at baseline, year-1 and year-2.

Table(b). Intraclass correlation coefficients for carotid and cardiac parameters between observer 1 and

Parameter

Baseline

Year 1

Year 2

ICC (95%Cl)

ICC (95%Cl)

ICC (95%Cl)

Carotid

Total Lumen Volume

0.92 (0.83, 0.96)

0.96 (0.92, 0.98)

0.97 (0.93, 0.99)

Total Wall Volume

0.82 (0.64, 0.91)

0.80 (0.61, 0.90)

0.73 (0.49, 0.87)

Total Vessel Volume

W/OW ratio

0.43 (0.08, 0.69)

0.37 (0.002, 0.65)

0.18 (0.004, 0.66)

Distensibility

(
(
0.94 (0.86, 0.97)
(
(

0.28 (-0.1, 0.59)

(
(
0.98 (0.96, 0.99)
(
(

0.64 (0.37, 0.82)

(
(
0.98 (0.96, 0.99)
(
(

0.26 (-0.13, 0.59)

Cardiac

LVEF

0.76 (0.54, 0.88)

0.78 (0.58, 0.89)

0.87 (0.73, 0.94)

LVEDV Indexed

0.85 (0.70. 0.93)

0.93 (0.86, 0.97)

0.92 (0.84, 0.86)

LVESV Indexed

0.76 (0.55, 0.88)

0.87 (0.73, 0.94)

0.94 (0.87, 0.97)

LV Mass Indexed

RVEF

0.86 (0.72, 0.93)

0.74 (0.51, 0.87)

0.57 (0.25, 0.78)

RVEDV Indexed

0.86 (0.71, 0.93)

0.84 (0.69, 0.92)

0.60 (0.28, 0.79)

RVESV Indexed

(
E
0.65 (0.36, 0.82)
(
(
(

0.88 (0.76, 0.94)

(
E
0.73 (0.49, 0.87)
(
(
(

0.84 (0.68, 0.92)

(
E
0.66 (0.38, 0.83)
(
(
(

0.94 (0.87, 0.97)
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