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Abstract
Background
Disease of the thoracic aorta occurs in two major forms; atheroma and aneurysm
formation. Both disease processes progress silently before catastrophic complications
occur, such as stroke or aortic dissection. Current management strategies focus on
preventative interventions which can include high-risk surgery. However, identifying
those who are most appropriate for such interventions is challenging. Deposition of
calcium crystals (microcalcification) in the aortic wall occurs as a response to
inflammation, cell stress and death, and its presence is thought to confer a vulnerable
disease state in both thoracic aortic atheroma and aneurysm formation. 18F-Sodium
fluoride positron emission tomography (PET) identifies microcalcification not
identifiable on conventionally computed tomography (CT). The aim of this thesis was
to assess the application of 18F-sodium fluoride PET in identifying of patients with
high-risk thoracic aortic disease.

Methods and results
Reproducibility
The intra- and inter-rater repeatability as well as scan-rescan reproducibility of
thoracic aortic 18F-sodium fluoride activity was measured for standard slice-by-slice
methods, as well as a novel centreline-based method, in 20 patients undergoing two
18
F-sodium fluoride PET-CT scans, no more than three weeks apart. We found that
the novel centreline-based method was over 5 times quicker than standard methods
(3.4±0.5 versus 15.1±1.7 min, P>0.0001), and had excellent intra- (intraclass
correlation coefficient 0.98), and inter-rater repeatability (intraclass correlation
coefficient 0.97). Scan-rescan reproducibility was very good (intraclass correlation
coefficient 0.86) with a minimal mean error of 0.00, narrow 95% limits of agreement
of - 0.13 to 0.13, and a coefficient of reproducibility of 0.11.

Microcalcification, aortic atheroma and stroke
Arterial 18F-sodium fluoride PET identifies an early and active stage of atheromatous
disease that is associated with plaque vulnerability and the culprit lesions underlying
atherothrombotic events. In a post-hoc observational cohort study, thoracic aortic 18Fsodium fluoride activity was quantified in 461 patients with stable cardiovascular
disease undergoing PET-CT. Progression of atherosclerosis was assessed by change
in aortic and coronary CT calcium volume. Clinical outcomes were determined by the
occurrence of ischaemic stroke. After 12.7±2.7 months, progression of thoracic aortic
calcium volume correlated with baseline thoracic aortic 18F-sodium fluoride activity
(n=140, r=0.31, p=0.00016). In 461 patients, 23 (5%) patients experienced an ischemic
stroke after 6.1±2.3 years of follow up. High thoracic aortic 18F-sodium fluoride
activity was strongly associated with ischaemic stroke (HR 10.3 [3.1 to 34.8],
p=0.0017). In a multivariable Cox regression model including imaging and clinical
risk factors, thoracic aortic 18F-sodium fluoride activity was associated with ischaemic
stroke (HR 1.47 [1.00 to 2.16], p=0.05).

Microcalcification in aortopathy: histology study
Thoracic aortopathies are associated with microcalcification which has the potential to
be visualised non-invasively using 18F-sodium fluoride positron emission tomography.
Thoracic aortic samples were collected from 75 patients with thoracic aortopathy and
19 control samples.
Histopathological score, immunohistochemistry and
nanoindentation were compared to the extent of microcalcification on histology (von
Kossa staining) and autoradiography (18F-sodium fluoride activity). Compared to
control samples (0.79 [0.36 to 1.90]), microcalcification content was higher in samples
with mild (n=28; 6.17 [2.71 to 10.39], p≤0.00010) or moderate (n=30; 3.74 [0.87, to
11.80], p<0.042), but not severe (n=24; 0.40 [0.15 to 0.87], p=0.42) aortopathy.
Microcalcification content was associated with tissue elastic modulus (n=28; r=0.43,
p=0.026) and osteopontin staining across all severities of aortopathy (χ2 p=0.001).
Severe aortopathy had substantially less microcalcification compared with mild
(p<0.0001) or moderate aortopathy (p=0.00030), and this was closely linked with
elastin fragmentation and loss (n=82; r=-0.36, p=0.001). Histological
microcalcification demonstrated very good correlation with microcalcification
quantified using 18F-sodium fluoride autoradiography (n=66; r=0.76, p<0.001).

Microcalcification in aortopathy: imaging study
Translating the results of the histological study, the relationship between thoracic
aortic aneurysm 18F-sodium fluoride activity, diameter, and stiffness was assessed
using 18F-sodium fluoride PET-CT, MRI and applanation tonometry in 75 patients
with bicuspid aortic valve and 18 controls without aortic disease. Patients with
bicuspid aortic valve had higher ascending aortic 18F- sodium fluoride activity than
age and sex-matched control subjects (1.10±0.06 versus 1.06±0.08, p=0.046), but
similar aortic arch 18F- sodium fluoride activity (1.09±0.11 versus 1.06±0.08, p=0.21).
Maximal indexed aortic diameter correlated with ascending aortic 18F-sodium fluoride
activity (Spearman r=0.24, p=0.018). Ascending aortic 18F-sodium fluoride activity
was associated with aneurysm stiffness index after adjustment for age, sex, diabetes
status and maximal indexed aortic diameter (ß=14.017, p=0.008). There was a
moderate inverse correlation between ascending aortic 18F-sodium fluoride activity
and the annualised progression of aortic strain (n=29, Spearman rho = -0.47, p=0.013),
but no relationship with progression of aortic diameter (n=29, Spearman rho = 0.14,
p=0.47).

Conclusion
18

F-Sodium fluoride PET can be reproducibly measured in the thoracic aorta and
identifies those with aortic wall disease. In patients with established cardiovascular
disease, 18F-sodium fluoride PET is associated with atheroma progression as well as
the future risk of stroke and could be used to guide preventative therapy. In thoracic
aortic aneurysm, 18F-sodium fluoride PET can track the disease activity of the aortic
wall and may represent a crucial modality for identifying those at highest risk of
devastating complications.
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Lay Summary
The aorta is the largest artery in the body and connects the heart to the to the vital
organs. The aorta can develop plaques (atheroma) or become too wide (aneurysm),
both of which are quite common and do not cause symptoms. Plaques in the aorta
cause no symptoms by themselves, but if the plaque splits open, it can cause a blood
clot to form, which can then become lodged in brain arteries causing stroke. In a
different disease, the closest part of the aorta to the heart can widen, becoming an
aneurysm. In the majority of cases, an aneurysm of the aorta forms when it is weak.
People with an aneurysm of the aorta are at risk of sudden tearing of the aorta (aortic
dissection), which carries a high death rate. Current strategies for identifying those at
the highest risk of plaques that will crack or aneurysms that will tear miss many
patients and could be improved.
In the aorta, microscopic calcium crystals (microcalcification) are deposited as a
response to injury. In aortic plaques, microcalcification is understood to be linked
those with a high chance of splitting open, and the formation of blood clots. In aortic
aneurysm disease, microcalcification is associated with a weak aneurysm with a high
chance of tearing. The overarching theme of this thesis was to explore whether
advanced imaging techniques could be used identify those at highest risk of
complications of aortic disease.
When large amounts of calcium are deposited in the aorta, it can be seen on computed
tomography (CT) scans.

However, these large calcium deposits are thought to

represent a safe stage of plaque disease that is not likely to split open.
Microcalcification of plaques not visible on CT has been associated with a high risk
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of plaques splitting open and can be detected and quantified using a molecular imaging
technique called positron emission tomography (PET). In this thesis I refine the
method for quantifying the PET signal in the aorta and demonstrate that high PET
signal in the aorta is associated with a higher chance of stroke.
Most people with an aneurysm of the aorta receive regular scans to monitor the size of
the aneurysm. Once the aneurysm reaches a certain size - often between 50 and 55 mm
- guidelines recommend surgery to replace the diseased part. However, this strategy
misses 70% of patients who eventually experience tearing of the aorta. In this thesis, I
investigate how microcalcification in the aorta is associated with aneurysm
degeneration. Using aortic specimens and PET imaging, I demonstrate that while mild
degeneration of the aorta is associated with a rise in microcalcification, in severe
degeneration of the aorta microcalcification is lost. I therefore posit that PET imaging
could feasibly be used to track degeneration in aneurysm disease. For both aortic
plaque and aneurysm, I hypothesise that PET imaging could play a crucial role in
identifying those with highest-risk disease, where earlier intervention could improve
the overall care received.
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1.1 The Anatomy and Function of the Thoracic Aorta
1.1.1 Anatomy of the thoracic aorta
The aorta is the largest artery in the body beginning at the aortic valve of the heart and
finishing at its bifurcation point in the pelvis. The thoracic aorta - the portion within
the chest - begins at the aortic valve, finishes as the aorta passes through the diaphragm,
and is made up of four sections: the aortic root which encompasses the coronary
arteries that supply the heart; the tubular ascending aorta which runs from the
sinotubular junction to the origin of the brachiocephalic artery; the aortic arch which
contains the head and neck vessels and finishes just after the left subclavian artery; and
the descending thoracic aorta which ends at the level of the diaphragm (Figure 1.1).
The aorta acts as a conduit for blood by connecting the heart to the major arteries
ensuring blood flow to all the vital organs of the body. Being the most proximal artery
to the heart, the thoracic aorta withstands the highest pressure and wall stresses through
over 30 million pressure cycles a year. The thoracic aortic wall must therefore function
as a robust biomechanical structure, loading and unloading the cardiac volume
efficiently and reliably throughout life. The recoil from the aorta also provides
ongoing forward flow throughout diastole - known as Windkessel function. To achieve
this, the molecular and biomechanical environment of the aortic wall is monitored and
stabilised via a complex interplay between cells in the vascular wall and the
extracellular matrix.
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Figure 1.1 - Anatomy of the thoracic aorta

The thoracic aorta: Made up of four sections. The aortic root which contains the aortic valve
and coronary artery origins. The ascending aorta which is composed of numerous elastic
laminae providing biomechanical recoil. The aortic arch from which the carotid and
subclavian arteries arise. The descending thoracic aorta begins just distal to the left subclavian
and finishes as the aorta passes through the diaphragm.

Fletcher et al Circulation. 2020, reproduced under Creative Commons license (1)
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1.1.2 Molecular and cellular composition
The aortic wall is made up of three sections (Figure 1.2 (1)). The intima is the deepest,
in direct contact with the lumen, and contains a lining of endothelial cells anchored by
a basement membrane. The endothelial cells sense the hemodynamic and biochemical
environment of the lumen and relay chemical signals to vascular smooth muscle cells
and fibroblast cells allowing the aortic wall to adapt to both acute and chronic luminal
changes (2).
The media of the ascending aorta is made up of layers of mature elastic fibres
interspersed with smooth muscle cells, collagen and proteoglycan; together referred to
as a lamellar unit (Figure 1.2). Specifically, the elastic fibres of the media, which are
arranged in concentric layers and composed of extensively crosslinked tropoelastin,
allow elastic fibres to be stretched and recoil with minimal energy loss (3).
Crosslinked elastin is primarily formed in the fetal and neonatal period and is insoluble
with a half-life of 70 years making it highly durable (4). Newly formed elastin after
vascular injury forms in small pools rather than along laminae, rendering any damage
to elastic fibres largely irreversible (5). Elastic fibres are anchored to vascular smooth
muscle cells via focal adhesions as well as being supported by a scaffold of
extracellular molecules including fibrillin, integrins and collagen (6,7), providing
biomechanical reinforcement. Vascular smooth muscle cells and fibroblasts also
maintain the extracellular matrix environment by producing tropoelastin, collagens,
and microfibrils along with proteins that promote medial healing and remodelling,
including

matrix

metalloproteinases

(MMPs)

and

tissue

inhibitors

of

metalloproteinases (TIMPs) (7-10).

Introduction

4

Imaging Molecular Calcium in Thoracic Aortic Disease
The outer section, the adventitia, is in communication with the nervous system as well
as the vasa vasorum, an external blood supply which also provides interaction with the
immune system. The adventitia is composed primarily of fibroblasts which produce
the fibrillar protein collagen (11). Unlike elastin, collagen has limited stretch or
elasticity, but rather, it has a high resistance to biomechanical failure under peak
stresses meaning it plays an important role in protecting the aortic wall against high
peak stress (12). Unfortunately, these robust homeostatic processes can be disturbed
through disease processes leaving the thoracic aortic wall vulnerable to catastrophic
complications. The most common diseases affecting the thoracic aorta are aneurysm
formation and atherosclerosis (13-15). Both are associated with the process of aortic
wall calcification and follow a sinister course, remaining clinically silent up to the
point of catastrophic complications, such as ischaemic stroke and aortic dissection
respectively.

Introduction

5

Imaging Molecular Calcium in Thoracic Aortic Disease
Figure 1.2 - Molecular makeup of the aortic wall

Media. Multiple layers of concentrically arranged elastic fibres impart the majority of
biomechanical function of the aorta, loading and unloading large portions of the cardiac output
effectively allowing ongoing flow in diastole. Elastic fibres are anchored to vascular smooth
muscle cells which support the elastic fibres by maintaining and repairing the extracellular
matrix.
Adventitia. Fibroblasts produce collagen, bestowing ultimate strength and protecting against
rupture. Blood supply to the adventitia and outer media is provided by a network of branching
arterioles called the vasa vasorum.

Fletcher et al Circulation. 2020 reproduced under Creative Commons license (1)
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1.2 Atheroma of the thoracic aortic
Thoracic aortic atheroma is a near universal pathological entity affecting the intimal
layer, with the distribution and complexity of atheroma varying significantly by
region. Plaques are frequently visible in the aortic arch, with lesions immediately
proximal to bifurcation points being particularly common. The ascending aorta, on the
other hand, is generally resistant to atheroma formation (16-18). The atherosclerotic
disease process begins at a young age, with pathological studies conducted in the mid20th century demonstrating that primitive aortic intimal changes were present as early
as childhood, progressing to more significant lesions throughout adolescence and
adulthood (19,20). Large atherosclerotic plaques of the aortic arch are common,
occurring in approximately 30% of the adult population (17,21), and are thought to be
initiated as an inflammatory response occurring within the intimal layer.

1.2.1 Pathophysiology of aortic atheroma
Atherosclerosis is a disease process occurring in large and medium sized arteries and
represents a pathological immune-mediated response to lipoproteins that have invaded
the vascular wall. Endothelial injury triggered by smoking, hypertension, high glucose
or reduced regenerative ability renders the endothelium more porous, and allows
lipoproteins to infiltrated the intimal layer (22).

Macrophages endocytose the

lipoproteins, transforming into foam cells and stimulating a powerful inflammatory
response involving cytokines, interleukins and chemokines. The pro-inflammatory
messengers then signal for recruitment of further macrophages, mast cells, platelets,
dendritic cells and T-lymphocytes (Figure 1.3, (23)).
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Figure 1.3 - Molecular mechanisms of atherosclerosis

A summary of the key underlying inflammatory mechanisms and subsequent clinical
manifestations affecting atherosclerosis.
eNOS = endothelial nitric oxide synthase, INF = interferon, IL = Interleukin, LDL = low
density lipoprotein, MMP = Matrix metalloproteinase, NK = natural killer, NF-KB = nuclear
factor kappa-light-chain-enhancer of activated B cells, ox = oxidized, ROS = reactive oxygen
species, PDGF = platelet derived growth factor, SMC = smooth muscle cell, Th = T-helper,
TNF = Tumor necrosis factor, VEGF = vascular endothelial growth factor.
Images adapted from https://smart.servier.com (Servier Medical Art) used under a creative
commons license.
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Syed et al Trends in Cardiovascular Medicine. 2018 reproduced under Creative
Commons license (23)
The immune-mediated cascade culminates in macrophage cell death and vascular
smooth muscle cell migration, creating a central area of a lipid-rich necrotic debris
covered by a fibrous cap (24). Fracture of this fibrous cap can lead to the necrotic core
being exposed to the circulating platelets and immune cells, precipitating rapid
thrombus formation; a process termed ‘plaque rupture’. Once formed, the intraluminal
thrombus is at risk of becoming dislodged, embolizing to smaller downstream arteries
where it blocks further blood flow ultimately leading to organ ischaemia (23). When
atherosclerotic plaque ruptures in the thoracic aorta, the resulting thrombus commonly,
and devastatingly, becomes lodged in an artery supplying the brain, resulting in
ischaemic stroke.

1.2.2 Ischaemic stroke and thoracic aortic atheroma
The global lifetime incidence of stroke is 24.9%, the vast majority (90%) of which are
ischaemic (25), and in 2020 represented the sixth most common cause of death in
developed nations (fifth not including Sars-Cov-2 infection) (26). Even when not
directly fatal, life expectancy is reduced (25), with increased rates of cognitive
impairment, depression and high cost affecting remaining quality of life (13).
Ischaemic strokes are categorised into lacunar and non-lacunar strokes; lacunar strokes
are mostly caused by small vessel disease and have normal CT/MRI or small
subcortical stroke measuring <1.5 cm in diameter (27); non-lacunar strokes represent
all cortical infarcts where the thrombus is presumed to have embolised from a
downstream source. Cardioembolic source represents those arising from within the
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heart, typically patients intracardiac thrombus from the left atrium for patients in atrial
fibrillation. Large artery atherosclerosis refers to significant atheromatous disease
(>50% stenosis) in an ipsilateral major proximal extracranial or intracranial artery typically carotid disease and not typically including aortic atheroma. Cryptogenic
stroke represents a cortical infarct with an indeterminate source despite baseline
imaging and rhythm monitoring, as is the case in 30% of cases (28). With around a
third of strokes occurring without a clear mechanism, there is a clear need to better
understand the mechanisms that contribute to stroke risk. Thoracic aortic atheroma has
been consistently linked to ischaemic cerebrovascular events (15) and represents a
significant and under-recognised source of thromboembolism.
Autopsy studies of patients with and without stroke demonstrated that the presence of
proximal aortic atheroma >4 mm thick or with ulceration were significantly more
likely to have experienced stroke than those without (18,29). These findings are
supported by imaging studies which find that patients with high-risk atherosclerotic
lesions (>4 mm, ulcerated or with tethered thrombus), are at higher risk of subsequent
stroke (15,17,30-32). While not every patient with proximal aortic atheroma will have
a stroke event, the ability to identify atherosclerotic plaque that is biologically active
and vulnerable to rupture, would represent a major step towards better identification
of those at risk, as well as representing a step towards patient-specific management.

1.2.3 Contemporary management of stroke risk
Since the 1940s, population based studies following large cohorts of previously well
individuals have identified risk factors associated with ischaemic stroke, among other
cardiovascular diseases (33). Factors recorded in these natural history studies included
age, sex, body mass index, blood pressure, cholesterol, an electrocardiogram, smoking
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status, and diabetes mellitus. Long term follow-up of these patients has allowed the
formulation of a weighted risk score, which are calculated based on the relative risk of
stroke conferred by individual variables (34,35). Contemporary strategies for reducing
stroke risk involve identifying patients most vulnerable to ischaemic stroke, typically
performed using 10-year risk scores (35-37), and treating modifiable risk factors
(Summary in Table 1.1) (38). Recent guidance on the prevention of recurrent stroke
after an initial cerebrovascular ischaemic event, focuses on identifying the aetiology,
and offering targeted therapeutic interventions based on this, as well as targeting
modifiable lifestyle factors (Table 1.2) (27). While these guideline-recommended
interventions reduce the overall risk of stroke, there remain significant gaps in our
understanding that could further improve this contemporary approach.
For example, patients who require treatment are currently identified using risk scores,
which are effective on an epidemiological level, however, they suffer from a lack of
patient-level specificity; most patients with higher scores will not develop stroke and
most patients experiencing a stroke will have low scores (39). Non-invasive imaging
tools such as carotid ultrasound or thoracic CT calcium scoring can be used to identify
significant atheromatous disease and could feasibly enhance patient selection for
intensive medical therapy.
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Table 1.1 - Summary of the key recommendation for primary prevention of
stroke as recommended in the American Heart Association 2014 guideline.
Risk Factor

Recommendation

Recommendation
Class and level

Physical activity

150 minutes of moderate or 75 minutes of vigorous activity.

Class I; Level B

Moderate to vigorous exercise of 40 minutes 3 to 4 days per
week

Class I; Level B
fffffff

Any physical activity is better than none

Class I; Level B

Dyslipidaemia

Treatment with statin therapy is recommended in those with
10-year risk of cardiovascular events ≥7.5% and considered
at 5-7.5%

Class I; Level A

Diet

Reduced sodium and increased potassium are recommended
to lower blood pressure

Class I; Level A
ddddd

A diet rich in fruit and vegetables is recommended to lower
blood pressure

Class I; Level A
ddddd

A Mediterranean diet should be considered in lowering risk
of stroke

Class IIa; Level B

Hypertension*

Patients with hypertension should be treated with
antihypertensive drugs to a target of <140/90mmHg

Class I; Level A

Obesity

Weight loss should be recommended in those patients
overweight (BMI 25 kg/m2 to 29 kg/m2) and obese (BMI
>30 kg/m2) to reduce blood pressure and the risk of stroke

Class I; Level A

Diabetes

Statin therapy is recommended to reduce risk of first stroke

Class I; Level A

Cigarette Smoking

Counselling ± drug therapy or replacement therapy is
recommended to assist in quitting.

Class I; Level A

Atrial Fibrillation

Risk assessment using CHA2DS2VASc, with oral
anticoagulant treatment offered to those scoring >1, and
consider in men scoring 1.

Class I; Level A

Adapted from Meschia et al 2014 (38)
European Society of Cardiology recommendations are targeted at <130/80mmHg (40)

*
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Table 1.2 - Summary of the key aetiological-based recommendation for secondary
prevention of stroke as recommended in the American Heart Association 2021
guideline.
Aetiology based
recommendations
secondary prevention
of stroke

Recommendation

Recommendation
Class and level

Intracranial large
artery atheroma

Stroke caused by 50-99% stenosis of major intracranial Class I; Level B
artery should be prescribed aspirin 325mg

Extracranial carotid
stenosis

Ipsilateral, severe carotid artery stenosis (70-99%) Class I; Level A
should be offered carotid endarterectomy if the risk of
operative mortality is <6%.

Extracranial vertebral
artery stenosis

Intensive medical therapy is recommended

Aortic arch
atherosclerosis

Intensive cholesterol lowering as well as antiplatelet Class I; Level B
therapy recommended

Atrial
fibrillation/atrial
flutter

Whether sustained or intermittent, treatment with oral Class I; Level A&B
anticoagulant is recommended to reduce the risk of
further stroke

Class I; Level A

In those in who anticoagulation is contraindicated, Class IIb; Level B
closure of the left atrial appendage with a device may
be reasonable.
Valvular heart disease

In aortic valve disease, or those with bioprosthetic valve Class I; Level C
replacement
treatment
with
antiplatelet
is
recommended
In those with mechanical heart valve or mitral stenosis, Class I; Level B
treatment with warfarin target INR as well as aspirin is
recommended

Left ventricular
thrombus

Treatment with therapeutic warfarin for 3 months is Class I; Level A
recommended

Cardiomyopathy

In those with left atrial appendage thrombus in the Class I; Level C
setting of cardiomyopathy and LV dysfunction,
treatment with therapeutic warfarin is recommended
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Patent foramen ovale

In patients 18 to 60 years with cryptogenic non-lacunar Class IIa; Level B
stroke, it is reasonable to close a patent foramen ovale
with high-risk features (aneurysm or right to left
shunting) as well as antiplatelet treatment

Adapted from Kleindorfer et al (27)

Further, while identifying the mechanism of stroke after an event has occurred allows
more targeted intervention that may reduce the incidence of further events, identifying
and offering treatment to those with silent disease only - for example with high-risk
extracranial artery or aortic atheroma - has the potential to prevent first events, with
much larger benefits in reduction of morbidity and healthcare cost. A non-invasive
imaging tool that enhanced the understanding of the risk posed by proximal aortic
atheroma, as well as improving patient selection for intensive medical therapy, would
therefore represent a major step forward in prevention of ischaemic stroke.
Atheroma of the proximal thoracic aorta is common, represents an inflammatory
response to lipoproteins invading the intimal layer and is associated with
ischaemic stroke. Current stroke primary prevention strategies rely on risk
scores, which suffer from lack of patient-specific information. The mechanism of
stroke is unknown in 30%, with proximal aortic atheroma representing potential
source of embolism. Non-invasive imaging tools that identify high-risk aortic
atheroma could feasibly improve patient selection for intensive medical therapy,
as well as providing mechanistic insights into stroke mechanism.
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1.3 Thoracic aortic aneurysm formation and dissection
In a distinct process to atherosclerosis (41), thoracic aortopathy typically denotes
patients who are predisposed to aortic dilatation, aneurysm formation and acute aortic
dissection - the latter carrying 30-day mortality in excess of 50% (42). As the
outcomes from elective surgery are superior to those associated with emergency repair
once dissection has occurred, current international guidelines advocate a focus on
recognising those at risk early, regular monitoring with imaging and prophylactically
replacing the diseased aortic segment once a threshold diameter is reached (Table 1.3)
(43-49).
Even with these guidelines and robust monitoring, >70% of patients with thoracic
aortopathy experience aortic dissection or rupture while still below the threshold
diameter, whereas others may undergo surgery for thoracic aortic aneurysms that are
unlikely to dissect or rupture (50,51) (Table 1.4). Like with stroke, there is universal
agreement that better identification and risk stratification is urgently required.
Progress in understanding the molecular processes that drive aortic wall disease is
crucial to improving the identification of high-risk individuals and developing novel
therapeutic options.
Medial degeneration describes the destruction and remodelling of the elastic lamellar
units of the medial layer, frequently resulting in dilatation. Aortic dilatation in adults
has classically referred to increased absolute aortic diameters based on reference
thresholds, typically >40 mm, although a range of thresholds have been proposed and
referenced in research (52).
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Table 1.3 - A summary of the current ascending thoracic aortic aneurysm diameter
thresholds for considering surgical intervention
Condition

Ascending Aortic/Aortic Root Threshold Diameter

Guideline Reference

Bicuspid aortic valve

≥45 mm if undergoing AVR, ≥50 mm with risk factorsc,
≥55 mm

ESC (2014)

Bicuspid aortic valve

>45 mm if undergoing AVR for severe
regurgitation/stenosis, >50mm with risk factorsb, >55mm

ACC/AHA (2014)(46)

Marfan syndrome

≥45 mm with risk factorsa, ≥50mm

ESC (2014)(43)

Marfan syndrome

≥40 mm if considering pregnancy

ACC/AHA (2010)(45)

Consider at <50mm if risk factorsb
≥50 mm
Loeys-Dietz
syndrome

No specific recommendation

ESC (2014)

Loeys-Dietz
syndrome

≥42mm on TOE, ≥44mm on CT/MRI

ACC/AHA (2010)

Turner syndrome

ASI ≥27.5 mm/m2

ESC (2014)

Turner syndrome

40-50 mm, Cross sectional aortic area/height >10 cm2/m

ACC/AHA (2010)

Turner syndrome

ASI ≥ 25mm/m2

International consensus
Turner
syndrome
(2017)(44)

Non-syndromic
hereditary
thoracic
aortopathy

No specific recommendation, (thresholds of ≥42mm or
>3mm growth rate for MYLK and >50 or >5mm growth
rate for MHY11 and ACTA2 have been proposed)(47)

ESC (2014) ACC/AHA
(2010)

Non-syndromic
hereditary
thoracic
aortopathy

45-50 mm in ACTA2

VASCERN (2019)(48)

Ehlers
syndrome

No specific recommendation (avoid if possible due to
highly friable vascular tissue)

ESC (2014)

Danlos

ACC/AHA (2010)

risk factors include family history of dissection, size increase >3mm/year, severe aortic regurgitation
or desire for pregnancy

a

risk factors include family history of dissection at <50mm, expanding aneurysm size of >5mm/year or
significant aortic valve regurgitation

b

risk factors include family history of dissection, systemic hypertension, coarctation of the aorta, size
increase >3mm/year

c

ACC = American College of Cardiology, AHA = American Heart Association, ASI = aortic size index
(aortic diameter/body surface area), AVR = aortic valve replacement, ESC = European Society of
Cardiology
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Concerns over increased risk of dissection occurring at lower absolute diameters in
smaller patients has led to wider use of aortic diameters adjusted for age, body surface
area (aortic size index, ASI) or height (aortic height index, AHI): ‘aortic dilatation’
defined as those with an indexed aortic diameter Z-score > +2.0 compared to reference
populations (53,54). The terms thoracic aortic aneurysm and aortopathy are often used
interchangeably with aortic dilatation, although thoracic aortic aneurysm refers to an
increase in diameter of >50%, a measure not commonly used accurately, while
aortopathy is a generic description of a pathological process affecting the aorta which
can be a useful descriptor of a diseased aorta irrespective of its diameter.
Over years of repeated pressure loading and unloading, the media becomes worn
demonstrating signs of degeneration (55,56). Hallmarks of this degenerative process
include mucoid extracellular matrix accumulation, elastic fibre fragmentation and/or
loss, smooth muscle cell nuclei loss, and laminar medial collapse (56). In aging
thoracic

aortas,

decreasing

elastin

concentration,

increasing

elastic

fibre

fragmentation, increased intra-lamellar distance, and smooth muscle cell nuclei loss
are seen (57,58). The reduction in elastin concentration and integrity reduces the
energy efficiency of the aortic wall, with the incidence of dissection increasing
significantly with age (59,60).

Introduction

17

Imaging Molecular Calcium in Thoracic Aortic Disease
Table 1.4 – Epidemiological data of the major inherited thoracic aortopathies associated
with acute aortic events from observational studies.
Condition

Genetic
Associations

Population
Prevalence
Estimate

Thoracic
Aortic
Dilatation
Prevalence*

Dissection
Type A
Prevalence†

Type A
Dissection Under
Current Surgical
Threshold†‡

Mean Age
at First
Dissection
(years)

1:10,000§

0.01§

0.025%§ (42)

No data||

65 (42)

General Population
Degenerative
aortopathy

Unknown

Syndromic Aortopathies
Marfan
syndrome

FBN1

1:5,000 –
1:15,000
(61)

51% (62)

0.8 - 12% (6264)

71% (62)

37 (62)

Loeys-Dietz
syndrome

TGFBR1/2,
TGFB2, SMAD3

No data

20% (65)

16% (66)

32% (66)

26 (65)

Turner
syndrome

45X

1:2000 (67)

35% (68)

1 - 5% (63,6871)

50 - 77% (69,70)

31 - 34
(69,70)

?TIMP1, ?TIMP3

Vascular
Ehlers-Danlos
syndrome

COL3A1

1:90,000
(72)

No data

1.3 - 5.8%
(63,72)

No specific
recommendation

36 (72)

Osteogenesis
Imperfecta

COL1A1,
COL1A2

1:15000

10-30%(73)

7 case reports,
(73)

No specific
recommendation

51 (73)

Non-Syndromic Aortopathies
Heritable
thoracic aortic
disease

FBN1, TGFBR1,
TGFBR2,
SMAD3, TGFB2,
COL3A1, ACTA2,
MYH11, MYLK,
LOX, PRKG1,
FOXE3**

No data

9 - 46%
(47,74)

4 -43%
(47,64,75)

46% had no artic
dilatation

43
(47,64)

Bicuspid
aortic valve

ROBO4 GATA5,
NOTCH1

1:50 - 1:100

35%(76)

0.1 - 0.2%
(60,76)

76% (77)

40 - 56
(77)

*dilation defined as root or ascending aortic diameter >40mm all groups apart from Turner syndrome
where aortic size index (diameter/body surface area) >2.0cm/m2 or Turner syndrome specific Z-score
>2 were used
†
All results significantly influenced by adherence to surgical intervention guidelines
‡
Current surgical threshold as determined by ACC/AHA guidance
§
prevalence among the general population not including BAV or genetically-determined aortopathy
||
Many patients with dissection presenting as part of degenerative aortopathy have no previous aortic
measurements recorded
** only gene mutations with a ‘definitive’ or ‘strong’ link to aortopathy and dissection are included
here, however this list will develop over time.
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Medial degeneration is not, however, solely a disease of the elderly. In patients with
inherited thoracic aortopathy, the elements that make up the aortic wall are
fundamentally abnormal, and render it weak, prone to dilatation and liable to
biomechanical failure. Crucial insights into the molecular processes underpinning
thoracic aortic aneurysm disease have been gleaned through studying these inherited
aortic diseases.

1.3.1 Bicuspid aortic valve aortopathy
Bicuspid aortic valve is the most common condition associated with thoracic
aortopathy, affecting 0.5-2% of the population (78,79), with dilated aorta affecting
around 35% of patients (76), and influence from both haemodynamic and genetic
elements makes it an ideal condition in which to study factors affecting aortopathy
severity. Bicuspid aortic valve denotes an aortic valve composed of two, rather than
three, functional aortic leaflets (Figure 1.4), and is strongly associated with aortic
dilatation.

There is wide variation in the phenotype for both the aortic valve

configuration and aortopathy. Different bicuspid valve subtypes are most commonly
categorised using Sievers’ classification (80), however, very recent consensus
statement places bicuspid aortic valve types three major groups: fused (90-95%, with
right-left, right-non or left-non fusion); two sinus (5-7%); or partial fusion (81) (Figure
1.4). Similarly, proximal aortic dilatation status is divided into four broad phenotypes:
non-dilated, root, ascending, or combined root and ascending, also known as extended
phenotype (81,82). Patients with bicuspid aortic valve are at increased risk of aortic
stenosis, regurgitation and significantly more likely to experience ascending aortic
dilatation and acute aortic events (Table 2). The mechanisms that predispose patients
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with bicuspid aortic valve to aortopathy are still emerging, with evidence supporting
both biomechanical and genetic aetiologies.
Figure 1.4 - Normal anatomy of the aortic valve and aortic root and classification
system.

Top: Magnetic resonance imaging angiogram of the left ventricular outflow view outlining the
anatomy of the crown-like aortic valve annulus (left) and en face view of the aortic valve in
the equivalent of the short axis view in echocardiography illustrating the normal anatomy of
the cusps, coaptation sites and coronary arteries (right).
Bottom: Illustrated examples of the most recent international consensus categorisation of
bicuspid aortic valve subtypes orientated to the echocardiographical short axis (top right
panel).
Ao = aorta, LA = left atrium, LCL = left coronary leaflet, LCA = left coronary artery, LV =
left ventricle, NCL = non-coronary leaflet, PA = pulmonary artery, RA = right atrium, RCA =
right coronary artery, RCL = right coronary leaflet, STJ = sinotubular junction.
Adapted from Fletcher et al (83)
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Multiple lines of investigation point towards abnormal development of the aorta in
patients with bicuspid aortic valve. Histological studies comparing the aortic tissue of
patients from foetal, child and adult samples find that those with bicuspid aortic valve
have delayed development of the lamellar layers - usually seen in foetal and early
childhood (84).
This delayed development is accompanied by abnormal intimal thinning in
adolescence and adulthood, reduced contractile smooth muscle cells and reduced
fibrillin expression, similar to those with connective tissue disorder (84,85).
Supporting an inborn aortopathy, 31% of neonates born with bicuspid aortic valve had
a dilated ascending aorta irrespective of valve haemodynamics (79). In those patients
with mutations known to affect normal aortic development, for example FBN1 or
TGF𝛽𝛽-pathway mutations, there is an increased prevalence of bicuspid aortic valve
highlighting an inherent link between bicuspid aortic valve formation and thoracic
aortopathy (86).
There are also known sex and racial differences in the prevalence of bicuspid aortic
valve, with males and Caucasians the most likely to be affected (87). While there are
clusters of affected individuals within families, similar to non-syndromic hereditary
thoracic aortopathy, in the majority of cases no definite genetic cause can be found
(88). A growing number of reports are now describing specific mutations in patients
with bicuspid aortic valve and aortopathy but without the systemic features of
connective tissue disease, for example ROBO4 and NOTCH1, which affect endothelial
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permeability, and endocardial/endothelial differentiation respectively, although the
link between NOTCH1 and aortic events is not well described (89,90).
Overall, the case for a genetically determined abnormality of aortic wall development
in bicuspid aortic valve is compelling, but incomplete. Abnormal thoracic aortic
haemodynamics are another crucial component to understanding dissection risk in
these patients.
There is a clear relationship between thoracic aortic haemodynamics and aortopathy.
Bicuspid aortic valve is associated with abnormal aortic flow patterns which apply
greater shear stress to the outer curvature wall of the ascending aorta (91-93). Most
strikingly, the increased jet velocity and turbulence consequent to a stenotic bicuspid
aortic valve have been associated with underlying pathological aortic wall changes
including TGF𝛽𝛽-pathway signalling and elastin breakdown changes (91,94), as well
as increased aortic diameters (91,95). Aortic regurgitation, on the other hand, has been
associated with a more diffuse aortopathy affecting both the root and ascending aorta
(96), and is a risk factor for dilatation (82,95), although the biomechanical mechanism
mediating this relationship is less well described. Many investigators have explored
the relationship between bicuspid valve subtype and aortopathy phenotype, with mixed
results even amongst large studies, suggesting that if a relationship exists at all, it is
relatively weak and likely overshadowed by the effects of valve disease (92,95-97).
The fact that, even after the offending aortic valve is replaced with improvement in the
aortic shear stress haemodynamics (98), in some cases the aorta continues to expand
with a real ongoing risk of dissection (99,100), suggests that factors other than
abnormal flow patterns are responsible for mediating aortopathy severity.
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Patients with thoracic aortopathy are at increased risk of devastating aortic
dissection, although predicting which patients are at highest risk, and in whom to
offer early prophylactic surgery, is challenging. Bicuspid aortic valve is common,
with many patients having some degree of aortic dilatation and both inherent
abnormalities of the aortic wall and haemodynamics implicated in disease
progression. It represents an important condition for investigating potential
biomarkers of disease activity in general thoracic aortopathy. Insights into the
underlying pathobiology affecting the more common aortopathies have come
from studying inherited thoracic aortopathies.
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1.4 Pathophysiological insights from inherited thoracic
aortopathies
Fibrillin and Marfan syndrome
Marfan syndrome is a clinical diagnosis conferred to patients who meet the revised
international criteria, with the vast majority having mutations in FBN1 which codes
for a glycoprotein called fibrillin-1 (Figure 1.5) (101). Without intervention, patients
with Marfan syndrome have an average life expectancy of approximately 40 years:
80% of mortality related directly to aortic dilatation, dissection and rupture (102). In
the modern era of regular aortic monitoring and prophylactic surgery, life expectancy
has been much improved with reduced rates of acute aortic events (Table 1.4).
Fibrillin-1 is the primary subunit of microfibrils which are an important component of
the aortic wall extracellular matrix. Fibrillin-1 plays a major role in the assembly and
support of elastin by promoting adhesion to vascular smooth muscle cells through
interaction with lysyl oxidase (encoded by LOX) and fibronectin, as well as enhancing
elasticity through its microfibrillar structure (Figure 1.5) (1,103). Changes in fibrilin1 lead to reduced elastic fibre genesis in early life, as well as reduced elastic fibre
adhesion to vascular smooth muscle cells, both of which compromise the
biomechanical integrity of the aortic wall (9). Importantly, fibrillin-1 also has a role
in maintaining aortic wall homeostasis by binding to latent transforming growth
hormone-β binding proteins which sequester transforming growth factor β (TGFβ,
Figure 1.5), a molecular pathway implicated in the pathogenesis of a number of
inherited thoracic aortopathies (10,104).
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Transforming growth factor-β signalling and Loeys-Dietz syndrome
Loeys-Dietz syndrome denotes patients carrying mutations which affect the signalling
of transforming growth factor β (TGFβ; TGFBR1, TGFBR2, TGFB2, TGFB3, SMAD2
and SMAD3) resulting in aortic aneurysm, arterial tortuosity, hypertelorism and bifid
uvula with a propensity towards arterial dissection or rupture at a young age (105).
The systemic phenotype in Loeys-Dietz syndrome varies widely with the more severe
systemic phenotypes, particularly vertebral artery tortuosity, more likely to experience
aortic events (66). Initial descriptions of patients with TGFβR1 or TGFβR2 mutations
suggested a particularly low life expectancy at 26 years without intervention (65).
However, a contemporary large international study demonstrates that the majority of
patients are surviving past 70 years albeit with an enduring high dissection prevalence
(Table 1.4) (66). Transforming growth factor β is part of the cytokine superfamily and
is enmeshed in many biological processes including aortic wall repair and homeostasis
(106). TGFβ signalling falls down two distinct and well investigated pathways: small
mothers against Decapentaplegic (SMAD, canonical), or p38/extracellular signalregulated kinase (ERK)/c-Jun N-terminal kinase (JNK, non-canonical) the latter of
which is thought to be detrimental to thoracic aortic aneurysm formation, although like
many processes of thoracic aortic aneurysm formation, the precise mechanisms are
still controversial (Figure 1.5) (107,108).
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Figure 1.5 - Molecular mechanisms underpinning inherited thoracic aortopathy

The pathway affected as part of abnormal underlying processes in individual inherited thoracic
aortopathies is highlighted. ECM indicates extracellular matrix; MMP, matrix
metalloproteinase; nsHTAD, non-syndromic heritable thoracic aneurysm and dissection;
TGFβ, transforming growth factor-β; TIMP, tissue inhibitor of metalloproteinase; and VSMC,
vascular smooth muscle cell.

Fletcher et al, Circulation 2020 reproduced under Creative Commons license (1)
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Williams-Buren syndrome and elastin
As it is the elastic lamellar units which confer the robust biomechanical properties of
the thoracic aorta, it follows that their destruction is associated with aortic wall
weakening, aneurysm formation and increased risk of dissection or rupture. There is a
demonstrable relationship between the number of intact elastin layers and pressure
required to propagate dissection or cause aortic rupture (109). However, investigations
from patients with haploinsufficiency for elastin have cast doubt over the sole
importance of elastin aortic stability. Given the well-established relationship between
reduced elastin fibre content and biomechanical failure, one would expect loss of
function mutation in humans to result in an aneurysm forming phenotype at high risk
of dissection (110). Interestingly, loss of function mutations affecting the long arm of
chromosome 7, which includes the ELN gene encoding tropoelastin, results in
supravalvular aortic stenosis or Williams-Beuren syndrome, both of which are
associated with a stiff and hypertrophied thoracic aortic wall, but not prone to thoracic
aneurysm formation or dissection (111,112). Histological changes in those with
supravalvular aortic stenosis and Williams-Beuren syndrome demonstrate coarse and
shortened elastic fibres, with reduction in the luminal area, and increased collagen
formation resulting in grossly thickened aortic media (113,114). In contrast, loss of
function mutations in molecules that direct the development of elastin formation,
including FBN1, LOX, FBLN4 and FBLN5, results in aneurysm formation with stark
increase in dissection risk (74,115-117).
Vascular Ehlers-Danlos, Osteogenesis Imperfecta and Collagen
Pathological mutation in genes encoding type 3 (COL3A1, vascular Ehlers-Danlos)
and, to a lesser extent, type 1 (COL1A1 and COL1A2, osteogenesis imperfecta)
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collagen are associated with syndromic forms of aortopathy and are at increased risk
of acute aortic events (Table 1.4) (73). Importantly, patients with vascular EhlersDanlos have a reduced life expectancy with an average survival of 51 years - the
majority of mortality arising from vascular complications. The arterial wall in vascular
Ehlers-Danlos is particularly fragile with up to 6% experiencing dissection or rupture
at an average age of 36 years. While those with osteogenesis imperfecta experience
aortic dilatation relatively frequently (10-30%), reports of dissection are very rare
(Table 1.4) (63,72,73). Collagen is a fibrillar protein composed of a triple helix of
alpha subunits which vary depending on the type of collagen produced. The majority
of collagen in the thoracic aorta is type 3 or type 1, both of which confer robust ultimate
strength preventing rupture (Figure 1.5). While the mechanism by which type 3 and
type 1 collagen mutations cause aortic wall vulnerability is intuitive, the role of
collagen remodelling in other inherited thoracic aortopathies is unclear with reports of
increased, decreased and modified collagen associated with aneurysm formation (114).
Vascular smooth muscle cells mutation and aortopathy
Non-syndromic heritable thoracic aortic disease (nsHTAD) represents a relatively
heterogeneous cohort of patients with a family history of aortic dissection at a young
age with no clear syndromic features suggestive of a connective tissue disease. Nonsyndromic aortopathy is increasingly recognised as an important clinical entity,
comprising up to 89% of aortopathy cohorts (118). The underlying genetic causes of
nsHTAD include mutations in genes encoding those affecting the function of smooth
muscle cells including actin (ACTA2), myosin (MYH11), myosin light chain kinase
(MYLK) and protein kinase cGMP-dependent 1 (PRKG1) (75,119,120). Vascular
smooth muscle cells are the primary cell of the medial layer providing contractile stress
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(tone), as well as anchoring the elastic fibres of the extracellular matrix conferring
overall stability. The intracellular structure of vascular smooth muscle cells and tone
generation are governed by smooth muscle cell-specific α-actin and myosin, the
function of which can be disrupted in the vascular smooth muscle cell mutations
leading to increased cell death, decreased aortic wall tone, and reduced extracellular
matrix stability (Figure 1.5).
Turner Syndrome and Tissue Inhibitors of Matrix Metalloproteinase
Turner syndrome occurs when one of the X chromosomes is completely or partially
missing. It affects approximately 1 in 2,000 females (67) although mosaicism can also
occur and can affect males. It is associated with short stature, abnormal facies and
hypogonadism, with congenital heart disease affecting 25-50%. There is a growing
recognition that patients with Turner syndrome are at risk of thoracic aortopathy (69),
with >35% reported as dilated and up to 5% experiencing dissection or rupture (63)
(Table 1.4). Similar to other inherited thoracic aortopathies, the precise mechanism of
disease in Turner syndrome remains elusive, although recent genetic studies have
implicated tissue inhibitors of matrix metalloproteinase (TIMP)-1 and TIMP-3 (121).
Haploinsufficiency of TIMP-1 increased the risk of aortopathy 10-fold and
concomitant TIMP-3 mutation augmented that risk to 18-fold (68). Given the evolving
role TIMPs have in aortic remodelling and aneurysm formation, TIMP1 and TIMP3
may be important targets for future therapeutic and biomarker translation in inherited
aortopathies generally. As well as aortopathy, those with Turner syndrome are far more
likely to have bicuspid aortic valve than the general population, together with the male
predominance suggesting a level of genetic influence over its formation. Bicuspid
aortic valve, even in the absence of Turner syndrome, is a risk factor for aortic wall
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weakness and dissection, thought to be attributable to both genetic and haemodynamic
factors.
The study of genetic aortopathies has substantially improved understanding of
processes that lead to aortic dilatation and weakness. Specifically, inherent
abnormalities of elastin synthesis, vascular healing and remodelling pathways,
vascular smooth muscle cells, and subtypes of collagen lead to weakness of the
aortic wall, aortic dilatation and predispose to aortic dissection. However, major
elements of the pathobiology remain unexplained and require further
investigation. This improved understanding has driven significant amounts
research into improving the medical treatment received by those with thoracic
aortopathy.
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1.5 Principles of clinical management in thoracic aortopathy
With all thoracic aortopathies, management consists of prophylactic measures to
prevent failure of the aortic wall: dissection or rupture. These acute aortic events
represent the biomechanical failure of the layers of the aortic wall and occurs when the
wall stress exceeds the ultimate rupture strength (Figure 1.6).
Figure 1.6 - A summary of the principles underpinning management of thoracic
aortopathy

The basic principle of aortic dissection is that of biomechanical failure - when peak wall stress
is greater than the ultimate wall strength. Both wall weakening through genetics or aortopathy
processes and increased aortic wall stress will bring the patient close to the point of failure.
Treatment primarily aims to address either side of the equation.

ECM = extracellular matrix, VSMC = vascular smooth muscle cell
Increased aortic wall circumferential stress is related to rises in blood pressure and
aortic diameter or a decrease in aortic wall thickness through the law of Laplace.
Expansion of aortic diameter with sustained blood pressure, as with aortic dilatation,
increases wall stress and subsequently risk of acute aortic events. Increased blood
pressure caused by raised systemic vascular resistance, for example coarctation,
obesity or essential hypertension, raises wall stress and consequently risk of acute
aortic events (60). Most medical therapies for aortopathy have therefore focused on
reducing blood pressure, and consequently stress, on the aortic wall.
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1.5.1 Blood pressure management in thoracic aortopathy
The 2017 American College of Cardiology/American Heart Association guideline for
the treatment of hypertension recommends beta-blockers as first line treatment in all
thoracic aneurysm disease (122), while the European Society of Cardiology/European
Society of Hypertension 2018 guideline on the management of hypertension in aortic
diseases recommends strict blood pressure control under 130/80 mmHg (40). The
evidence regarding a benefit for presumptive beta-blocker therapy stems from reduced
rate of aortic dilatation associated with a reduction in blood pressure and acute aortic
events in non-hypertensive Marfan patients treated with propranolol compared with
controls (123). Angiotensin receptor blockers, which target the AT1 receptor with a
consequent reduction in TGFβ signalling, have also been investigated as a potential
therapeutic target. Large randomised controlled trials conducted so far have not found
an effect of angiotensin receptor blockers on clinical outcome when compared to the
protection provided by beta-blocker therapy (124-126). There is, however, some recent
promise for the ability of irbesartan to reduce aortic growth rate when added to current
treatment (127). While there is currently not enough evidence to recommend
angiotensin receptor blocker therapy over beta-blocker therapy, its use is reasonable
where beta-blocker therapy is poorly tolerated.
In a retrospective study of the medium-term losartan or atenolol use in young patients
with bicuspid aortic valve and moderate to severe aortopathy (Z-score >4), both were
found to cause moderate reductions aortic root or ascending aortic Z-score compared
to those not treated (128).

However, a prospective randomised, controlled and

appropriately blinded study is required to answer the question of antihypertensive use
in bicuspid aortic valve definitively. While there is some evidence base for beta-
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blocker or angiotensin receptor blocker therapy in Marfan syndrome, calcium channel
blockers appear to be detrimental. Both murine models and a case-controlled analysis
of human Marfan syndrome demonstrated an increased risk of dissection/rupture for
treatment with channel blockers (129). Similarly, fluoroquinolone use also appears to
be linked with aortic aneurysm formation and dissection in the general population,
possibly through an imbalance of TIMPs and MMPs (Figure 1.5) and reduced collagen
(130,131). Blood pressure management only represents one side of the equation, and
thought must be given to causes and management of processes that weaken the aortic
wall through structural changes.

1.5.2 Recognising reduced aortic wall strength
Identifying patients that are at higher risk at low diameters plays a vital role in
preventing dissection. When patients and their families are being investigated for
suspected thoracic aortopathy, an important consideration will be given to whether or
not genetic testing is indicated, and how to counsel patients about the potential
implications. Overall, a positive family history for aortic dissection is associated with
a 2-30-fold increased risk to that individual (132), suggesting a major heritable
component to dissection risk. In a patient presenting with suspected syndromic
thoracic aortopathy, imaging and genetic investigations vary significantly based on the
proband phenotype. Referral for genetic consultation is appropriate, with familial
testing in relatives guided by a genetics specialist and will be focused on those family
members with phenotypical features suggestive of the condition.
Managing patients presenting as the proband for non-syndromic thoracic aortopathy
can be challenging, with a degree of uncertainty often surrounding diagnosis,
prognosis and how to investigate family members. Echocardiographic screening of
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the aorta in first degree relatives can be a useful and affordable tool for establishing
the prevalence of aortic dilatation and bicuspid aortic valve within the family, both
solidifying a diagnosis of an inherited aortopathy and identifying at-risk family
members who will require more regular aortic surveillance. When a genetic thoracic
aortopathy is suspected, careful consideration of genetic testing should be considered
and discussed with the family.
Another of the major risk factors for acute dissection for patients with known
aortopathy is pregnancy; associated with both an increase wall stress through higher
cardiac output as well as hormonal changes which weaken the aortic wall (133). This
risk is reflected in current international counselling guidance which categorises all
inherited thoracic aortic diseases at least modified WHO risk group II (small increase
risk of maternal mortality or moderate increased risk of morbidity) with a reasonable
proportion in the highest risk category IV (extremely high risk of maternal mortality
or severe morbidity) depending on the condition and degree of pre-pregnancy aortic
dilatation (Table 1.5) (134). Pre-pregnancy counselling is, therefore, crucial for
women of child-bearing age with bicuspid aortic valve aortopathy, with those in the
highest risk categories considered for earlier elective replacement before becoming
pregnant to reduce risk. While both genetic testing and open discussion about the
timing of pregnancy can go some way to improving the identification of those at the
highest risk and enable mitigation, an accurate biomarker of aortic wall disease activity
would be invaluable in better identifying those who would benefit from early elective
replacement and intensive medical therapy.
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Table 1.5 - Summary of the international guidelines for medical therapy and
counselling in pregnancy for bicuspid aortic valve
Condition
Marfan
syndrome

Medical Therapy
Aim to keep blood pressure under
130/80 mmHg (40)
Consider prophylactic treatment
with beta-blockers or angiotensin
receptor blocker.
Avoid calcium channel blockers and
fluoroquinolone use.

Counselling for Pregnancy (134)
No dilatation - mWHO class II-III
intermediate risk of maternal mortality
(10-19% maternal cardiac event rate)
40-45 mm – mWHO class III
significantly increased risk of maternal
mortality, requires expert counselling
(maternal cardiac event rate 19-27%)
>45 mm – mWHO class IV extremely
high risk of maternal mortality,
termination should be sensitively
discussed if pregnancy occurs (maternal
cardiac event rate 40-100%)

Aim to keep blood pressure under
140mmHg if aortic root >30 mm
and <120 mmHg if concurrent
bicuspid aortic valve

No dilatation – mWHO class II small
increased risk of maternal mortality or
moderate increase in morbidity
(maternal cardiac event rate 5.7-10.5%)

If Aortic size index >2.3 cm/m2
treat with betablocker, angiotensin
receptor blocker or both (44)

Aortic Size Index 2.0-2.5 cm/m2 –
mWHO class III

Non-syndromic
heritable
thoracic aortic
disease

As per Marfan syndrome

As per Marfan Syndrome

Bicuspid Aortic
Valve

Aim to keep blood pressure under
140/90 without aortic dilatation or
130/80 mmHg with aortic dilatation

<45 mm – mWHO class II-III

Avoid calcium channel blockers and
fluoroquinolone use.

>50 mm – mWHO class IV

Turner
syndrome
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Current management of thoracic aortopathy focuses on reducing wall stress
through antihypertensive therapies, and electively replacing the diseased aorta
once diameter thresholds are reached. Identifying higher risk patients through
family history and genetic testing, as well as planning the timing of pregnancy
can improve the care provided. However, markers of aortopathic disease beyond
diameter may be able to identify those who might benefit most from early elective
aortic replacement surgery.
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1.6 Conventional
aortopathy

imaging

biomarkers

in

thoracic

Although aortic diameter is the key metric on which intervention guidelines are based,
enlargement represents a relatively late manifestation of aortic wall remodelling.
Earlier changes in aortopathy can potentially be identified before threshold diameters
are reached using alternative imaging metrics, providing prompt recognition of
thoracic aortic disease. Indeed, in patient-specific analytic methods that estimated the
aortic wall failure point using clinical, imaging and tissue data, aortic stiffness
(pressure-strain modulus) - but not diameter - was correlated with dissection risk (135).

1.6.1 Aortic stiffness
Aortic stiffness denotes the resistance to stretch given a force loaded exerted on the
aortic wall, and is associated with increased collagen:elastin ratio, making aortic
stiffness a proxy marker of wall remodelling which may be apparent well before aortic
diameters begin to increase (3). Aortic stiffness can be measured as elastic modulus
(the non-permeant material resistance to stretch):
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ⁄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ

In the research setting, incremental elastic modulus can be measured ex vivo by
performing biomechanical testing on strips of explanted aorta. Typically, this is
measured using tensile testing, either in a single direction (uniaxial), in two directions
(biaxial), or inflation (bulge or inflation extension) (136), as well as nanoindentation,
which analyses local mechanical properties in much higher spatial resolution (137).
While these types of studies have provided vital insights into aortic mechanical
behaviour (segmental stiffness, layer-specific stiffness, contributions of elastin,
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vascular smooth muscle cells and collagen to stiffness at different degrees of stretch,
(12,138)), they carry significant limitations: firstly, they do not represent true in vivo
conditions and cannot reproduce the influence of surrounding heart, lungs, adipose
tissue or accurately replicate aortic haemodynamics; secondly they represent a single
snapshot in time and clearly cannot be used to track disease progress. Both of these
problems can be addressed using imaging to assess aortic stiffness in vivo.
Using non-invasive CINE imaging (ultrasound or magnetic resonance imaging), the
biomechanical properties of the thoracic aorta can be reproducibly assessed in real
time by tracking the aortic wall in cross section, providing the change in diameter or
cross sectional area across systole and diastole, and from this the segmental aortic
strain (139). Common measures of the elastic modulus of a cross section of aorta can
be estimated as:

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟
or

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

𝐼𝐼𝐼𝐼(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝⁄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Stiffness index is a preferred stiffness estimation equation as it accounts for the nonlinear relationship between stress and strain (140). Repeatably, the aortic stiffness
increases with age, and a steep rise in stiffness is seen after 55 years coinciding with
the natural decreases in elastin (141,142). Aortopathy in inherited thoracic aortopathy
is associated with increased aortic stiffness compared with matched healthy controls
(141-145). Whereas, in bicuspid aortic valve disease, there are contrasting reports of
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both increased and similar aortic stiffness compared with their tricuspid
contemporaries (146). There is also a strong relationship between increasing diameter
and increasing aortic stiffness (3,141,142), although one study on MRI-derived aortic
stiffness in Marfan syndrome demonstrated reduced distensibility in both dilated and
non-dilated patients compared to healthy controls (147). It is therefore important that
studies assessing the validity of aortic stiffness as a risk assessment tool for acute aortic
syndrome are adjusted for aortic diameter. There are two trials which link increased
aortic stiffness to worse outcomes. In 2019, Gualla et al used advanced MRI postprocessing software to assess longitudinal aortic strain, demonstrating an association
with increased aortic event rates in Marfan syndrome after adjustment for aortic
diameter (148). Similarly, in 2018, Tierney and colleagues explored the relationship
between circumferential aortic stiffness and clinical events in a large cohort (n=608)
of young patients with Marfan syndrome taking part in a randomised trial of atenolol
vs losartan (149), demonstrating that those in the lowest quartile for elastic modulus
at the aortic root had a significantly increased aortic event rate (aortic root surgery,
dissection or death, 10.4% vs 3.2%, p=0.04); with no significant relationship
interaction with between elastic modulus and aortic diameter, although an interaction
could not be excluded (p=0.12). Surprisingly, the results also demonstrated that
reduced aortic stiffness was associated with a decreased rate of aortic growth, regarded
by some as a proxy-marker for worsening aortic disease. A smaller study assessing
aortic stiffness in patients with bicuspid aortic valve, Marfan syndrome and familial
thoracic aortopathy similarly found that those in the highest stiffness index tertile had
the slowest aortic growth rate (141). Together these results suggest that, while
increased aortic stiffness may be an indicator of aortic remodelling, the underlying
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process is not necessarily medial degeneration or weakness. Larger studies will be
required to corroborate the role of aortic stiffness in identifying high risk aortopathy
after adjustment for dilatation in connective tissue disorders and bicuspid aortic valve.

1.6.2 Aortic growth rate
Rapidly expanding thoracic aortic aneurysms are thought to represent underlying
aortic wall remodelling and internationally regarded as high risk in both genetic and
non-genetic aortopathies (see Table 1.4 for varying international guideline cut offs for
aneurysm growth). Variation in methods for measuring aortic diameter and known
disparity between imaging modalities together with the slow rate of aortic growth can
make it challenging to measure accurately (150). In 2018, a large systematic review
and meta-analysis that included 17 observational studies of thoracic aneurysm patients
with either bicuspid or tricuspid aortic valves excluding genetically determined
studies, demonstrated that although mean bicuspid aortic valve aneurysm expansion
rate was over twice that of tricuspid aortic valve aneurysms (0.8mm/year vs
0.3mm/year), the percentage rate of dissection/rupture was lower (1.54% vs 3.09%)
(52). Further, the average age of the tricuspid aortic valve study was older (69 years
vs 50 years), and the studies are influenced by lower elective surgical thresholds (see
table 1.4) finding the rate of elective repair much higher for bicuspid aortic valveaneurysm than tricuspid aortic valve-aneurysm (20.66% vs 5.50%). The authors also
remark on the conflicting results of factors associated with growth rate citing baseline
aortic diameter and aortic valvular disease results opposed between studies. Further,
two studies report that aortic diameter, not growth, was the strongest predictor of
dissection. Another systematic review of 11 observational studies reporting aortic
growth rates, inclusive of those reporting on Marfan syndrome, similarly reported that
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two studies found no difference in aortic growth rate between aortic complication and
no aortic complication group, while only one study found a significant association
although this was on univariate analysis (151). Given the inherent difficulties of
accurately measuring aortic growth, the lack of a convincing association between
aneurysm growth rate on dissection or rupture in bicuspid aortic valve, tricuspid aortic
valve-dilatation or Marfan syndrome it should be used with caution when forming an
impression of dissection risk.
While aortic diameter remains the key metric upon which decisions regarding
elective surgery are made, it represents a relatively late manifestation of the
aortopathic disease process. Aortic stiffness and diameter expansion potentially
represent earlier manifestations of underlying remodelling in the aortic wall and
can be simply measured using conventional non-invasive imaging. While there is
reasonable evidence that increased stiffness is associated with pathological aortic
remodelling, the evidence for its ability to predict outcomes is mixed and requires
validation in larger cohorts as well as expansion to non-Marfan populations. The
evidence for the predictive ability of aortic growth rate is weak despite being
present in many international guidelines. Biomarkers that can identify the early
underlying pathobiological processes involved in thoracic aortopathy could be
used in conjunction with imaging to identify active disease.
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1.7 Blood and tissue markers of thoracic aortopathy
While understanding of the processes that govern the different thoracic aortopathies
has progressed, translating these findings into therapeutic targets or robust markers of
disease severity is still in the early stages. Blood markers are easy to obtain and
relatively cheap, making them an attractive option if a reliable, sensitive and specific
test can be found. Research efforts to uncover such a suitable blood marker in patients
with bicuspid aortic valve have primarily focused on mediators and markers of aortic
wall destruction and remodelling (summarised in Table 1.6).

1.7.1 Plasma transforming growth factor-β
Blood measurement of TGFβ is an attractive biomarker for both linking to disease
progression and as a research tool in measuring effects of TGFβ-modifying treatments
(for example TGFβ response to angiotensin receptor blocker therapy). Progress
towards translation has been hampered by difficulties in reliably measuring ‘active’
TGFβ1 in the blood. Platelets are TGFβ1-rich and degranulation, as occurs in serum
preparation and when exposed to high shear stress as part of sampling, can contribute
to 90% of TGFβ1 levels and therefore mask any changes caused by pathological
processes (152). Optimal blood-taking methodology that reduces the amount of
platelet degranulation has been well described (153), with many studies not reporting
venesection techniques or measuring concomitant platelet activation.

When

concomitant platelet activity is assessed, no difference can be found in plasma TGFβ1
concentrations between Marfan patients with dilated aortic roots or previous surgery
and control subjects (154). Given the evidence for its role in progression of aortopathy,
active TGFβ1 could be a useful marker of disease progression as well as a guide to
effective medical treatment. However, more research is required to ensure reliability
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(adjusting for platelet activation) and international consistency. Furthermore, as
TGFβ1 is abundant throughout the body, whether plasma concentrations specifically
reflect aortic wall activity and predict disease progression remains to be validated.

1.7.2 Matrix metalloproteinases
Matrix metalloproteinases (MMPs) are a family of 23 separate molecules which share
the characteristic feature of a zinc-binding catalytic area and are secreted by vascular
smooth muscle cells, fibroblasts and immune cells in response to chemical or
biomechanical stress (155-157). The primary role of these MMPs is to cleave and
digest extracellular proteins such as elastin, collagen and integrins as part of aortic wall
repair, remodelling and homeostasis (158).

Under pathological conditions, the

unchecked activity of specific MMPs can be detrimental to the cardiovascular system
by causing excess destruction of vascular wall components. Mouse studies have
implicated MMP-1, -2, -3, -9, -11, -12 and -14 in pathological responses to vascular
injury, atherosclerosis and myocardial remodelling (159-162). Of these, MMP-12 has
been implicated in aortic stiffness, whereas MMPs -2, -9 and -14 have been
specifically implicated in thoracic aortic aneurysm formation and are the most
promising targets for translation as markers and potential modulators of disease (161163).

Both MMP-2 and MMP-9 knockout mice demonstrate protection against

calcium chloride-induced thoracic aneurysms suggesting a mediating role (164,165).
Interestingly, MMP-2 knockout worsened angiotensin II infusion aneurysms
suggesting a protective element in this context and highlighting the complex nature of
MMP pathways in aneurysm formation (165).
Efforts have been made to use MMP-2 and MMP-9 as prognostic biomarkers for
thoracic aortic disease severity. Histopathological studies and a human induced
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pluripotent stem cell line study of patients with Marfan syndrome demonstrate
increased MMP-9 levels when compared to healthy reference controls, with MMP-2
being reduced (104,166,167). A study of serum MMP-9 in 39 patients with Marfan
syndrome found that patients with aortic root aneurysms and aortic regurgitation had
higher serum concentrations of MMP-9 than control subjects, although there were no
associations with aortic diameter or clinical outcomes (168).
In patients with bicuspid aortic valve, an MMP profile is found with MMP-2, but not
MMP-9, being increased (169-171). In line with these tissue results, three studies have
found associations between increased serum MMP-2 and bicuspid aortic valve, two of
which found a positive correlation between MMP-2 and aortic diameter as well as
adverse aortic biomechanics (decreased aortic distensibility and pulse wave velocity
and increased aortic stiffness index) (172-174).
However as with TGFβ1, blood MMP-9 and MMP-2 concentrations are fraught with
potential measurement bias. Concentrations are sensitive to caffeine intake, the
collection method (collection in citrate blood tubes deemed most stable) and requires
quick processing (within 2 hours) to prevent artefactual changes in quantification
(175,176). Appropriately measured plasma MMP-2 concentrations have been linked
to increased aortic diameter as well as repeatably linked to increased aortic stiffness,
although no studies to date have made links to clinical outcomes (172,174). Given their
association with abnormal aortic function and the mechanism of action, MMPs have
been a target for translation of medical therapy. Doxycycline, a generalised inhibitor
of MMPs, can prevent aneurysm formation as well as preserving elastic fibre integrity
and aortic biomechanics in animal models (177). Frustratingly, when translated to
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human abdominal aortic aneurysms, 100mg of doxycycline over 18 months saw a
small but significant increase, rather than decrease, in aortic growth rate compared
with placebo (178). While MMPs do appear to play a role in aortic wall pathology,
their precise role remains to be determined. Progress here may be made by improving
our understanding of how MMPs are moderated through their naturally occurring
inhibitors.

1.7.3 Tissue inhibitors of matrix metalloproteinase
Tissue inhibitors of matrix metalloproteinase (TIMP) are a family of four naturally
occurring and non-specific MMP inhibitors found in a wide variety of biological
systems including the vasculature. They function by interacting with the active-site of
target MMPs as well as deactivating pro-MMP-2 and -9, working in concert to promote
vascular homeostasis without excess destruction (179).

Under pathological

circumstances, MMP activity unchecked by TIMP is thought to promote abnormal
remodelling. The most widely studied TIMP is TIMP-1, with TIMP-1 knockout
demonstrating an increased susceptibility to aortic aneurysm formation, while
secretion of TIMP-1 in smooth muscle cell xenografts prove protective (180-182). In
line with the known role of TIMP-1, MMP-2 and MMP-9 activity is increased in
TIMP-1 deficiency and decreased in TIMP-1 overexpression. TIMP-1 and TIMP-2
gene expression as well as total protein levels are also lower in patients with bicuspid
aortic valve and aortic dilatation – consistent with an underlying increase of MMP-2
activity (169,170,183). Similarly, TIMP-3 is reduced in the aortic tissue of patients
with bicuspid aortic valve (184), although this finding is not consistent (185).
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Table 1.6 – Summary of potential blood markers in bicuspid aortic valve and
Marfan syndrome from human studies
Blood
Biomarker

Understood Mechanism of
Aortopathy

TGFβ1

Abnormally high signalling of
non-canonical pathways
(p38/ERK/JNK) appear to be
detrimental VSMCs and are
implicated in aortic wall
weakness.

Level in Aortic
Wall Tissue
compared to
controls
↑ in MFS

↑ in BAV (latent)

Level in blood
compared with
controls
↑ in MFS - correlates
with aortic growth
↔ in MFS
↑ TGFβ1:Endoglin ratio
in BAV correlates with
aortic growth rate
↔ in BAV

MMP-2

MMP-9

TIMP-1

Cleaves and digests extracellular
matrix structures including
collagen, elastin and fibronectin.
Increased activity associated
with increased destruction of
ECM factors and increased
stiffness.
Cleaves and digests extracellular
matrix structures and stimulates
proliferation of VSMCs.
Increased levels indicative of
medial remodelling and
increased cell turnover.
Binds non-specifically to MMPs,
including proMMP-9,
inactivating catalytic site and
reducing proteolytic activity.
Decreased levels, particularly in
relation to MMP activity, are
thought to lead to dysregulated
aortic wall remodelling.

↓ in MFS

↔ in MFS

↑ in BAV

↑ in BAV - correlates
with aortic stiffness and
diameter

↔ in MFS

↑ in MFS

↔ in BAV

↔ in BAV
↑ in BAV (only in severe
stenosis, correlates with
wall shear stress)

↓ in MFS

↔ in MFS

↓ in BAV

↑ MMP-2 : TIMP-1 ratio
in BAV
↑ in BAV with severe
stenosis

BAV = bicuspid aortic valve, ECM = extracellular matrix, MFS = Marfan syndrome, MMP = matrix
metalloproteinase, ROS = reactive oxygen species, TIMP = tissue inhibitor of metalloproteinase,
TGFβ1 = transforming growth factor beta, VSMC = vascular smooth muscle cell
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Turner syndrome is an interesting inherited thoracic aortopathy with a high incidence
of bicuspid aortic valve in which to study TIMP-1 as a mediator of thoracic aortopathy
as the gene is located on the X chromosome of which one copy is lost (68). While
TIMP-1 may be implicated in thoracic aortopathy, there is little evidence that plasma
TIMP-1 concentrations reflect gene copy number or mirror aortic pathological
processes (121,186). Some researchers have, instead, focused on the ratio of MMPs
to TIMPs, giving a picture of an overall balance between remodelling and destruction,
and finding increased ratios in those with bicuspid aortic valve, although these findings
will require further validation (187).
Overall, the roles of TIMP-1 as a mediator of remodelling make an attractive target for
biomarker translation, particularly when coupled with MMP-2 and MMP-9 to give a
representation of ‘remodelling activity balance’. However, as with many biomarkers,
both MMP and TIMP are involved in many biological processes and therefore blood
concentrations may not be specific enough to represent thoracic aortic remodelling.
Alternative biomarkers that can combine molecular processes with anatomical
specificity, such as molecular imaging of inflammation or calcification, may better
identify early features of high-risk aortopathy.
Transforming growth factor, matrix metalloproteinase and tissue inhibitors of
matrix metalloproteinase are all implicated in the pathobiology of thoracic aortic
aneurysm formation in bicuspid aortic valve. Although much research has
focused on these novel blood biomarkers, the evidence supporting their role as a
complementary marker of aortopathy risk is relatively weak, being involved in
many processes throughout the body and sensitive to measurement bias.
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Therefore, blood concentrations are unlikely to reflect changes at the aortic wall
level and more specific biomarkers are required. Molecular imaging combines
identification of biological activity with anatomical specificity and could prove
the crucial link in identifying early markers of disease severity.

Aortic

microcalcification has been implicated in both atherosclerotic and aortopathic
disease processes, as well as being readily visualised non-invasively using
molecular imaging, and therefore represents a promising potential biomarker of
high-risk thoracic aortic disease.
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1.8 Microcalcification of the thoracic aorta
Hardening of the conduit arteries or ‘arteriosclerosis’ was first described over 180
years ago (188), and represents the ectopic deposition of mineralised hydroxyapatite
(crystalised calcium phosphate) in the intimal or medial layer of the aortic wall (189192). Vascular microcalcification refers to mineralised lesions <50µm, which cannot
be identified by conventional imaging modalities (189). As the calcification process
progresses, these microcalcifications coalesce forming macro-calcified lesions which
can be visualised on CT imaging. The process of vascular ectopic calcification requires
a source of extracellular phosphate - normally found intracellularly - to binds with
readily available extracellular calcium, and an organic matrix on which to precipitate
(193). In vascular tissue, there are a number of regulatory mechanisms that prevent
hydroxyapatite deposition through endogenous inhibitors such as pyrophosphate,
matrix Gla protein, and Fetuin-A (194-196). Hydroxyapatite precipitation occurs when
there is an imbalance between localised pro-calcific and preventative influences in
favour of precipitation.
While calcium is primarily found extracellularly, phosphate affinity is for the
intracellular compartment, rendering hydroxyapatite formation in the extracellular
matrix of the aortic wall principally influenced by local phosphate levels. Systemic
increases in circulating inorganic phosphate, such as in chronic kidney disease,
diabetes and genetic mutations affecting the phosphate metabolism pathway, lead to a
global vascular calcification phenotype (193,194).

However, in most instances,

arterial calcification occurs in a more focal distribution. These intense deposits are
initiated through tissue damage.
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Figure 1.7 - Summary of mechanisms leading to extracellular matrix calcification

The three key ingredients for precipitation of hydroxyapatite in the extracellular matrix are
extracellular calcium, extracellular phosphate and a focus for nucleation. Increased
extracellular phosphate arises from cell death, or osteoblastic phenotype switching of vascular
smooth muscle cells. Elastin is also a key focus for nucleation, with elastin fragmentation
augmenting this affinity, as well as stimulating further vascular smooth muscle cell phenotype
switching. BMP = bone morphogenetic protein, ERC = elastin receptor complex, ERK =
extracellular signal related kinase, KLF = Kruppel-like factor 4, OPN = osteopontin, MGP =
matrix Gla protein, MMP = matrix metalloproteinase, RUNX = runt-related transcription
factor, TNALP = tissue non-specific alkaline phosphate
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In response to tissue damage, smooth muscle cells to switch from a contractile to
synthetic or osteoblastic phenotype or undergo cell death, leading to a rise in
extracellular phosphate through exome release of phospholipids and nucleic acid
contents respectively (193) (Figure 1.7). However, increased extracellular phosphate
alone is not sufficient for extracellular matrix mineralisation.
The calcium phosphate molecules require a nidus on which to concentrate and
crystalise. Elastin is abundant in the thoracic aorta and contains multiple nucleation
points on which hydroxyapatite precipitation can occur (197). Indeed, there is a direct
relationship between the elastin content and calcification quantity in transgenic mouse
models of arterial calcification (195). Further, fragmentation of elastin increases
arterial calcification through increased exposure of nucleation sites, as well as elastin
derived peptides stimulating osteoblastic phenotype change of vascular smooth muscle
cells, exacerbating mineralisation (197,198).
Once calcification has been initiated, vascular smooth muscle cells that endocytose
hydroxyapatite undergo increased cell death and osteoblastic transformation, creating
vicious cycle of calcification propagation (199,200). Vascular microcalcification
therefore represent the common endpoint of many pathological processes; with intimal
and medial microcalcification of the thoracic aorta representing entirely distinct
pathological entities (191,201).

1.8.1 Intimal microcalcification
In the early stages of atherosclerosis formation, macrophage activity is strongly
associated with osteoblastic transformation of vascular smooth muscle cells infiltrating
the intimal layer (190,202), promoting exome release and microcalcification
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deposition in the atherosclerotic plaque. High resolution (2.1 µm) CT study of
explanted atherofibrotic plaques demonstrate that microcalcification is present in the
fibrous cap of a third of non-ruptured plaques (203). More importantly, in ruptured
plaques, microcalcification of the fibrous cap has been spatially related to the site of
rupture (204). Further, computational modelling of the pressure changes induced by
microcalcification in the fibrous cap demonstrates an increase in maximal pressure
between lesions suggesting a possible link between microcalcification and atheroma
plaque vulnerability (203,205,206). Macrocalcified lesions, on the other hand, are
thought to represent a late and more stable stage of disease not associated with
increased plaque stress or rupture (207,208). Overall, there is growing evidence that
the relationship between atheromatous plaque vulnerability and calcification is
biphasic; initial microcalcification deposition associated with macrophage activity and
propensity towards rupture, but coalescence of microcalcifications into a
macrocalcified lesion representing more stable atheromatous disease less likely to
rupture. Unlike intimal disease, microcalcification of the medial layer is thought to
primarily represent pathology of vascular smooth muscle cells and elastin fibres.

1.8.2 Medial microcalcification
Deposition of microcalcification in the medial layer, also been termed granular medial
calcinosis, is associated with diabetes, chronic kidney disease and aging (191). Given
the crucial role elastin fragmentation and vascular smooth muscle cell pathology play
in driving microcalcification deposition (Figure 1.7), recent research has begun
exploring whether medial microcalcification might represent an important marker of
aortic health in thoracic aortopathy. In both mouse model (FBN1 C1389G+/-) and
human Marfan patients with aneurysms, medial microcalcification content was
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correlated with elastin fragmentation. Further, in the mouse model, microcalcification
content assessed using an osteosense probe was correlated with both diameter and
stiffness, mediated through alkaline phosphatase suggesting vascular smooth muscle
cell dysfunction (198). In human studies of patients with both tricuspid and bicuspid
aortic valve aortopathy, those with bicuspid aortic valve were found to have a higher
quantity of medial calcification (209), with increased osteopontin expression found
from bicuspid aortic valve medial cells on cell culture (210), again suggesting a role
for vascular smooth muscle cells. Importantly, through biomechanical testing and
scanning electron microscopy of abdominal aortic aneurysm samples, calcified aortic
aneurysm were found to have lower strength than those with fibrosis (211), although
results in thoracic aortic aneurysm have not been reported. As vascular smooth muscle
cell disease and elastin fragmentation are central to both thoracic aortopathy disease
and medial microcalcification deposition, the latter may represent an ideal biomarker
for tracking disease severity. However, to date no work has demonstrated a link
between microcalcification content and histopathological thoracic aortopathy disease
severity, nor have the results linking microcalcification content with adverse stiffness
and diameter metrics been replicated in humans. Addressing both issues would take a
significant step towards validating microcalcification as an ideal biomarker for
thoracic aortopathy severity.
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Microcalcification of the thoracic aorta requires extracellular phosphate, calcium
and a nucleation site on which to precipitate. In intimal atherosclerotic disease,
microcalcification in the fibrous cap is associated with high macrophage activity
and increased rupture potential, although macrocalcification appears to be
protective. Medial microcalcification has the potential to be an ideal marker of
thoracic aortopathy severity. However, histopathological correlation with disease
as well as stiffness and diameter metrics in humans are required to make this
significant step. Further, the ability to detect and quantify microcalcification
content in the thoracic aorta non-invasively will be crucial for clinical translation.
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1.9 Imaging thoracic aortic calcification
The non-invasive imaging modalities ultrasound, computed tomography and magnetic
resonance imaging have all been used to assess thoracic aortic calcification. While
ultrasound is cheap, radiation-free and portable, poor imaging windows make
transthoracic echocardiography a challenging modality to reproducibly assess aortic
plaque (212). Similarly, magnetic resonance imaging carries no radiation, however
suffers from poorer spatial resolution that cannot provide adequate information for
assessment of thoracic aortic calcification (213). Computed tomography remains the
gold standard for assessing vessel wall calcification non-invasively, with high spatial
resolution and excellent signal discrimination for calcium. Calcium scoring combines
the density of calcification (in Hounsfield units) together with the volume, and was
initially reported in coronary arteries (214), but has been widely applied to the thoracic
aorta in predicting adverse aortic events.

1.9.1 Computed tomography
Macrocalcified lesions visible on CT represents the end-stage of calcified
atherosclerosis and total thoracic aortic calcium scores the overall burden of this
disease. In large prospective population-based studies, the degree of thoracic aortic
calcification has been associated with increased incidence of ischaemic stroke after
adjusting for alternative risk factors and coronary artery calcification (215,216), albeit
modestly. Specifically, aortic arch calcium volume was associated with non-lacunar
(territory) stroke events, which are primarily consequent to thromboembolism from
large vessel atherosclerosis (217). In a prospective study, progression of thoracic aortic
calcium volume, but not calcium density, was found to be associated with increased
ischaemic stroke risk, fitting with results from mechanistic studies suggesting a heavily
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calcified atherosclerotic lesions are somewhat protected against thrombotic
complications (218).
Unlike atherosclerosis, the prognostic role of CT-assessed macrocalcification in
thoracic aortopathy is not well established. Studies have linked descending aortic
calcification to increased diameter (219) and overall mortality (220), but no links to
ascending aortopathy, nor type A aortic dissection have been made (221). Case-reports
demonstrate wall calcification of severely dilated and undissected segments in
ascending thoracic aortopathic disease (222-224) suggesting macrocalcification as a
late marker of disease and remodelling. Vessel wall microcalcification precedes
macrocalcification in both thoracic aortopathy and atherosclerotic disease, however,
cannot be visualised on CT.

18

F-Sodium fluoride positron emission tomography (PET)

is a molecular imaging technique that has repeatedly demonstrated an ability to
identify microcalcifications in the vessel wall.

1.9.2
18

18

F-Sodium fluoride positron emission tomography

F-Sodium fluoride is a radiotracer which binds to hydroxyapatite (crystalized

calcium phosphate) in the vessel wall. Ex vivo studies have demonstrated that

18

F-

sodium fluoride preferentially binds to areas of micro- rather than macrocalcification,
as well as being associated with areas of osteoblastic mineralisation of atherosclerotic
plaque (189,190). Subsequently, 18F-sodium fluoride PET imaging has been used to
investigate the significance of microcalcification in atherosclerotic plaque disease,
demonstrating an ability to predict progression of calcific atherosclerotic disease
(225), and non-invasively identify high-risk coronary and carotid plaques (226,227).
More importantly, the total burden of 18F-sodium fluoride activity across the coronary
arteries was superior to coronary artery calcium scoring and clinical risk scores at
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predicting future myocardial infarction (228). Further, in abdominal aortic aneurysm
disease, high 18F-sodium fluoride PET activity was associated with aneurysm growth,
as well as composite endpoint of repair or rupture (229). However, the mechanisms
of disease in abdominal aortic disease are different to those causing thoracic
aortopathy, and whether these results are translatable to the latter is not known.
There are relatively few reports assessing 18F-sodium fluoride activity in thoracic
aortic disease. Thoracic aortic 18F-sodium fluoride activity is associated with clinical
cardiovascular risk scores and age (230,231), whereas

18

F-fluorodeoxyglucose (a

radiotracer for inflammation) was not (231). No studies to date have linked thoracic
aortic 18F-sodium fluoride activity with cardiovascular outcomes. A major barrier to
assessing PET in the thoracic aorta is time-intensive methodology: drawing regions of
interest on each 2-3 mm slice of a CT (230,232,233). A variety of metrics including
the mean and maximum unadjusted standardised activity values (SUV) and tissue to
background ratios (background-adjusted SUV). Commonly, maximum values are
reported, which represent only a few pixels and may not accurately reflect overall
activity. A time-efficient, reproducible and repeatable method for assessing thoracic
aortic

18

F-sodium fluoride activity will be critical for analysing and accurately

reporting large imaging datasets that inform on repeated measurements as well as
clinical outcomes.

1.10 Conclusion
Thoracic aortic disease can be split into two common pathologies: atherosclerosis and
aortopathy. Atherosclerosis of the thoracic aorta has been consistently associated with
ischaemic stroke, whereas thoracic aortopathy precedes catastrophic dissection, both
complications carrying significant morbidity and mortality. Predicting which patients
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are going to experience these devastating consequences are challenging and novel
methods for detecting high-risk thoracic aortic pathology are urgently required. While
distinct mechanisms underpin atherosclerosis and aortopathy, microcalcification
precipitation onto the extracellular matrix is common to both and associated with
adverse pathological features. Molecular imaging using 18F-sodium fluoride positron
emission tomography specifically identifies microcalcification of the aortic wall noninvasively and represents a promising modality for identifying high-risk thoracic aortic
disease.
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1.11 Aims and objectives
The overarching aim of this thesis was to optimise the assessment of

18

F-sodium

fluoride activity in the thoracic aorta using positron emission tomography, and to
evaluate its use as a potential tool for identifying high-risk aortic atherosclerosis and
aortopathy.
Specifically, I sought to achieve the following aims:
1. Determine the most time-efficient, reproducible and repeatable method for
assessing 18F-sodium fluoride activity in the thoracic aorta - Chapter 3
2. Determine if thoracic aortic 18F-sodium fluoride positron emission tomography
could improve the identification of patients most likely to experience
subsequent ischaemic stroke - Chapter 4
3. Determine whether microcalcification in thoracic aortopathy represents intimal
or medial disease - Chapter 5
4. Describe

the

relationship

between

microcalcification

content

and

histopathological disease severity in patients with thoracic aortopathy Chapter 5
5. Explore the relationship between thoracic aortic 18F-sodium fluoride positron
emission tomography activity and conventional imaging markers of thoracic
aortopathy in patients with bicuspid aortic valve - Chapter 6
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1.12 Hypotheses

I sought to address the following hypotheses:
1. Current methods for measuring 18F-sodium fluoride in the thoracic aorta can
be improved in a reproducible and time-efficient manner
2. Thoracic aortic 18F-sodium fluoride activity will improve the identification of
those at highest risk of subsequent stroke in those with prevalent cardiovascular
disease
3.

18

F-Sodium fluoride will identify medial disease, not atherosclerosis, in those

with thoracic aortopathy
4. Microcalcification content will correlate with histopathological disease
severity in patients with thoracic aortopathy
5. Patients with bicuspid aortic valve will have higher

18

F-sodium fluoride

activity in the ascending aorta than healthy control subjects
6. Ascending aortic 18F-sodium fluoride activity in patients with bicuspid aortic
valve will correlate with regional stiffness and diameter
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2 Methodology
2.1 Study populations
The populations for each individual study are described in detail in each individual
study chapter.

The cohorts consisted of patients with cardiovascular disease

undergoing 18F-sodium fluoride positron emission tomography at Edinburgh Imaging
facility as part of historical studies, as well as a biobank tissue study, and a prospective
cohort of patients with aortopathy: the AoRTAS study.
The historical study populations included those with stable coronary artery disease and
aortic stenosis from: the Novel imaging approaches to identify unstable coronary
plaques study, an observational study in patients with stable coronary artery disease
cohort: (NCT01749254) conducted by Dr Nikhil Joshi and Professor David Newby;
the Dual Antiplatelet Therapy to Reduce Myocardial Injury (DIAMOND) study, a
randomised control trial in patients with stable coronary artery disease with patients
randomised (1:1) to ticagrelor 90mg twice a day or placebo for a year (NCT02110303) conducted by Dr Phil Adamson and Dr Alistair Moss; the Study
Investigating the Effect of Drugs Used to Treat Osteoporosis on the Progression of
Calcific Aortic Stenosis (SALTIRE II), a randomised controlled trial in patients with
aortic stenosis were randomised 2:1:2:1 to denosumab 60mg/6month injection,
placebo injection, alendronic acid 70 mg/week or placebo tablet for 24 months,
(NCT02132026) conducted by Dr Tania Pawade and Professor Marc Dweck; and Role
of Active Valvular Calcification and Inflammation in Patients conducted by Dr
William Jenkins and Professor Marc Dweck. A sub-study of the DIAMOND cohort
with two 18F-sodium fluoride PET-CT scans within 3 weeks was used to optimise a
method for reproducibly measuring
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thoracic aorta (chapter 3). All historical cohorts were combined to assess the ability
of proximal aortic 18F-sodium fluoride activity to predict future stroke events (chapter
4).
The primary results and methods from each of the historical studies have already been
published and are not discussed in detail here (226,234-236). The rest of the methods
section describes those methods pertaining specifically to the AoRTAS histology and
AoRTAS imaging studies.
The assessment of risk in thoracic aortopathy using

18

F-sodium fluoride (AoRTAS)

histology study is a biobank-based aortic tissue study comprising patients undergoing
elective or emergency repair of their thoracic aorta for aortopathy, as well as control
subjects either undergoing coronary artery bypass grafting or heart donation, across
three sites: the Royal Infirmary of Edinburgh, Liverpool Heart and Chest Hospital, and
St Pauls Hospital, Vancouver. Aortic samples were analysed for 18F-sodium fluoride
content, as well as pathological markers of disease severity (chapter 5).
The AoRTAS imaging study is a prospective observational cohort study assessing if
18

F-sodium fluoride PET-CT can identify weak and vulnerable aortic wall disease in

patients with bicuspid aortic valve, with and without aortic dilatation, as well as
age/sex matched control subjects (chapter 6).

I am the principal investigator,

responsible for writing the protocol, acquiring all appropriate approvals, recruiting and
running patients through study visits, image analysis and data analysis. The primary
endpoint is progression of aortic diameter at 12-24 months, with secondary outcomes
of progression of aortic stiffness (determined with magnetic resonance imaging and
applanation tonometry) and aortic events (dissection or rupture). Here, I present the
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baseline characteristics and associations, the vast majority having not had follow up
scans (chapter 6).

2.2 Ethical considerations
The AoRTAS imaging study was sponsored and approved by the Academic and
Clinical Central Office for Research and Development (ACCORD) which represents
both the University of Edinburgh and NHS Lothian, as well as receiving favourable
ethical approval from local ethics committee, and approval from the Administration of
Radioactive Substances Advisory Committee (ARSAC). Research and development
teams at NHS Greater Glasgow and Clyde, Golden Jubilee National Hospital, NHS
Arran and Ayrshire, NHS Boarders, NHS Grampian and NHS Tayside approved each
site as a patient identification centre. The AoRTAS imaging study was prospectively
registered on clinicaltrials.gov. The AoRTAS histology study represents a
biorepository-based study which was approved and conducted according to local
biorepository ethical approval. For both studies, written informed consent obtain from
all patients.

2.3 Recruitment
For the AoRTAS imaging study, patients with bicuspid aortic valve were identified
from outpatient clinics across Scotland by the healthcare teams. An approved written
invitation letter and patient information sheet were sent to them, followed by a phone
call after at least 24 hours where the study was discussed, and the patients offered to
take part in the study. For the AoRTAS histology study, patients undergoing elective
or emergency aortic replacement surgery for aneurysm were offered participation.
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There is a recognised bias towards recruiting certain populations into research and
therefore efforts to minimise selection bias and encourage those less likely to be
involved in research should be enacted. The prospective cohort study, the AoRTAS
imaging study, identified patients with bicuspid aortic valve through systematic of
cardiology clinic letters for ‘bicuspid aortic valve’ by a study team member, not
referring clinician, reducing the potential for clinician bias (i.e. a clinician may be more
likely to remember to refer certain patients for research over others). There is a known
preponderance of males affected with bicuspid aortic valve with a ratio of
approximately 3.7:1 (237), for which the number of female patient recruited in the
AoRTAS study (19 females to 56 males) was reflective, with a slightly favour towards
females compared with this reported ratio at 2.9:1. Specifically, breastfeeding plans
were put in place for mothers of young infants to remove risk of radiation exposure to
the infant and ensure participation was possible. Further, costs of getting to and from
the research facility were covered, allowing the opportunity for those with lower
accessibility to attend. Translators were available for those of non-english speaking
background. No specific measures were taken to recruit those from black or ethnic
minority groups, although in future studies this will be important to consider.

2.4 Study Visits
For the AoRTAS study, all study visits were performed at the Edinburgh Imaging
facility, Queens Medical Research Institute, University of Edinburgh. After providing
a detailed outline of the study and offering opportunity to ask questions, patients signed
a consent form. A magnetic resonance imaging safety checklist and a pregnancy test
for all potentially fertile females were performed prior to confirming enrolment. Data
were recorded in the case report form, and the patient’s participation recorded in the
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clinical notes. Demographics including age, sex, symptomology, past medical and
surgical history, family history of aortic disease were recorded. Specifically coded
medical or surgical history of interest included, hypertension, hypercholesterolaemia,
coarctation, weekly exercise habits, and a family tree of any aortopathy-related illness
was drawn. All current medications and doses were recorded, with blood pressure
medication individually coded.

2.5 Clinical Examination
Height and weight were recorded, allowing calculation of body-mass index and body
surface area. Clinical examination including heart and lung auscultation was
performed. Brachial blood pressure was performed using a sphygmomanometer after
patients had been supine and relaxed for at least 15 minutes.

2.6 Applanation tonometry
Where tonometry means ‘measured pressure’ and applanation ‘to flatten’, applanation
tonometry is used to measure the pressure of an artery by compressing it with a
pressure sensing probe. The Sphygmacor© system (AtCor Medical Pty. Ltd, Sydney,
Australia) provides mathematically derived estimates of central aortic pressure from
radially acquired pulse waveforms which correlate well with invasive assessment
(238). To ensure high-quality measurements, only measurements with ≤10% variation
were recorded. The Sphygmacor© software provides central pulse pressure,
augmentation pressure and augmentation index normalised to a heart rate of 75 /min
(Figure 2.1). Carotid-femoral pulse wave velocity is the velocity with which the pulse
impulse is propagated throughout the aorta and is a marker of aortic wall stiffness.
Pulse wave velocity was calculated by first measuring the distance between the aortic
arch (suprasternal notch) and carotid artery with the patient at 45 degrees. The distance
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between the aortic arch and femoral artery was then measured while the patient was
lying flat. The time difference between the pulse wave arriving at the carotid and
femoral artery was recorded using the intersecting tangents algorithm built into the
software. Pulse wave velocity was calculated by subtracting carotid time and distance
from femoral measurements and dividing the distance by time in metres per second.
Figure 2.1 - Pressure wave form and augmentation pressure

The pressure wave from pulse wave analysis provides augmentation pressure, which is the
increase in height of the wave caused by the reflected wave.

2.7 Venesection
A cannula was inserted for injection of the radiotracer, and up to 35 mL of blood taken.
The blood was used for standard bloods including full blood count, kidney function
and electrolytes, bone profile and c-reactive protein. Up to 27 mL of blood or plasma
was stored for future use, including 9 mL of whole blood for genetic testing, and 9 mL
of both plasma and serum which was stored at -80 °C.
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2.8 Positron Emission Tomography
Positron emission tomography (PET) is the three-dimensional visual representation of
quantified radio-isotope activity. Radioisotopes are incorporated into key molecules
involved in important biological processes. When the radio-isotope decays, it releases
a positron which annihilates with a nearby electron causing the emission of two 511
KeV gamma rays in diametrically opposite directions (Figure 2.2). A detector array
system arranged circumferentially around the patient detects these emitted gamma rays
or “co-incidences” allowing the location and quantity (or activity) of the molecule to
be assessed. Due to the various effects that different tissue types have on the
attenuation of the gamma rays, a low dose computed tomography (CT) scan is
performed and mapped over the gamma ray signal to correct for these attenuation
effects. Finally, as the spatial resolution from PET is low at ~4-6 mm, the images are
fused with gadolinium enhanced contrast angiograms taken as part of the magnetic
resonance imaging protocol.
Figure 2.2 - Positron Emission Tomography

Underlying principles of positron emission tomography (left), with examples of an 18F-sodium
fluoride PET image of the thorax (middle) and fused with MR angiogram, giving much
improved anatomical specificity (right).
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In the AoRTAS imaging study, all patients underwent 18F-sodium fluoride PET-CT.
The

18

F radioisotope is created using a cyclotron, in which

18

O-enriched water is

bombarded with protons, which replace a neutron in the nucleus of the 18O atom to
create

18

F, which is coupled with sodium to produce

18

F-sodium fluoride. The

molecule sodium-fluoride binds to crystalline hydroxyapatite (mineralised calcium
phosphate, C10(PO4)6(OH)2) through exchange with a hydroxyl group to create
fluorapatite (239). Hydroxyapatite is found in the intima and media of diseased
arteries (191), with 18F-sodium fluoride preferentially binding to microcalcified- over
macrocalcified- lesions (189).

18

F-sodium fluoride PET-CT can, therefore, be used to

identify and to quantify the microcalcification activity of medium and large arteries.

2.8.1 PET image acquisition
The radiotracer 18F-sodium fluoride was produced in the Edinburgh Imaging Facility
radiochemistry department on the day of scanning, with all appropriate quality control
checks occurring immediately. Patients were transferred to lead-lined rooms, where
250 MBq (decays per second) of 18F-sodium fluoride was injected, followed by a 10
mL flush. Patients were transferred to the scanner after a 60-min delay, which allowed
scanning to occur with optimal signal to background ratio (189).
The patients were transferred to a 128-multi-detector scanner (Biograph mCT,
Siemens Healthcare, Germany). Low-dose attenuation correction was performed (120
kV, 50 mA, 5mm slice thickness, 3 mm increments), followed by electrocardiogramgated PET acquisition over three, 10-min bed positions, collected in LIST mode,
covering from the neck to the pelvis. The PET images were reconstructed using the
Ultra-HD algorithm (256 matrix, 4 iterations, 5-mm Gaussian smoothing).
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2.8.2 PET-CT image analysis
All PET analysis was performed in FusionQuant (v1.21.0421, California, United
States of America).

Standardised uptake values (SUV) represent the ratio of

radioactivity in a volume of target tissue within a region of interest compared to the
general radioactivity in the body, which is calculated as decay-corrected dose per unit
body weight. The tissue to background ratio (TBR) represents the ratio of SUV in a
region of interest compared to a background SUV. The background SUV is calculated
as the mean of two, 8-mm spheres, one in each of the left and right atria, which are
large enough to assess without spill over from surrounding structures and typically
have reliably equal input and output (Figure 2.3).
Aortic 18F-sodium fluoride activity is measured as either the mean or maximum SUV
within a region of interest over the aorta. The mean or maximum SUV can be
calculated using either a slice-by-slice method, with a 2-dimensional region of interest
drawn around the aorta in sequential axial slices (Figure 2.4) or using a centreline
function where a 3-dimensional volume of interest is drawn around the thoracic aorta
(Figure 2.5).
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Figure 2.3 - Calculation of background 18F-sodium fluoride activity

Calculating the background activity involves quantifying the mean activity in the right (left)
and left (right) atrium and taking the average.

Figure 2.4 - Slice by slice method of quantifying 18F-sodium fluoride activity

The slice-by-slice method sees users draw regions of interest around sequential axial slices,
and calculate the mean of the mean of the maximum Standardised uptake value (SUV). These
values are then divided by the background activity (see figure 2.3) to give mean and maximum
tissue to background ratio (TBR).
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Figure 2.5 - Centreline volume of interest method for quantifying

18

F-sodium

fluoride activity

An illustration of how the centreline method is performed. The software calculates the
cumulative SUV as well as the volume within the centreline, allowing an overall mean SUV
to be calculated. The most intense single pixel is recorded as the maximum SUV. Mean or
Max SUVs are divided by background activity (see Figure 2.3) to provide tissue to background
ratios for both the mean and max.

The mean thoracic aortic SUV was calculated as the cumulative SUV in the region of
interest. For each method, the region of interest TBR for both the mean SUV
(TBRmean) and max SUV (TBRmax) were calculated. Thoracic aortic activity was
measured from the sinotubular junction to the point immediately distal to the origin of
the left subclavian artery for two reasons. First, a significant spill-over from the aortic
valve proximally or the spine distally precludes accurate assessment of the local aortic
activity. Second, when assessing atherosclerotic activity in relation to stroke risk, we
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wished to assess plaques that could feasibly lead to thrombo-embolic cerebrovascular
occlusion, which does not include the descending aorta.
Calcium scores were calculated in OsiriX v12 (Berne, Switzerland) using the calcium
scoring module. In order to allow for direct comparison to thoracic aortic 18F-sodium
fluoride activity, thoracic aortic calcium volume, mass and scores were calculated
from the sinotubular junction to the point immediately distal to the left subclavian
artery.

2.9 Magnetic resonance imaging
A magnetic resonance imaging (MRI) scanner uses a strong magnetic field and
radiofrequency pulses to produce and record electromagnetic signals which differ
between tissue type, allowing detailed three-dimensional cross-sectional images to be
produced. The strong magnetic field causes protons within tissue to align in a
longitudinal plane (head to toe), with a baseline magnetization vector directed towards
the head. The protons are spinning (or processing) along this longitudinal axis. When
a magnet strength-specific radiofrequency pulse is applied to these protons, two things
happen. First, a proportion of protons are moved from ‘low energy’ state to a ‘high
energy’ state, which reverses the direction of their longitudinal vector by 180 degrees
with the effect of reducing the overall longitudinal magnetisation vector. Second, the
protons processing align in their procession, creating a measurable transverse
magnetisation vector which decays over time. Where T1 represents the time constant
associated with the speed of longitudinal vector return, T2 represent the time constant
associated with the speed of transverse vector decay. Liquid (water) has comparatively
long T1 and T2 times compared to fat which has relatively short T1 and T2. Using
various patterns and timings of radiofrequency pulse delivery can produce an array of
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signal contrasts that each highlight different tissue types. Contrast agents, such as
gadolinium-based media, alter the signal produced by the radiofrequency pulses,
providing increased contrast against typical human tissues, and improved image
clarity. A receiver coil is placed over the chest which processes the produced
electromagnetic signals, with the location of the signal encoded through localised
changes in magnet field gradient. Finally, the received signal is processed by inbuilt
algorithms and digitally represented as visual images. Owing to the lack of radiation,
improving spatial resolution, and ability to capture and analyse moving (CINE) images
as well as quantify velocity through flow-encoded vectors, cardiac magnetic resonance
imaging has become a cornerstone of investigating and monitoring patients with a
variety of cardiovascular diseases.

2.9.1 MRI image acquisition
For the AoRTAS imaging study, patients underwent MRI on the 3T scanner (Biograph
mMR, Siemens, Erlangen, Germany) immediately after the PET-CT scan.

The

patients were concurrently monitored with 3-lead ECG for gating, and where required,
patients were asked to hold their breath in expiration to reduce motion artefact caused
by breathing. Localisers including an axial black blood HASTE sequences (ECGtriggered, slice thickness 8 mm) were used for planning and gross anatomy assessment.
Steady state free procession CINE images and flow maps were captured with breath
held in expiration. Multiple CINE sequences of the cardiac chambers, aortic valve and
root, ascending aorta at the level of the right pulmonary artery and aortic arch. A short
axis stack was obtained of the ventricles for functional and volumetric assessment.
Through plane flow maps at the level of the sinotubular junction, with a starting
velocity encoded threshold of 150 m/s, increased until no aliasing was visible, were
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acquired for aortic valve assessment. Finally, a free-breathing, non-gated Gadolinium
contrast enhanced angiogram (1.4 x 1.4 x 1.2 mm) was acquired for vascular anatomy.

2.9.2 MRI image analysis
All MRI image analysis was performed in the dedicated software Circle42 (cviv5.11.2,
Alberta, Canada). Aortic valve anatomy was assessed and classified according to the
Sievers nomenclature (80). Aortic valve function was assessed on flow mapping, with
stenosis graded using maximum velocity as: none (<2.0 m/s), mild (2.0-2.9 m/s),
moderate (3.0-3.9 m/s) or severe (≥4.0 m/s). Regurgitation quantity was calculated as
the regurgitation fraction as a percentage of ejection fraction on flow maps and using
the stroke volume differential equation where no other valve disease or shunts were
seen and the presence or absence of visual flow reversal in the descending aorta was
also recorded. Regurgitation grade took all these variables into account, with the final
decision made by an expert in cardiovascular MRI with 10 years of experience. Aortic
diameters were recorded at end diastole on CINE images at the anulus, sinus of
Valsalva, sinotubular junction, ascending aorta (at the level of the right pulmonary
artery), mid aortic arch and descending aorta. For sinus of Valsalva measurements,
the cusp-commissure technique was used. Ventricular size and function were analysed
in a dedicated short axis module, with endocardial and epicardial contours drawn at
end-diastole and end-systole.
Aortic stiffness was calculated using the cross-sectional stiffness index recorded in the
ascending aorta at the level of the right pulmonary artery. The maximal and minimal
cross- sectional area on the CINE images were assessed. The cross sectional ascending
aortic strain was calculated as: (maximal cross-sectional area - minimal cross-sectional
area) / minimal cross-sectional area. The ascending aortic cross sectional stiffness
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index calculated as: (ln (aortic systolic pressure /aortic diastolic pressure)) / crosssectional aortic strain. The aortic systolic and diastolic pressure were taken from pulse
wave analysis results performed during the same study visit.

2.10 Ex vivo study of aortic tissue
2.10.1 Tissue collection
All aortic aneurysm specimens were obtained at the time of elective surgical repair at
the Royal infirmary of Edinburgh, the Liverpool Heart and Chest Hospital or St Pauls
Hospital, Vancouver. Aortic dissection tissue was obtained at the time of emergency
or elective repair, with sample tissue taken from the entry tear or nearby true or false
lumen. Control tissue was taken from patients undergoing coronary artery bypass
grafting with a proximal aortic vein graft anastomosis (Liverpool Heart and Chest
Hospital) or heart transplant donors (St Pauls Hospital, Vancouver).

2.10.2 Sample preparation
All samples for histological assessment were immediately fixed in 4%
paraformaldehyde for at least 24 hours before at least one 5mm sample of aneurysmal
aortic tissue was cut and paraffin embedded in the axial plane. In a subset of aortic
aneurysm and dissection samples from the Liverpool Heart and Chest Hospital
processed for biomechanical testing, samples were snap frozen in a dry ice isopentane
slurry and stored at -80 °C until the biomechanical testing. Histological staining was
primarily conducted at by the histology laboratory based at the Royal Infirmary of
Edinburgh, and included stains for Von Kossa, elastin van Gieson, and haematoxylin
and eosin. Immunohistochemistry for extracellular signalling regulated kinase (ERK,
elastin breakdown and increased phosphate), caspase III (apoptosis) and osteopontin
(osteoblastic phenotype switching) was performed by Dr Stephanie Sellers at
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University of British Columbia, Vancouver. Scanning electron microscopy with
paired energy dispersion X-ray was performed by Dr Rihab Bouchareb, after
dehydrating and coating the tissue samples with carbon.

2.10.3 Aortic tissue stiffness measurement
Oscillatory nano-indentation allows the assessment of tissue elastic modulus - the
stress required to produce certain degree of strain.

All nano-indentation was

performed by Dr Riaz Akthar at the University of Liverpool, with the results of the
original study already published (240). The results presented in chapter 5 represent a
follow up collaboration using these same samples to assess the relationship between
microcalcification and biomechanical properties. A sixteen-indenter (Synton-MDP
Ltd, Nidau, Switzerland) G200 with a DCM-II actuator (KLA-Tencor, Milpitas) was
used to perform small indentations of 0.5 µm at a frequency of 110 Hertz.

2.10.4 Histological analysis
All slides for histological assessment were scanned using Axioscanner (Zeiss,
Germany) and quantitative analysis was performed in FIJI software (V2.0.0, open
source). For quantification of microcalcification content, the percentage area of Von
Kossa staining (black) was calculated using a thresholding technique (Figure 2.6). The
percentage area microcalcification was divided into four broad categories: minimal (0
- 0.99%), mild (1 - 4.99%), moderate (5 - 9.99%), or severe (≥10%, Figure 2.6).
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Figure 2.6 - Categorisation of medial microcalcification severity

Representative examples of minimal, mild, moderate and severe microcalcification as
quantified using the thresholding technique.
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This technique was reproducible when quantified as a continuous (intra-observer
variability ICC 0.97, Figure 2.7) or categorical variable (Table 2.1).
Figure 2.7 - Intra-observer variability of quantitative assessment of medial
microcalcification

A Bland-Altmann plot depicting the intra-user variability and co-efficient of repeatability for
the histological quantification of microcalcification on a continuous scale.

Table 2.1 - Intra-observer recorded variation in medial microcalcification
category
Microcalcification
category attempt 1

Microcalcification
category attempt 2

(n=24)

(n=24)

Minimal - 0 to 0.99%

0 ( 0.0)

2 ( 8.3)

Mild - 1.00 to 4.99%

9 (37.5)

9 (37.5)

Moderate - 5.00 to 9.99%

7 (29.2)

6 (25.0)

Severe - ≥10%

8 (33.3)

7 (29.2)
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Percentage area elastin (van Gieson) and cell density (haematoxylin and eosin) were
quantified as a percentage area in a similar manner to microcalcification. Pathological
severity was scored according to the international consensus statement (56) (Table
2.2), by Professor William Wallace, an experienced pathologist who was blinded to
the microcalcification result. Scanning electron microscopy and energy dispersive Xray analysis was performed by Dr Rihab Bouchareb. Immunohistochemistry scoring
was performed by Dr Stephanie Sellers on semi-quantitative basis with positivity in
diseased aortic tissue compared to control tissue (0 = no different to control, 1=mild
increase, 2=moderate increase, 3=severe increase). Dr Stephanie Sellers was blinded
to microcalcification result.

2.10.5 Biochemical analysis
For the subset of samples undergoing biomechanical testing, the samples were later
used to assess quantity of elastin (Fastin Elastin Kit, Biocolour, Carrickfergus, UK)
glycoseaminoglycan (Dymethly methylene blue detected sulfate glycoseaminoglycan
compared with Chondrotin sulfate C) or collagen (hydroxyproline compared with Lhydroxyproline levels).
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Table 2.2 - International consensus statement on the grading of histopathological
Medial
Terminology

Degeneration

Mucoid extracellular matrix
accumulation: Intra-lamellar

Description

Scoring

Noted on H+E stain.
Increased
extracellular
mucoid accumulation.

0 - Absent
1 - Mild multifocal or moderate focal
2 - Extensive mild, multifocal
moderate or focal severe.
3 - Extensive moderate, severe
multifocal

Mucoid extracellular matrix
accumulation: trans-lamellar

Noted on H+E stain.
Increased
extracellular
mucoid accumulation.

0 - Absent
1 - n/a
2 - Any trans-lamellar disease
3 - Extensive moderate, severe
multifocal

Elastic fibre fragmentation/loss

Noted on elastic van Gieson
staining.
Loss
or
fragmentation of elastic
fibres creating increased
trans-lamellar space

0 - Absent
1 - Mild multifocal or moderate focal
2 - Extensive mild, multifocal
moderate or focal severe
3 - Extensive moderate, severe
multifocal

Smooth muscle cell nuclei loss

Noted on H+E stain. Loss of
smooth muscle cell nuclei in
a patchy or band-like fashion

0 - Absent
1 - Patchy rare
2 - Patchy frequent, band-like frequent
3 - Patchy excessive, bank-like
excessive

Laminar medial collapse

Noted on elastic van Gieson
staining. Compaction of
elastic lamellae due to loss of
smooth muscle cells

0 - Absent
1 - Thin focal
2 - Thin multifocal, dense focal
3 - Dense multifocal

severity of thoracic aortopathy
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Adapted from Halushka et al. 2016. (56)

2.11 Statistical analysis
All statistical analysis within this thesis was performed using R-studio (v1.3.959,
general public license). Continuous variables that are normally distributed were
presented as mean ± standard deviation while those not normally distributed as median
[interquartile range (IQR)].

Categorical variables were presented as number

(percentage). Correlations between continuous variables we assessed using Pearson’s
r or Spearman’s Rho depending on normality of variable distributions.

When

comparing subgroups of a continuous variable, Student’s t-test (parametric, two
groups), ANOVA (parametric, multiple groups), Mann-Whitney U test (nonparametric, two groups) or Kruskal Wallis (non-parametric, multiple groups) were
performed. Associations between aortic

18

F-sodium fluoride activity (imaging) or

microcalcification (histology, dependent variable) and a variety of continuous and
categorical variables were explored in chapters 4 (aortic stenosis or coronary heart
disease), 5 (histology) and 6 (aortopathy) using univariable linear regression.
Multivariable models were built including variables that had a univariable significance
likelihood of p<0.2 as well as those felt to feasibly impact

18

F-sodium fluoride

(imaging) or microcalcification (histology) to assess for independent association. In
chapter 4, receiver operating characteristic curves with area under the curve were
computed to assess the ability of various biomarkers in predicting future stroke. Both
univariate and multivariate logistic regression models were used to assess the
association between future stroke (dependent variable) and important variables as well
as Kaplan-Meier curves. Statistical significance was taken as a two-sided p<0.05.
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3 Quantifying Microcalcification Activity in the
Thoracic Aorta

Published by Fletcher AJ, Lembo M, Kwiecinski J, et al. Quantifying
microcalcification activity in the thoracic aorta. J Nucl Cardiol 2021. Jan
20:10.1007/s12350-020-02458-w. doi: 10.1007/s12350-020-02458-w. Epub ahead of
print.
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Objective
Standard methods for quantifying positron emission tomography (PET) activity in the
aorta are time consuming and may not reflect overall vessel activity. We describe 18Fsodium fluoride activity a novel, centreline-based, method for quantifying molecular
activity in the thoracic aorta.
Methods and Results
Twenty patients underwent two hybrid

18

F-sodium fluoride PET and computed

tomography (CT) scans of the thoracic aorta less than three weeks apart.

18

F-sodium

fluoride activity, as well as maximum (TBRmax) and mean (TBRmean) tissue to
background ratios, were calculated by two trained operators. Intra-observer
repeatability, inter-observer repeatability and scan-rescan reproducibility were
assessed. Each 18F-sodium fluoride quantification method was compared to validated
cardiovascular risk scores.
18

F-sodium fluoride activity demonstrated excellent intra-observer (intraclass

correlation coefficient 0.98) and inter-observer (intraclass correlation coefficient 0.97)
repeatability with very good scan-rescan reproducibility (intraclass correlation
coefficient 0.86) which were similar to previously described TBRmean and TBRmax
methods.

18

F-sodium fluoride activity analysis was much quicker to perform than

standard TBR assessment (3.4min versus 15.1min, p<0.0001).

18

F-sodium fluoride

activity was correlated with Framingham stroke risk scores and Framingham risk score
for hard coronary heart disease.
Conclusions
18

F-sodium fluoride activity is a simple, rapid and reproducible method of quantifying

global microcalcification activity across the ascending aorta and aortic arch that
correlates with cardiovascular risk scores.
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3.1 Introduction
In Chapter 1, the rationale for detecting aortic wall microcalcifiction using 18F-sodium
fluoride positron emission tomography to detection of high risk thoracic aortic disease
were outlined. However, quantification of 18F-sodium fluoride activity in the thoracic
aorta currently involves labour intensive analysis of multiple regions of interest across
sequential axial slices and calculating mean and maximum intensity activity values
(see Chapter 2 for illustrations). These values are then normalized to blood pool
activity to generate mean (TBRmean) and maximum (TBRmax) tissue to background
ratios respectively (231,232,248). Typically, TBRmax values are influenced by only
a small number of the most intense pixels within a volume of interest and may not
accurately reflect the overall PET activity within that volume (Figure 1). A simple,
robust and time-efficient technique that could provide a summary measure of PET
activity across the thoracic aorta would be a major advance. We, therefore, aimed to
develop a novel method of quantifying the burden of microcalcification across both
the ascending aorta and aortic arch (thoracic aortic 18F-sodium fluoride activity) and
to assess its repeatability, reproducibility and time-efficiency compared with current
standard approaches. Finally, we provide a comparison between each method and well
validated clinical risk scores for future risk of cardiovascular events (34,249).
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Figure 3.1 - Various methods for quantifying positron emission tomography in
the thoracic aorta

18

F-Sodium fluoride positron emission tomography and computed tomography in a patient
with marked aortic wall activity. An illustrated representation of standard whole vessel (A)
and most diseased segment (B) as well as novel aortic microcalcification (C) methods for
quantifying activity. Average time taken to complete each method is shown.

Fletcher et al. 2021, reproduced under Creative Commons license (250)

3.2 Methods
3.2.1 Study population
Twenty patients recruited as part of the Dual anti-platelet therapy to Inhibit
Atherosclerosis and Myocardial Injury in patients with Necrotic high-risk coronary
plaque Disease (DIAMOND NCT02110303) study underwent two hybrid 18F-sodium
fluoride PET-CT scans of the thoracic aorta no more than three weeks apart (235,251).
Inclusion criteria for the study were patients ≥40 years old with angiographically
confirmed multivessel coronary disease defined as epicardial vessels with >50%

stenosis or having undergone previous coronary revascularisation. Exclusion criteria
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included acute coronary syndrome in the preceding 12 months, revascularisation in the
preceding 3 months, estimated glomerular filtration rate <30 mL/min/1.73m2,
concurrent therapy with oral anticoagulants or thienopyridine (clopidogrel or
prasugrel), or known allergy to iodine contrast media. The study was approved by the
local institutional review board, the Scottish Research Ethics Committee (REC
reference: 14/SS/0089), the Medicines and Healthcare products Regulatory Agency,
and the United Kingdom Administration of Radiation Substances Advisory
Committee and written informed consent was acquired from all patients. The present
work is a post-hoc analysis of this prospective randomised controlled trial.

3.2.2 PET-CT image acquisition protocol
All scans were performed 60 min after injection of 250 MBq of 18F-sodium fluoride
on a hybrid PET-CT scanner (128-multidetector Biograph mCT, Siemens Medical
Systems, Erlangen, Germany) at a single centre. Attenuation correction CT was
performed immediately before PET data acquisition (100-120 kV, current 40-50 mA),
and reconstructed at 3-mm slice thickness. The field of view incorporated the heart
and whole thoracic aorta including the first branches of the head and neck vessels.
PET data were acquired with ECG-gating in list-mode during a single 30-min bed
position.

3.2.3 Positron emission tomography reconstruction
PET images were reconstructed into four cardiac phases.

All PET image

reconstructions were performed using the UHD algorithm which applies point-spread
function and time-of-flight techniques on a 256 × 256 matrix (109 slices, slice
thickness 2.027 mm) using 2 iterations, a 5-mm Gauss filter and 21 subsets. Initial
analysis was performed by analysing activity throughout the cardiac cycle (summed
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gate). However, we have demonstrated improved repeatability and reproducibility
with correction for heart movement and blood pool clearance when assessing coronary
arteries (252). As such, motion-corrected images of the ascending aorta and arch were
also obtained applying the same custom-built algorithm as used in the coronary vessels
for quantifying PET activity (FusionQuant v1.20.05.14, Cedars-Sinai Medical Centre,
Los Angeles) (253). This motion correction function aligns the aortic activity from all
gates throughout the cardiac cycle onto the mid-diastolic gate without data loss. Finally
correction for blood pool clearance and the time interval between 18F-sodium fluoride
injection and scan acquisition were performed as described previously and applied to
the background (blood-pool) activity (254).

3.2.4 Assessment of aortic 18F-sodium fluoride activity
Conventional methods for assessing aortic microcalcification were investigated
alongside 18F-sodium fluoride activity using FusionQuant v1.20 software as described
below (Cedars-Sinai Medical Centre, Los Angeles) (255). For all the methods, the
PET signal was first carefully co-registered in 3 orthogonal planes using the noncontrast attenuation CT in all patients. Background activity in the blood pool was
determined as the average standardised uptake value (SUVmean) of two 2-cm3 spheres
of interest, one in the right atrium and one in the left atrium. The time to complete
image analysis was recorded for all of the methods investigated.
3.2.4.1

18

F-sodium fluoride activity measurements

We modified the recently published technique for assessing global 18F-sodium fluoride
activity across the coronary arteries (256,257) for use in the ascending aorta and aortic
arch. Aortic

18

F-sodium fluoride activity was measured within volumes of interest

created around the aorta using a centreline function in a multiplanar reconstruction
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viewer (Figure 2). The final diameter of the ROI around the aorta was equal to the
maximal luminal diameter of the aorta of that section plus 4 mm (the approximate
spatial resolution of PET). This margin of error can be consistently drawn and was
added because the spatial resolution of PET is limited, PET and CT may be
misregistered, and tracer activity is frequently highest around the outer perimeter of
the vessel. The ascending aortic volume of interest started at the sinotubular junction
and finished immediately proximal to the junction with the brachiocephalic artery.
The aortic arch volume of interest started at the junction with the brachiocephalic
artery and finished immediately distal to the junction with the left subclavian artery.
The descending aorta was not quantified during this analysis due to overspill of 18Fsodium fluoride originating from the adjacent thoracic spine.
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Figure 3.2 - Step by step breakdown of how to perform centreline-based

18

F-

sodium fluoride activity measurements

Fletcher et al. 2021, reproduced under Creative Commons license (250)
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(A) Co-register register 18F-sodium fluoride overlay to computed tomography image in three
orthogonal planes using landmarks of the sternum, spine, and aortic wall (blue arrows). (B +
C) Place a 2 cm3 region of interest in the centre of the right (B) and left (C) atrium. The
background activity is the cumulative SUV per cm3 from the volumes of interest in the left
and right atrium. (D - F) With the 18F-sodium fluoride overlay turned off, a centreline function
is used to draw the ascending aortic volume of interest in multiplanar reconstruction images.
Perpendicular to the aorta, the volume of interest starts at the sinotubular junction (D) and
finishes at the slice just proximal to the origin of the brachiocephalic artery (E). The width of
the volume of interest is increased to the maximum ascending aortic diameter + 4 mm (F +
H). The 18F-sodium fluoride overlay is reinstated to ensure good coverage (I). The ascending
aortic 18F-sodium fluoride activity, and volume are calculated (I). The aortic arch volume of
interest is drawn with the same method as the ascending aorta, starting with the slice
immediately distal to the ascending aortic volume of interest (J), and finishing with the slice
after the origin of the left subclavian artery (K). The width of the aortic arch volume of interest
is increased to the maximal arch dimeter + 4 mm (M + N). The 18F-sodium fluoride overlay
is reinstated to check good coverage and calculate the aortic arch 18F-sodium fluoride activity
and volume (N). (O) Provides the formula for calculating overall 18F-sodium fluoride activity,
whilst (P) uses the values in the current case to provide a working example of 18F-sodium
fluoride activity calculation.

18

F-sodium fluoride activity represents the ratio of aortic activity to background

radiotracer activity. Aortic activity is calculated by taking the cumulative voxel
intensity in the aortic volumes of interest and dividing by the volume in cm3, to give
aortic intensity per cm3. The background radiotracer activity is similarly calculated
by dividing the cumulative radiotracer activity in the two 2-cm3 atrial volumes of
interest, and dividing by the volume, giving background voxel intensity per cm3
(Figure 2).

18

F-sodium fluoride activity is calculated by dividing aortic intensity per

cm3 by background intensity per cm3 as a unitless number. Contamination from the
sternum or clavicular bones was excluded by applying an upper voxel intensity limit
to the 18F-sodium fluoride activity. This threshold is set at the SUVmax in a volume
of interest out-with the sternum, excluding all values above it in calculations of 18Fsodium fluoride activity.
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3.2.4.2 Whole vessel standardised uptake values and tissue to background ratios
Established methods for calculating whole vessel SUVmean and SUVmax were
applied using methodology for the ascending aorta and aortic arch described
previously (233,248). Briefly, on adjacent axial images, A series of 2-D regions of
interest were drawn around the aorta on adjacent 3-mm slices beginning where the
right pulmonary artery is first visible, finishing at the last slice in which the aortic arch
is visible. The average SUVmean and SUVmax over all regions of interest (typically
between 30 and 40 slices) were calculated (Figure 1). Tissue to background ratios
(TBRs) were also calculated for each region of interest - performed by dividing
SUVmean and SUVmax values by blood pool activity (TBRmean and TBRmax
respectively). TBR values were similarly averaged over all regions of interest for
whole vessel TBRmean and TBRmax.
3.2.4.3 Most diseased segment standardized activity values and tissue to
background ratios
As described previously, using the same regions of interest drawn in whole vessel
analysis, the most diseased segment approach considers only the three consecutive
regions of interest with the highest mean (SUVMDSmean and TBRMDSmean) and max
(SUVMDSmax and TBRMDSmax) values and therefore represents activity in the single
most intense lesion (232,258).

3.2.5 Observer repeatability and scan-rescan reproducibility
All baseline scans were interpreted by two trained observers (AF and ML) using all
techniques described above (18F-sodium fluoride activity, whole vessel analysis, most
diseased segment). The 20 repeat scans were analysed for all methods by one of the
trained observers (AF or ML), blinded to the original results, in a random order and
more than 4 weeks after the first analysis of the baseline scans to minimise recall bias.
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3.2.6 Time efficiency analysis
In 10 randomly selected cases, the time taken to conduct each method (whole vessel
analysis, most diseased segment and

18

F-sodium fluoride activity) were recorded

separately. The time taken to measure blood pool activity was excluded from the
analysis as this is common to all techniques.

3.2.7 Clinical correlation
Framingham stroke risk score and Revised Framingham stroke risk score are validated
risk scores for predicting the 10-year risk of stroke (35,249). Framingham risk score
for hard coronary heart disease and American College of Cardiology/American Heart
Association Atherosclerotic Cardiovascular Disease (ACC/AHA ASCVD) score are
validated risk scores for predicting the 10-year risk of coronary events and
cardiovascular events respectively (259,260). Each of these scores were calculated for
each participant and the correlation with PET assessments of aortic

18

F-sodium

fluoride activity investigated.

3.2.8 Statistical analysis
All statistical analyses was performed in the open-source statistical software package
R (V4.0.2). Continuous variables with normal distribution were presented as mean ±
standard deviation, whereas non-normally distributed variables were presented as
median [interquartile range].

Categorical variables were presented as number

(percentage). Intra- and inter-observer variability as well as scan-rescan
reproducibility were assessed using for each

18

F-sodium fluoride aortic activity

method using mean error, 95% limits of agreement, coefficient of reproducibility,
intraclass correlation coefficient and Bland-Altman plots (261). Associations between
clinical risk scores and PET activity methods were evaluated as a continuous variable
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(Pearson’s correlation coefficient). Statistical significance was taken as a two-sided
p<0.05.
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3.3 Results
Microcalcification was present in the ascending aorta and aortic arch of all twenty
patients (Table 1). Activity was seen in the aortic wall, although the pattern and degree
of activity varied markedly between patients (Figure 3). The

18

F-sodium fluoride

activity method was nearly 5 times quicker to perform than TBR analyses (3.4±0.5
versus 15.1±1.7 min, p<0.0001).
Figure 3.3 - Variation in pattern of thoracic aortic 18F-sodium fluoride uptake

AscAo = ascending aorta, AoArch = Aortic arch, AoRoot = Aortic root, MDS = most diseased
segment, LV = left ventricle, RA = right atrium, RPA = pulmonary artery SUV = standardised
uptake measurement, TBR = tissue to background ratio

Fletcher et al. 2021, reproduced under Creative Commons license (250)
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Table 3.1 - Patient characteristics
Age (years)

70±7

Female Sex

3 (15%)

Type II Diabetes Mellitus

2 (10%)

Normal Estimated Glomerular Filtration Rate*

17 (85%)

Body-mass Index (kg/m2)

27±4

Smoking status
Current

3 (15%)

Ex-smoker

14 (70%)

Never

3 (15%)

Hypertension

14 (70%)

Hypercholesterolaemia

20 (100%)

Previous Myocardial Infarction

13 (65%)

Previous Stroke or Transient Ischaemic Attack

1 (5%)

Previous Revascularisation
Coronary Artery Bypass Graft

9 (45%)

Coronary Stenting

13 (65%)

Medication
Statin

20 (100%)

Beta-blocker

9 (45%)

Angiotensin-converting Enzyme inhibitor

17 (85%)

Aspirin

20 (100%)

Left Ventricular Hypertrophy on Electrocardiogram

0 (0%)

mean ± standard deviation; n (%), *>60 mL/min/1.73 m2
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3.3.1 Intra-observer repeatability of 18F-sodium fluoride activity
The thoracic aortic 18F-sodium fluoride activity values ranged from 0.91 to 1.51 with
a mean of 1.08±0.14. The intra-observer repeatability was excellent (intraclass
correlation coefficient 0.98), with mean error 0.00, 95% limits of agreement of -0.06
to 0.06, and coefficient of repeatability of 0.05. These results are similar to intraobserver repeatability for whole vessel and most diseased segment methods (Table
3.2, Figure 3.4).
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Table 3.2 - Scan-rescan reproducibility, inter- and intra-observer reliability for
whole vessel, most diseased segment and 18F-sodium fluoride activity techniques
Range

Mean

Mean Error
(95% LOA)

Thoracic Aortic
18
F-sodium
fluoride activity

0.91 to
1.51

0.00

0.01

-0.00

0.8 to
1.7

0.00

0.11 (10%)

0.86

0.03 (3%)

0.99

0.13 (12%)

0.87

0.17 (16%)

0.84

0.04 (3%)

0.99

0.17 (12%)

0.93

0.33 (23%)

0.86

(-0.03 to 0.03)
-0.01
(-0.16 to 0.15)

ScanRescan

ScanRescan

0.97

1.06±0.17

Interobserver

Interobserver

0.08 (6%)

(-0.13 to 0.13)

Intraobserver

Intraobserver

0.98

(-0.05 to 0.07)

ScanRescan

Vessel

0.05 (4%)

(-0.06 to 0.06)

Interobserver

Whole
TBRmax

(% of mean)

intraclass
Correlation
Coefficient

1.08±0.14

Intraobserver

Whole
Vessel
TBRmean

Coefficient of
Repeatability

0.01
(-0.16 to 0.17)
1.0 to
2.6

1.42±0.33
0.00
(-0.03 to 0.04)
-0.02
(-0.24 to 0.20)
0.03
(-0.26 to 0.33)
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Most
diseased
segment
TBRMDSmean

0.97 to
2.14

1.21±0.25

Intraobserver

0.01

0.06

Interobserver
ScanRescan

0.26 (21%)

0.94

0.30 (25%)

0.83

0.06 (3%)

0.99

0.34 (19%)

0.93

0.39 (22%)

0.90

(-0.14 to 0.26)

ScanRescan

Intraobserver

0.99

(-0.04 to 0.05)

Interobserver

Most
diseased
segment
TBRMDSmax

0.05 (4%)

0.02
(-0.24 to 0.29)
1.18 to
3.30

1.75±0.44

0.00
(-0.05 to 0.06)
0.07
(-0.21 to 0.34)
0.03
(-0.34 to 0.40)

LOA = limits of agreement, MDS = most diseased segment, SD = standard deviation, SUV =
standardized activity value, TBR = tissue to background ratio, TBRMDSmean = most diseased
segment tissue to background ratio mean, TBRMDSmax = most diseased segment tissue to
background ratio maximum,

Quantifying Microcalcification Activity in the Thoracic
Aorta

98

Imaging Molecular Calcium in Thoracic Aortic Disease

Figure 3.4 - Intra-observer repeatability Bland-Altmann plots

Fletcher et al. 2021, reproduced under Creative Commons license (250)
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Intra-observer repeatability. Bland-Altmann plots with mean error (blue line) and 95% limits
of agreement (red lines) for whole vessel standardized activity value mean (A), standardized
activity value max (B), tissue to background ratio mean (C), tissue to background ratio max
(D), most diseased segment tissue to background ratio mean (E) and tissue to background ratio
maximum (F) and aortic microcalcification activity (G) methods. Y-axis limits are set to the
method mean value of the method concerned.
CR = coefficient of reproducibility, ICC = intraclass correlation coefficient, MDS = most
diseased segment, LOA = limits of agreement, SD = standard deviation, TBR = tissue to
background ratio

3.3.2 Inter-observer repeatability of 18F-sodium fluoride activity
The inter-observer repeatability was excellent (intraclass correlation coefficient 0.97)
with a mean error of 0.01, narrow 95% limits of agreement of -0.05 to 0.07, and a
coefficient of repeatability of 0.08 (Table 3.1, Figure 3.5). Again, similar interobserver repeatability was seen for whole vessel and most diseased segment methods.
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Figure 3.5 - Inter-observer repeatability Bland-Altmann plots
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Fletcher et al. 2021, reproduced under Creative Commons license (250)
Inter-observer reproducibility. Bland-Altmann plots with mean error (blue line) and 95%
limits of agreement (red lines) for whole vessel standardized activity value mean (A),
standardized activity value max (B), tissue to background ratio mean (C), tissue to background
ratio max (D), most diseased segment tissue to background ratio mean (E) and tissue to
background ratio maximum (F) and aortic microcalcification activity (G) methods. Y-axis
limits are set to the method mean value of the method concerned.
CR = coefficient of reproducibility, ICC = intraclass correlation coefficient, MDS = most
diseased segment, LOA = limits of agreement, SD = standard deviation, TBR = tissue to
background ratio.

3.3.3 Scan-Rescan reproducibility of 18F-sodium fluoride activity
The

18

F-sodium fluoride activity method demonstrated very good scan-rescan

reproducibility (intraclass correlation coefficient 0.86) with a minimal mean error of
0.00, narrow 95% limits of agreement of -0.13 to 0.13, and a coefficient of
reproducibility of 0.11 (Table 3.2, Figure 3.6). The scan-rescan reproducibility of 18Fsodium fluoride activity was similar to the whole vessel TBRmean (intraclass
correlation coefficient 0.84) and TBRmax (intraclass correlation coefficient 0.86) as
well as most diseased segment TBRMDSmean (intraclass correlation coefficient 0.83) and
TBRMDSmax (intraclass correlation coefficient 0.90, Table 3.2 and Figure 3.6).
Scan-rescan reproducibility was unaffected by correction for either the time from
radiotracer injection to PET imaging or aortic motion during the cardiac cycle (Table
3.3). The

18

F-sodium fluoride activity scores were highly co-linear with the other

methods (all Pearson’s R2 >0.80).
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Figure 3.6 - Scan-rescan reproducibility Bland-Altmann plots

Fletcher et al. 2021, reproduced under Creative Commons license (250)

Quantifying Microcalcification Activity in the Thoracic
Aorta

103

Imaging Molecular Calcium in Thoracic Aortic Disease

Scan-rescan reproducibility. Bland-Altmann plots with mean error (blue line) and 95% limits
of agreement (red lines) for whole vessel standardized activity value mean (A), standardized
activity value max (B), tissue to background ratio mean (C), tissue to background ratio max
(D), most diseased segment tissue to background ratio mean (E) and tissue to background ratio
maximum (F) and aortic microcalcification activity (G) methods. Y-axis limits are set to the
method mean value of the method concerned.
CR = coefficient of reproducibility, ICC = intraclass correlation coefficient, MDS = most
diseased segment, LOA = limits of agreement, SD = standard deviation, TBR = tissue to
background ratio

Table 3.3 - Impact of time-delay and motion correction on reproducibility of 18Fsodium fluoride activity
Range

Mean Error
(95% LOA)

F-sodium
fluoride activity

0.91 to 1.51

F-sodium
fluoride activity
+
time-delay
correction

0.90 - 1.51

F-sodium
fluoride activity
+
motion
correction

0.90 to 1.51

18

18

18

0.00

Coefficient of
Reproducibility

intraclass
Correlation
Coefficient

0.11 (10%)

0.86

0.12 (11%)

0.85

0.10 (9%)

0.85

(-0.13 to 0.13)
0.00
(-0.13 to 0.14)
-0.00
(-0.14 - 0.13)

LOA = limits of agreement

3.3.4 Correlation to clinical risk score for stroke
There was a moderate and positive correlation between 18F-sodium fluoride activity
and the Framingham stroke risk score (R=0.50, p=0.03, Table 3.4), Revised
Framingham stroke risk score (R=0.44, p=0.05) and Framingham risk Score for hard
coronary events (R=0.44, p=0.05, Table 3.4). Apparent weaker associations were
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observed between the other PET measures and Framingham stroke risk score and
revised Framingham stroke risk score. As well as 18F-sodium fluoride activity, most
diseased segment TBRmax demonstrated a moderate correlation with Framingham
risk score for hard coronary heart disease (R=0.48, p=0.03). No risk scores correlated
with the American College of Cardiology/American Heart Association atherosclerotic
cardiovascular score (ACC/AHA ASCVD).
Table 3.4 - Correlation coefficients between aortic

18

F-sodium fluoride

quantification methods and clinical risk scores
Framingham
stroke risk
score

Revised
Framingham
stroke risk score
(10-year risk)

Framingham risk
score for hard
coronary events
(10-year risk)

ACC/AHA
atherosclerotic
cardiovascular
disease score
(10-year risk)

F-sodium
fluoride activity

R = 0.50*

R = 0.44*

R = 0.44*

R = 0.33

Whole vessel
TBRmean

R = 0.38

R = 0.22

R = 0.21

R = 0.11

Whole vessel
TBRmax

R = 0.35

R = 0.27

R = 0.32

R = 0.20

Most diseased
segment
TBRmean

R = 0.43

R = 0.41

R = 0.43

R = 0.29

Most diseased
segment TBRmax

R = 0.43

R = 0.36

R = 0.48*

R = 0.33

18

ACC = American College of Cardiology, AHA = American heart association, TBRmax =
maximum tissue to background ratio, TBRmean = mean tissue to background ratio
* p ≤ 0.05
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3.4 Discussion
Molecular imaging techniques are increasingly being used for investigating disease
activity in the cardiovascular system. We describe a novel method,

18

F-sodium

fluoride activity, which quantifies 18F-sodium fluoride across both the ascending aorta
and aortic arch, providing a measure of overall burden of disease activity in these
vessels. We demonstrate this method as being highly reproducible and more time
efficient than the whole vessel technique. Moreover, it can be performed with a noncontrast CT, and does not require advanced post-processing techniques, such as motion
or time-delay correction, making it potentially more widely applicable. Finally, out of
all methods assessed, 18F-sodium fluoride activity had the strongest correlation with
Framingham stroke risk score and the revised Framingham stroke risk score. These
results pave the way for future research investigating whether

18

F-sodium fluoride

activity holds advantages in terms of tracking disease progression and response to
therapy as well as improving the prognostic performance of aortic PET.
There are several conceptual advantages to providing a more global assessment of 18Fsodium fluoride activity across the aorta than is provided by standard approaches. The
TBRmax values in particular are based upon a small number of highly intense pixels
and provide information about the peak intensity of a lesion. On the other hand, 18Fsodium fluoride activity incorporates both voxel intensity and volume, providing a
global quantification of disease burden. These two approaches may have strengths
under differing circumstances. For example, the whole vessel TBRmax and most
diseased segment approaches may be more helpful in assessing diseases that are
initiated by a threshold effect, such as plaque rupture or aortic dissection. In contrast,
other diseases may be best captured by describing the overall burden of disease and
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18

F-sodium fluoride activity, such as aneurysm expansion or aortitis. However,

theoretical application of such approaches does have limitations and depends on a
number of factors. For example, we recently demonstrated that the summary measure
of coronary microcalcification activity was the strongest predictor of future coronary
events in patients with multivessel disease (228). This probably reflects the fact that
plaque rupture commonly heals spontaneously without causing myocardial infarction
and therefore a measure of overall disease activity is more powerful than focusing on
a single lesion TBRmax. Whether a single intense lesion or overall disease activity
better reflects risk of subsequent events in thoracic aortic disease, such as stroke in
atherogenic patients or complications of thoracic aneurysm disease, is assessed in
chapter 4.
In contrast to our findings in the coronary arteries (252), background and motion
corrections make minimal difference to overall

18

F-sodium fluoride activity

reproducibility. The time-delay blood pool correction accounts for the different
elimination rates between the coronary arteries and blood pool seen over time
(252,254). However, the elimination rates for the aorta over the same periods are
different to those seen in the coronaries. The time-delay blood pool correction formula
used in coronary microcalcification activity should, therefore, not be applied to the
18

F-sodium fluoride activity measurements.

Motion correction is necessary in

assessing the activity in the coronary arteries as they are relatively small vessels, with
potential contamination from surrounding structures (e.g. mitral valve annular
calcification), partial volume effects and marked movement throughout the cardiac
cycle. The aorta, on the other hand, is a large and relatively stationary vessel, with
little contamination from surrounding structures and reduced susceptibility to potential
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partial volume effects, although these still may be present. Moreover, our technique
for drawing 18F-sodium fluoride activity volumes of interest was standardised to 4 mm
beyond the maximal lumen diameter, likely incorporating most aortic movement. This
probably explains why motion correction had no effect on 18F-sodium fluoride activity
values.
It is important to highlight some limitations to our study. Due to well documented
problems with spinal contamination influencing accurate

18

F-sodium fluoride

assessment in the descending thoracic aorta, we chose to limit our 18F-sodium fluoride
activity analysis to the ascending aorta and aortic arch. Importantly our

18

F-sodium

fluoride activity approach could also be applied to other tracers used to assess disease
activity in the aorta (e.g. 18F-FDG or 68Ga-Dotatate), where such contamination is not
an issue and where a global assessment of activity might also include activity in the
descending aorta. Although we have demonstrated the favourable efficiency,
reproducibility and repeatability of

18

F-sodium fluoride activity with positive

correlations with clinical risk scores, whether or not 18F-sodium fluoride activity will
improve the prediction of disease progression and cardiovascular events remains to be
seen.

3.4.1 Conclusion
In conclusion, we have provided a detailed description of how to assess global

18

F-

sodium fluoride activity across both the ascending aorta and aortic arch using a time
efficient

approach

that

demonstrates

highly

favourable

repeatability

and

reproducibility. Studies assessing the ability of 18F-sodium fluoride activity to track
disease progression and response to therapy as well as predicting cardiovascular
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outcomes are now required to validate

18

F-sodium fluoride activity as a novel

biomarker of aortic disease.
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4 Thoracic Aortic 18F-Sodium Fluoride Activity and
Ischaemic Stroke in Patients with Established
Cardiovascular Disease

In Press: Fletcher AJ, Tew YY, Tzolos E, et al. Thoracic Aortic 18F-Sodium Fluoride
Activity and Ischaemic Stroke in Patients with Established Cardiovascular Disease
JACC Cardiovasc Imaging
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Objective
Aortic atherosclerosis represents an important contributor to ischaemic stroke risk.
Identifying patients with high-risk aortic atheroma could improve preventative
treatment strategies for future ischaemic stroke. We aimed to investigate whether
thoracic 18F-sodium fluoride positron emission tomography (PET) could improve the
identification of patients at the highest risk of ischaemic stroke.
Methods and results
In a post-hoc observational cohort study, we quantified thoracic aortic and coronary
18

F-sodium fluoride activity in 461 patients with stable cardiovascular disease

undergoing PET combined with computed tomography (CT).

Progression of

atherosclerosis was assessed by change in aortic and coronary CT calcium volume.
Clinical outcomes were determined by the occurrence of ischaemic stroke and
myocardial infarction. The prognostic utility of

18

F-sodium fluoride activity for

predicting stroke was compared to clinical risk scores and CT calcium quantification
using survival analysis and multivariable Cox regression.
After 12.7±2.7 months, progression of thoracic aortic calcium volume correlated with
baseline thoracic aortic

18

F-sodium fluoride activity (n=140, r=0.31, p=0.00016). In

461 patients, 23 (5%) patients experienced an ischaemic stroke and 32 (7%)
myocardial infarction after 6.1±2.3 years of follow up. High thoracic aortic

18

F-

sodium fluoride activity was strongly associated with ischaemic stroke (HR 10.3 [3.1
to 34.8], p=0.0017), but not myocardial infarction (p=0.40). Conversely, high coronary
18

F-sodium fluoride activity was associated with myocardial infarction (HR 4.8 [1.9 to

12.2], p=0.00095) but not ischaemic stroke (p=0.39).

In a multivariable Cox

regression model including imaging and clinical risk factors, thoracic aortic

18

F-

sodium fluoride activity was associated with ischaemic stroke (HR 1.47 [1.00 to 2.16],
p=0.05).
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Conclusion
In patients with established cardiovascular disease, thoracic aortic 18F-sodium fluoride
activity is associated with the progression of atherosclerosis and future ischaemic
stroke. Arterial 18F-sodium fluoride activity identifies localised areas of atherosclerotic
disease activity that are directly linked to disease progression and downstream regional
clinical atherothrombotic events.
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4.1 Introduction
Ischaemic stroke remains a leading cause of serious long-term disability and mortality
across the world (13), with current preventative strategies focus on addressing the
underlying causes and modifiable risk factors for stroke (262) (see Chapter 1.2 for
detailed discussion). Comprehensive analysis of multiple large community datasets
has allowed the optimisation of clinical risk scores providing generalised estimates of
stroke risk (35,263). While these well-validated estimates provide a guide to risk at
the epidemiological level, non-invasive imaging of thoracic aortic microcalcification
has the potential to detect and to quantify disease in a more precise and patient-specific
manner (see Chapter 1.8 and 1.9 for discussion of the relationship between
microcalcification and thoracic aortic disease). The potential of aortic

18

F-sodium

fluoride activity to assess thoracic aortic atherosclerotic disease progression and to
predict downstream clinical outcomes is unknown.
We here assess whether thoracic aortic 18F-sodium fluoride activity predicts calcified
atheromatous plaque disease progression and whether it can provide important
information on the future risk of ischaemic stroke or myocardial infarction in patients
with established cardiovascular disease.
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4.2 Methods
4.2.1 Study populations
In this post-hoc analysis, the study population comprised patients with a primary
diagnosis of stable coronary artery disease or aortic stenosis who had undergone 18Fsodium fluoride PET-CT of the thoracic aorta in one of four prospective clinical
imaging studies conducted at a single institution. Two randomised controlled trials:
the Dual anti-platelet therapy to Inhibit Atherosclerosis and Myocardial Injury in
patients with Necrotic high-risk coronary plaque Disease study (stable multivessel
coronary artery disease, 220 patients, NCT02110303); and the Study Investigating the
Effect of Drugs Used to Treat Osteoporosis on the Progression of Calcific Aortic
Stenosis (mild to severe aortic stenosis, 199 patients, NCT02132026), as well as two
observational cohort studies: the Novel imaging Approaches to Identify Unstable
Coronary Plaque study (stable angina undergoing angiography or acute myocardial
infarction, 80 patients, NCT01749254); and Role of Active Valvular Calcification and
Inflammation in Patients With Aortic Stenosis (121 patients, NCT01358513).
Observational study in patients with stable coronary artery disease cohort:
NCT01749254. Inclusion criteria for the cohort were patients with acute myocardial
infarction or stable angina undergoing elective invasive coronary angiography.
Exclusion criteria included age <50 years, insulin-dependent diabetes mellitus, women
of childbearing age not receiving contraception, severe renal failure (serum creatinine
>250 μmol/L) and known contrast allergy. Those with acute myocardial infarction
were not included in the current analysis.
Randomised control trial in patients with stable coronary artery disease:
NCT02110303. Inclusion criteria for the study were patients ≥40 years old with
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angiographically confirmed multivessel coronary disease defined as epicardial vessels
with >50% stenosis or having undergone previous coronary revascularisation.
Exclusion criteria included acute coronary syndrome in the preceding 12 months,
revascularisation in the preceding 3 months, estimated glomerular filtration rate <30
mL/min/1.73m2, concurrent therapy with oral anticoagulants or thienopyridine
(clopidogrel or prasugrel), or known allergy to iodine contrast media. Patients were
randomised (1:1) to ticagrelor 90mg twice a day or placebo for a year.
Randomised controlled trial in patients with aortic stenosis: NCT02132026.
Inclusion criteria for the study were patients >50 years old, with a peak aortic jet
velocity of >2.5m/s as well as grade 2-4 aortic valve calcification on
echocardiography. Exclusion criteria included planned aortic valve surgery, life
expectancy <2 years, and long-term corticosteroid use and abnormalities of the
oesophagus/gastric emptying. Patients were randomised 2:1:2:1 to denosumab
60mg/6month injection, placebo injection, alendronic acid 70 mg/week or placebo
tablet for 24 months.
Observational aortic stenosis cohort: NCT01358513. Inclusion criteria for the
study were patients >50 years old with sclerosis, mild, moderate and severe stenosis
as well as 20 controls. Exclusion criteria were those with insulin dependent diabetes,
blood glucose >200 mg/dL and inability to undergo PET-CT. Those with sclerosis or
controls were not included in the current analysis.
Those with acute myocardial infarction, aortic sclerosis or controls without coronary
or aortic valve disease were excluded (Figure 4.1).
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Figure 4.1 - Study population CONSORT diagram

Diagram outlining the included and excluded patients from each included study cohort, as well
as outcomes measured.
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The principal findings of these studies have been reported previously, with both
randomised controlled trials reporting no difference in the primary outcome between
treatment and placebo groups (234,235). Demographics, clinical risk factors and
history of cardiovascular disease were recorded, and 10-year revised Framingham
stroke risk score was calculated for each patient. This study complies with the
Declaration of Helsinki, with each of the studies approved by regional ethical
committees and written, informed consent was provided by each participant (or their
legally authorized representative).

4.2.2 PET-CT image acquisition protocol
All scans were performed in a single image acquisition session, 60 min after injection
of 125-250 MBq of

18

F-sodium fluoride on a hybrid PET-CT scanner (128-

multidetector Biograph mCT, Siemens Medical Systems, Erlangen, Germany) at a
single centre. Attenuation correction CT was performed immediately before PET data
acquisition (100-120 kV, current 40-50 mA), and reconstructed at 3-mm slice
thickness. The field of view incorporated the heart and whole thoracic aorta including
the first branches of the head and neck vessels. PET data were acquired with ECGgating in list-mode during a single 30-min bed position.

PET images were

reconstructed into four cardiac phases. All PET image reconstructions were performed
using an ultra-high-definition algorithm which applies point-spread function and timeof-flight techniques on a 256 × 256 matrix (109 slices, slice thickness 2.027 mm) using
2 iterations, a 5-mm Gauss filter and 21 subsets.

4.2.3 PET-CT image analysis
All PET image analysis was conducted using FusionQuant v1.20 (Cedars-Sinai
Medical Centre, Los Angeles) blind to clinical characteristics and outcomes. Thoracic
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aortic

18

F-sodium fluoride activity was calculated by Dr Fletcher (NCT02110303,

NCT02132026, NCT02132026) and Dr Tew (NCT01358513) in each patient as
described previously (250). Briefly, using non-contrast CT and

18

F-sodium fluoride

PET images, a centreline extending from the sinotubular junction to the point
immediately distal to the left subclavian artery, was drawn with a diameter set to the
maximal luminal diameter of the aorta +4 mm, accounting for the spatial resolution of
PET imaging. The concentration of

18

F-sodium fluoride activity (SUV/cm3) was

divided by the mean background activity (SUV/cm3) in left and right atria to give the
thoracic aortic 18F-sodium fluoride activity (Figure 2.3).
Coronary

18

F-sodium fluoride activity is a reproducible method of quantifying the

cumulative 18F-sodium fluoride activity in the main epicardial coronary arteries over
a 95% threshold of background activity and has been reported previously in the stable
coronary artery and stable angina cohorts, but not the aortic stenosis (NCT02132026)
cohort which is reported here for the first time (228,256). Patients without contrast CT
coronary angiography were excluded as it is not possible to quantify coronary

18

F-

sodium fluoride activity from a non-contrast CT. Blood clearance correction and
motion correction fused to the third (diastolic) gate were applied to improve the
accuracy of coronary 18F-sodium fluoride activity (252,253).

4.2.4 CT calcium scores and disease progression
Calcium scores, calcium volume and calcium mass were calculated by Dr Fletcher, Dr
Tzolos and Dr Joshi across the ascending aorta and aortic arch on the attenuation
correction CT scans for each patient using OsiriX v12.0.0 (Bernex, Switzerland) as
described previously (220). To allow for direct comparison to thoracic aortic

18

F-

sodium fluoride activity, thoracic aortic calcium volume, mass and scores were
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calculated from the sinotubular junction to the point immediately distal to the left
subclavian artery. Coronary calcium scores were also calculated across the coronary
arteries using dedicated gated non-contrast CT calcium score scans. In a subset of
patients who had follow up attenuation CT at ≥6 months, thoracic ascending aortic
calcium volume, mass and scores were measured on the follow up scans, and the
annualised rate of calcium progression determined.

4.2.5 Clinical follow up
Ischaemic stroke or myocardial infarction events were ascertained up to the 31st
December 2020 from electronic medical records and time-to-event from baseline
assessment was calculated. Stroke events were identified as radiologically confirmed
cortical infarcts reported by blinded radiologist, or a clinical diagnosis and
classification of stroke recorded by the attending physicians independent of the
research team and without knowledge of the 18F-sodium fluoride activity. Similarly,
myocardial infarction events were identified based on clinical diagnosis recorded by
the attending cardiologist blinded to the

18

F-sodium fluoride activity.

Clinical

characteristics of the stroke events were collated including symptomology,
management, stroke territory subcategory (Bamford classification) and neurovascular
imaging results (carotid ultrasound, CT or magnetic resonance brain imaging).
Because of the potential for diagnostic misclassification or inclusion of nonatherothromboembolic aetiologies, transient ischaemic attacks without radiologically
confirmed cortical infarcts and lacunar strokes were excluded (217). Clinical details
of myocardial infarction for the stable coronary artery cohorts have been reported
previously (228).
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4.2.6 Statistical analysis
Categorical variables were presented as number (percentage). Continuous variables
with normal distribution were presented as mean ± standard deviation, whereas nonnormally distributed variables were presented as median [interquartile interval].
Analyses of variable influence on thoracic aortic

18

F-sodium fluoride activity and

disease progression were performed using Pearson’s or Spearman’s correlation, t-test,
analysis of variance, Wilcox or Kruskal-Wallis tests as appropriate. For correlation or
regression analysis, variables not normally distributed (aortic calcium score, coronary
calcium score and coronary 18F-sodium fluoride activity) were log transformed after
18

adding +0.01 (coronary

F-sodium fluoride activity, range 0-25) or +1 (aortic and

coronary calcium scores). Receiver operating characteristic analysis for the outcome
of stroke was performed for revised Framingham 10-year stroke risk, thoracic aortic
calcium score and thoracic aortic 18F-sodium fluoride activity. The optimal threshold
for thoracic aortic 18F-sodium fluoride activity was determined by Youden’s J statistic,
whereas the coronary

18

F-sodium fluoride activity threshold of ≥1.56 was used as

reported previously, since the derivation cohort for this threshold overlaps with the

present cohort (228). Cumulative/Dynamic time-dependent ROC curve and estimated
areas under the curve (AUC) were calculated for yearly time-points up to 5 years.
Comparisons between predictor estimated AUCs were made utilizing the variance of
the difference and the iid-representation of the AUC for each time point. For eventfree survival analysis, separate Kaplan-Meier estimation and cumulative incidence for
stroke and myocardial infarction were assessed for both thoracic aortic

18

F-sodium

fluoride activity and coronary 18F-sodium fluoride activity using the above thresholds.
Univariable cox regression analysis was performed to assess the relationship between
coronary and thoracic aortic calcium scores, thoracic and coronary aortic 18F-sodium
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fluoride activity, clinical factors included in the revised Framingham stroke risk model
and stroke outcome. Multivariable cox regression models included the revised
Framingham stroke risk model, age, thoracic aortic calcium score and thoracic aortic
18

F-sodium fluoride activity, both as a continuous or binary variable, which were

associated with stroke risk on univariable analysis. Statistical significance was taken
as a two-sided p≤0.05. All statistical analyses were performed in the open-source
statistical software package R (V4.0 .2).
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4.3 Results
The final study cohort comprised 461 patients with advanced stable coronary artery
disease or aortic stenosis followed up for a mean of 6.1±2.3 years. The study
population had a high prevalence of cardiovascular risk factors and prior
cardiovascular disease (Table 4.1). Most patients were on preventative therapies (76%
antiplatelet therapy, 7% anticoagulant therapy, 79% statin therapy and 88%
antihypertensive therapy). Based on revised Framingham stroke risk, a mean of 15±9%
of patients were expected to have a stroke within 10 years. Revised Framingham
stroke risk was similar across the individual study cohorts (p=0.54, Table 1).
Table 4.1 - Clinical characteristics of the study population
Overall

Stable coronary
artery disease:

Stable coronary
artery disease:

observational
cohort study

randomised
controlled trial

NCT01749254

NCT02110303

461

38

201

158

64

Age (years)

69.98±8.48

67.37±8.27

67.66±8.40

72.67±7.77

72.21±8.10

Male sex

363 (78.7)

34 (89.5)

162 (80.6)

125 (79.1)

42 (65.6)

White Ethnicity

394 (99.2)

37 (97.4)

200 (99.5)

156 (98.7)

NR

Body-mass index (kg/m2)

29.60±5.10

29.99±4.54

29.69±5.26

30.05±5.28

27.85±4.07

Current smoker

54 (11.7)

5 (13.2)

29 (14.4)

13 (8.2)

7 (10.9)

Diabetes mellitus

87 (19.0)

3 (7.9)

37 (18.4)

37 (23.4)

10 (15.9)

Hypertension

310 (67.2)

34 (89.5)

114 (56.7)

120 (75.9)

42 (65.6)

Systolic pressure
(mmHg)

146.05±19.26

135.24±13.80

146.09±19.78

148.97±19.26

144.3±18.19

Diastolic
pressure
(mmHg)

78.83±11.41

77.52±10.34

80.44±10.74

77.22±11.55

78.42±13.08

363 (78.9)

37 (97.4)

194 (96.5)

97 (61.4)

35 (55.6)

Number

Hypercholesterolemia
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4.35±1.08

3.90±0.80

4.21±0.98

4.39±1.01

5.00±1.36

26 (5.7)

1 (2.6)

5 (2.5)

12 (7.6)

8 (12.5)

Ischaemic heart disease

317 (68.8)

38 (100.0)

201 (100.0)

59 (37.3)

19 (29.7)

Previous
infarction

myocardial

178 (38.8)

13 (34.2)

142 (70.6)

18 (11.4)

5 (8.1)

Previous coronary artery
bypass graft

71 (15.4)

11 (28.9)

40 (19.9)

17 (10.8)

3 (4.8)

Previous
percutaneous
coronary intervention

226 (49.0)

19 (50.0)

163 (81.1)

34 (21.5)

10 (15.6)

Previous
transient
ischaemic attack/stroke

29 (6.3)

4 (10.5)

4 (2.0)

16 (10.1)

5 (8.1)

83.75±20.29

85.65±23.45

80.35±15.26

84.13±19.52

92.36±29.68

405 (87.9)

36 (94.7)

190 (94.5)

131 (82.9)

48 (75.0)

Angiotensinconverting
enzyme inhibitor

230 (49.9)

14 (36.8)

132 (65.7)

60 (38.0)

24 (37.5)

Angiotensin
receptor blocker

68 (14.8)

4 (10.5)

29 (14.4)

28 (17.7)

7 (11.1)

Thiazide diuretic

75 (16.3)

2 (5.3)

20 (10.0)

33 (20.9)

20 (31.7)

Calcium channel
blocker

114 (24.8)

16 (42.1)

39 (19.4)

47 (29.7)

12 (19.0)

Beta blocker

241 (52.4)

27 (71.1)

135 (67.2)

57 (36.1)

22 (34.9)

Antiplatelet treatment

348 (75.5)

33 (86.8)

195 (97.0)

84 (53.2)

36 (56.2)

325 (70.7)

31 (81.6)

195 (97.0)

65 (41.1)

35 (54.0)

Clopidogrel

39 (8.5)

4 (10.5)

7 (3.5)

25 (15.8)

3 (4.7)

Ticagrelor

101 (21.9)

0 (0.0)

100 (50.3)

1 (0.6)

0 (0.0)

32 (7.0)

3 (7.9)

1 (0.5)

24 (15.2)

4 (6.3)

K

25 (5.4)

3 (7.9)

0 (0.0)

18 (11.4)

4 (6.3)

Direct
oral
anticoagulant

11 (2.4)

0 (0)

1 (0.5)

10 (6.3)

0 (0.0)

366 (79.4)

34 (89.5)

183 (91.0)

112 (70.9)

37 (57.8)

15±9

13±7

15±9

16±9

15±12

Total cholesterol
(mmol/L)
Atrial fibrillation

Creatinine (µmol/L)
Hypertension treatment

Aspirin

Anticoagulation treatment
Vitamin
antagonist

Statin
Revised
10-year
Framingham stroke risk
%

n (%); mean ± standard deviation, NR = not recorded
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4.3.1 Computed tomography and positron emission tomography
There was a wide range of thoracic aortic calcium scores 230 [17 - 901] although 75
(16%) patients had no calcification of the thoracic aorta (Table 2). Thoracic aortic 18Fsodium fluoride activity was moderately correlated with log aortic calcium score
(Pearson’s, r=0.39, p<0.0001) and was weakly associated with age (Pearson’s, r=0.29,
p<0.0001), systolic blood pressure (Pearson’s, r=0.15, p=0.0012) and revised
Framingham stroke risk (Pearson’s, r=0.21, p<0.0001). Patients with aortic stenosis
had slightly higher aortic calcium scores than those without (595 versus 111 Agatston
units, p<0.0001) and higher mean thoracic aortic 18F-sodium fluoride activity (1.096
versus 1.069 p=0.0026) although there was no association between these assessments
and the degree of aortic stenosis severity (continuous Pearson’s p=0.32, categorical
Kruskal Wallis p=0.31). Females had slightly higher thoracic aortic

18

F-sodium

fluoride activity than males (1.09±0.10 versus 1.08±0.09, p=0.021). There were no
associations between thoracic aortic

18

F-sodium fluoride activity and total serum

cholesterol concentration, smoking status, atrial fibrillation, hypertension or diabetes
mellitus (all p>0.05).
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Table 4.2 - Computed tomography and positron emission tomography findings
Overall

Stable coronary
artery disease:

Stable coronary
artery disease:

Aortic stenosis:

Aortic Stenosis:

observational
cohort study

randomised
controlled trial

randomised
controlled trial

observational
cohort study

NCT01749254
(n=38)

NCT02110303
(n=201)

NCT02132026
(n=158)

NCT01358513
(n=64)

761 [98 2423]

517 [6 - 1407]

328 [23 - 1285]

1793 [426 - 3880]

1323 [163 - 2739]

Ascending
calcium volume

0 [0 - 0]

0 [0 - 0]

0 [0 - 0]

0 [0 - 58]

0 [0 - 29]

Arch
calcium
volume

720 [89 2282]

516 [6 - 1406]

324 [23 - 1193]

1683 [389 - 3562]

1323 [157 - 2669]

Thoracic aortic calcium
mass (g)

669 [72 2547]

423 [4 - 1722]

272 [15 - 1235]

1733 [352 - 3220]

1083 [146 - 2854]

Ascending
calcium mass

0 [0 - 0]

0 [0 - 0]

0 [0 - 0]

0 [0 - 38]

0 [0 - 17]

Arch
mass

calcium

667 [62 2471]

423 [4 - 1722]

259 [15 - 1236]

1710 [310 - 3770]

1083 [112 - 2832]

Thoracic aortic calcium
score (AU)

230 [17 901]

101 [0.75 - 549]

111 [3 - 473]

670 [116 - 1487]

322 [32 - 955]

Ascending
calcium score
(AU)

0 [0 - 0]

0 [0 - 0]

0 [0 - 0]

0 [0 - 7]

0 [0 - 4]

Arch
calcium
score (AU)

222 [14 865]

101 [0.75 - 549]

104 [3 - 470]

661 [98 - 1425]

322 [23 - 951]

18FThoracic
aortic
sodium fluoride activity
(unitless)

1.08±0.10

1.05±0.08

1.07±0.08

1.09±0.10

1.10±0.12

Ascending aorta
(unitless)

1.07±0.09

1.05±0.08

1.07±0.08

1.07±0.09

1.09±0.11

Arch of the
aorta (unitless)

1.12±0.13

1.08±0.10

1.11±0.11

1.14±0.14

1.12±0.15

Coronary calcium score
(AU)

853 [122 1105]

579 [91 - 1217]

383 [114 - 902]

575 [140 - 1480]

NA

18F-sodium
Coronary
fluoride activity

0.60 [0.00 2.79]

0.82 [0.00 - 3.05]

0.34 [0.00 - 2.64]

0.73 [0.00 - 2.76]

NA

(n=461)

Thoracic aortic calcium
volume (mls)

AU, Agatston Units, Mean ± standard deviation; median [interquartile interval], NA = not
available
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4.3.2 Disease progression
Of those undergoing repeat CT, thoracic aortic and coronary calcium score progression
could be calculated in 140 (107 with aortic stenosis and 33 with coronary artery
disease) and 231 (72 with aortic stenosis and 159 with coronary artery disease) patients
respectively. The median annualised change in thoracic aortic calcium score was 82
[9 to 187] AU/year with a maximum of 1489 AU/year. The median annualised change
in coronary calcium score was 89 [18-190] AU/year with a maximum of 1352
AU/year. Thoracic aortic 18F-sodium fluoride activity correlated with the progression
of thoracic aortic calcium volume (Pearson’s, r=0.31, p<0.0001), mass (Pearson’s,
r=0.29, p=0.00042, Figure 1) and calcium score (Pearson’s, r=0.23, p=0.0054) as well
as coronary calcium score progression (Pearson’s, r=0.25, p=0.012). Coronary 18Fsodium fluoride activity did not correlate with progression of aortic calcium score,
volume or mass (Pearson’s all p>0.80) but was moderately correlated with coronary
calcium score progression (Pearson’s, r=0.43, p<0.0001).
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Figure 4.2 - Baseline 18F-sodium fluoride predicts progression of calcium score

Thoracic aortic 18F-sodium fluoride activity and progression of aortic calcification.
Relationship between thoracic aortic 18F-sodium fluoride activity and progression of thoracic
aortic calcium score (Agatston units; AU). (A) Example cases in which intense 18F-sodium
fluoride (18F-sodium fluoride) activity on positron emission tomography and computed
tomography (PET-CT) precedes areas of macrocalcification on computed tomography. (B)
Example cases of low 18F-sodium fluoride activity and minimal progression of
macrocalcification on computed tomography.
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4.3.3 Clinical events
Over a mean of 6.1±2.3 years of follow up, 23 out of 461 (5.0%) patients experienced
the outcome of ischaemic stroke, representing an overall incidence of 9.2 per 1,000
patient-years (Table 4.3).
Of these, three (13.6%) had a carotid artery stenosis of >70% and nine (39.1%) were
in atrial fibrillation, of whom six were on anticoagulation at the time of stroke. Over
the same period, 32 (6.9%) patients experienced myocardial infarction, representing
an overall incidence of 13.5 per 1,000 patient-years.
Thoracic aortic

18

F-sodium fluoride activity was higher in those experiencing

ischaemic stroke than those without stroke (1.15±0.05 versus 1.08±0.10 respectively,
p=0.00020, Table 4). Higher thoracic aortic calcium score (712 [343 to 1013] versus
210 [13 to 871], p=0.012, Table 4), but not coronary calcium score (p=0.15) or
coronary 18F-sodium fluoride activity(p=0.36), was associated with stroke.
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Table 4.3 - Stroke and Myocardial Infarction
Overall
(n=461)

Stable
coronary
artery
disease:

Stable
coronary
artery
disease:

Aortic stenosis:

observational
cohort study

randomised
controlled
trial

NCT02132026

NCT01749254
(n=38)

randomised
controlled trial

Aortic
Stenosis:
observational
cohort study

(n=158)

NCT01358513
(n=64)

NCT02110303
(n=201)

6.1±2.3

8.0±2.0

4.6±0.9

4.0±0.9

8.2±2.8

2393

305

929

626

533

23 (5.0%)

4 (10.5%)

5 (2.5%)

7 (4.4%)

7 (10.9%)

9.2

13.1

5.4

11.2

11.3

Total
anterior
circulation infarct

1

0

0

0

1

Partial
anterior
circulation infarct

13

3

3

3

4

Posterior
infarct

9

1

2

4

2

3/17

1/4

1/5

0/6

1/2

32 (6.9%)

6 (15.7%)

13 (7%)

6 (4%)

7 (11%)

13.5

20.0

14.3

9.5

13.2

ST-elevation myocardial
infarction

3

1

2

0

2

Non-ST
Elevation
myocardial infarction

22

5

11

6

5

Mean follow up (years)
Total patient-years follow up
Stroke events
Stroke incidence
patient-years)
Stroke
subtype
Classification)

(per

1000

(Bamford

circulation

Significant carotid disease

Myocardial infarction Events
Myocardial infarction incidence
(per 1000 patient-years)

n (%); mean ± standard deviation
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Table 4.4 - Clinical and imaging characteristics associated with stroke
No Stroke (n=438)

Stroke (n=23)

p-value

15±9

18±8

0.068

69.8±8.5

74.0±7.4

0.020

343 (78.7)

18 (78.3)

1.000

Atrial fibrillation

23 (5.3)

3 (13.0)

0.27

Diabetes

83 (19.1)

3 (13.0)

0.64

146±19

150±21

0.36

Hypertension medication

385 (88.3)

18 (78.3)

0.26

Current smoker

51 (11.7)

2 (8.7)

0.90

326 (74.8)

20 (87.0)

0.29

28 (6.4)

4 (17.4)

0.11

1.08±0.10

1.15±0.05

0.0002

Ascending aorta (unitless)

1.07±0.09

1.14±0.05

0.00012

Aortic arch (unitless)

1.11±0.13

1.19±0.07

0.0040

210 [13 - 871]

712 [343 - 1013]

0.012

0 [0 - 0]

0 [0 - 14]

0.0073

207 [13 - 838]

691 [298 - 948]

0.045

705 [88 - 2325]

1956 [858 - 2607]

0.012

0 [0 - 0]

0 [0 - 116]

0.0092

661 [78 - 2219]

1799 [716 - 2569]

0.043

614 (59 - 2545]

2027 [902 - 2667]

0.012

0 [0 - 0]

0 [0 - 80]

0.0091

582 [56 - 2481]

1938 [792 - 2442]

0.040

0.60 [0 - 2.79]

1.4 [0 - 3.72]

0.36

452 [112 - 1075]

1057 [197 - 1888]

0.15

Clinical Factors
Revised Framingham 10-year stroke risk (%)
Age (years)
Male Sex

Systolic blood pressure (mmHg)

Antiplatelet therapy
Anticoagulation therapy
Imaging Biomarkers
Thoracic
(unitless)

aortic

18F-sodium

fluoride

Thoracic Aortic calcium score (AU)
Ascending calcium score (AU)
Arch calcium score (AU)
Thoracic Aortic calcium volume (AU)
Ascending calcium volume (AU)
Arch calcium volume (AU)
Thoracic Aortic calcium mass (AU)
Ascending calcium mass (AU)
Arch calcium mass (AU)
Coronary 18F-sodium fluoride activity*
Coronary calcium score (AU)*

activity

AU, Agatston Units, n (%); mean ± standard deviation; median [interquartile interval], *No
stroke n = 381, Stroke n=16
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Receiver operating characteristic curves demonstrated thoracic aortic

18

F-sodium

fluoride activity to be a better discriminator of future stroke than thoracic aortic
calcium score and the revised Framingham 10-year stroke risk (Figure 4.3). This
finding was consistent in a sensitivity analysis excluding patients with atrial fibrillation
or stenotic carotid disease. The optimal threshold for thoracic aortic

18

F-sodium

fluoride activity was ≥1.1 which conferred a sensitivity of 87% and specificity of 65%
for the prediction of future ischaemic stroke. Time-dependent receiver operating
characteristic curves demonstrated that area under the curve (AUC) for thoracic aortic
18

F-sodium fluoride activity was a better discriminator of future stroke than thoracic

aortic calcium score and the revised Framingham 10-year stroke risk, although this
advantage was reduced at the 5-year mark (Figure 4.4).
Patients with thoracic aortic

18

F-sodium fluoride activity ≥1.1 had a 10-fold higher

cumulative incidence of stroke than those with thoracic aortic

18

F-sodium fluoride

activity <1.1 (HR 10.3 [3.06 to 34.8], p=0.0017; Figure 4.5). The relationship between
18

F-sodium fluoride activity and event risk appeared to be region specific, with

thoracic aortic

18

F-sodium fluoride activity being able to identify those at increased

risk of ischaemic stroke but not myocardial infarction (p=0.40) whereas coronary 18Fsodium fluoride activity identified those at increased risk of myocardial infarction (HR
4.81 [1.89 to 12.2], p=0.00095), but not ischaemic stroke (p=0.39, Figure 4.5).
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Figure 4.3 - Receiver operator characteristics of clinical and imaging predictors
for stroke

Receiver operating characteristic curves for prediction of stroke
Area under the curve (AUC) for (A) 10-year stroke clinical risk score, (B) thoracic aortic 18Fsodium fluoride activity, and (C) thoracic aortic calcium score for the outcome of stroke. (D)
Area under the curve analysis comparing thoracic aortic 18F-sodium fluoride activity, clinical
risk score and thoracic aortic calcium score.
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Figure 4.4 - Time-dependent sensitivity analysis of clinical and imaging
predictors for stroke

Time-dependent area under the curve (AUC) for aortic 18F-sodium fluoride activity (light
blue), thoracic aortic calcium score (blue), and 10-year Framingham stroke risk score (dark
blue) over 5 years. P-values of analysis comparing AUC of aortic 18F-sodium fluoride activity
with thoracic aortic calcium score (top row) and 10-year Framingham stroke risk (bottom row).
Aortic 18F-sodium fluoride demonstrates high AUC which has an advantage in predictive
ability over the first four years over thoracic aortic calcium scoring or 10-year Framingham
stroke risk, but diminished by the 5th year.
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Figure 4.5 - Survival analysis of high and low coronary and thoracic aortic 18Fsodium fluoride activity

Cumulative incidence curves demonstrating freedom from stroke (A and C) or myocardial
infarction (B and D) across the combined cohort. (A) Thoracic aortic 18F-sodium fluoride
activity threshold of ≥1.1 (unitless) (n=461) is strongly associated with future stroke (hazard
ratio 10.3 [3.1 to 34.8], p=0.0017), (B) but not myocardial infarction (hazard ratio 1.35 [0.67
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to 2.7], p=0.4). (C) Coronary 18F-sodium fluoride activity (n=382, threshold 1.56)18 is not
associated with future stroke (hazard ratio 1.59 [0.56 to 4.53] p=0.39) (D) but is strongly
associated with future myocardial infarction (hazard ratio 4.8 [1.9 to 12.2], p=0.0010). pvalues represent log-rank test.

On univariable Cox regression, baseline thoracic aortic 18F-sodium fluoride activity as
either continuous (hazard ratio (HR) 1.073 [1.23 to 2.41] per 0.1 increase, p=0.0014),
or binary (high ≥1.1 or low <1.1, HR 10.3 [3.06 to 34.8], p=0.00017), as well as
baseline thoracic aortic calcium score (log(thoracic aortic calcium score+1): HR 1.27
[1.04 to 1.56], p=0.017), 10-year revised Framingham stroke risk score (HR 1.45 (1.03
to 1.56) per 0.1 increase) and age (HR 2.03 [1.17 to 3.53] per 10 years, p=0.012) were
associated with ischaemic stroke (Figure 4.6). Multivariable Cox regression models
combining the variables associated with stroke on univariable regression demonstrated
that thoracic aortic 18F-sodium fluoride activity was the only variable associated with
stroke (continuous, HR 1.47 [1.00 to 2.16], p=0.050, c-statistic 0.71; binary, HR 8.19
[2.33 to 28.7], p=0.0010, c-statistic 0.78, Figure 4.6, Table 4.5).
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Figure 4.6 - Univariable and Multivariable Cox regression assessing relationship
to stroke
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Predictors of stroke. Univariable Cox regression including clinical variables previously
associated with stroke in the revised Framingham stroke risk score, and imaging parameters.
Multivariable Cox regression models including, 10-year revised Framingham stroke risk,
thoracic aortic calcium score and thoracic aortic 18F-sodium fluoride activity, both as a
continuous (middle plot) or binary (bottom plot) variable. Thoracic aortic 18F-sodium fluoride
activity is the only variable associated with stroke in either multivariable model.

Table 4.5 - Comparison of Cox model fit for predicting stroke
Model Number

Hazard ratio (95%
confidence interval)

p-value

Concordance
0.71

Model 1
Aortic 18F-sodium fluoride activity (per 0.1 increase)

1.47 (1.00 to 2.16)

0.050

Log(Thoracic aortic calcium score+1)

1.15 (0.93 to 1.43)

0.20

10-year revised Framingham stroke risk (per 0.1 increase)

1.14 (0.77 to 1.68)

0.50
0.78

Model 2
Aortic 18F-sodium fluoride activity (<1.10 versus ≥1.10)

8.19 (2.33 to 28.72)

0.0010

Log(Thoracic aortic calcium score+1)

1.10 (0.89 to 1.35)

0.51

10-year revised Framingham stroke risk (per 0.1 increase)

1.14 (0.77 to 1.68)

0.39

Multivariate Cox models using a combination of factors significantly associated with time to
stroke on univariable analysis and aortic 18F-sodium fluoride activity as either a continuous
variable (model 1) or binary variable (model 2)
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4.4 Discussion
This is the largest cohort of patients with cardiovascular disease undergoing
prospective thoracic 18F-sodium fluoride PET-CT. We demonstrate, for the first time,
that thoracic aortic 18F-sodium fluoride activity is associated with both thoracic aortic
atheromatous plaque disease progression and a 10-fold increased future risk of
ischaemic stroke. Importantly, we found that regional

18

F-sodium fluoride activity

predicts disease progression and clinical events related to the vascular territory under
evaluation. This relationship suggests that

18

F-sodium fluoride PET-CT may have

value in assessing disease activity in arterial conduit and major vessels as well as
indicating risk of related future clinical ischaemic events.
We have previously explored total coronary

18

F-sodium fluoride activity using

coronary 18F-sodium fluoride activity as a marker of global tracer activity across the
coronary circulation. We demonstrated that a higher coronary

18

F-sodium fluoride

activity was associated with faster coronary disease progression and served as a
powerful predictor of myocardial infarction, outperforming clinical risk scores and
coronary artery calcium scores (225,228). This work led us to hypothesise that similar
associations might apply to thoracic aortic atheroma and the risk of ischaemic stroke.
Given that the thoracic aorta is in the field of view of all of our previous prospective
cardiovascular

18

F-sodium fluoride PET-CT studies, we aimed to assess the

relationship between aortic

18

F-sodium fluoride activity, the progression of aortic

calcification and the risk of ischaemic stroke. We were able to demonstrate that
thoracic aortic

18

F-sodium fluoride activity was associated with both progression of

aortic atherosclerosis and subsequent ischaemic stroke. This is consistent with prior
work in other disease states that have found

18

F-sodium fluoride activity to be
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indicative of disease activity, providing powerful prediction of disease progression and
clinical events (226,228,229).
We explored whether the relationship between

18

F-sodium fluoride activity and

cardiovascular events was specific to the vascular territory under evaluation. Would
thoracic aortic 18F-sodium fluoride activity predict myocardial infarction, and would
coronary

18

F-sodium fluoride activity predict ischaemic stroke? We observed that

atherosclerotic

18

F-sodium fluoride activity was specific to the circulation being

assessed, with coronary 18F-sodium fluoride activity being able to identify those at risk
of myocardial infarction but not stroke, whereas thoracic aortic

18

F-sodium fluoride

activity identified ischaemic stroke risk but not the risk of myocardial infarction.
These findings are intuitive and plausible given that coronary plaque will not cause
stroke and aortic plaque will not cause myocardial infarction. How might this
relationship be used to improve risk stratification and targeted treatment strategies?
Current strategies to prevent future stroke involve identifying those at risk and
targeting modifiable risk factors (38).

Clinical risk scores, such as revised

Framingham stroke risk, can identify those at highest risk but suffer from a lack of
patient-level specificity: like many risk scores, most events occur in low-risk patients
(39). The ability to detect the activity of thoracic aortic atheroma may help adjust
future stroke risk profiles, and potentially lead to better targeted treatment for patients
at the highest risk (264). Previous work has identified that thoracic aortic calcium
scores

are

associated

with

stroke

risk

independent

of

clinical

factors

(215,216,265,266). This is consistent with aortic atheroma proximal to the origins of
the carotid and vertebral arteries representing a major source of stroke-related
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atherothrombotic emboli. Our work builds on this concept by incorporating biological
disease activity and demonstrates that thoracic aortic 18F-sodium fluoride activity was
associated with future stroke in addition to the known causes of stroke even after
adjustment for clinical risk factors and thoracic aortic calcium scoring. From the
clinical perspective, this indicates that thoracic

18

F-sodium fluoride PET-CT can

provide simultaneous assessment of both thoracic aortic and coronary

18

F-sodium

fluoride activity on a single scan and thus can identify individuals at high risk of both
stroke and myocardial infarction who might benefit from intensive or advanced
preventative therapies. Larger studies in prospective cohorts are required to assess this
further and are currently in progress (NCT02278211).
We set out to explore whether thoracic aortic atherosclerotic disease activity was
associated with the future risk of atherothromboembolic clinical events. We therefore
specifically examined for ischaemic stroke events but excluded lacunar strokes
because of its presumed differing pathophysiology as well as transient ischaemic
attacks since there is often clinical uncertainty regarding these events and we did not
wish to introduce unnecessary noise from the misclassification of events.
Consequently, we restricted our analysis to patients with clinical presentations of
ischaemic stroke that are likely to be of atherothromboembolic origin. Whilst we were
able to demonstrate a strong association with thoracic aortic

18

F-sodium fluoride

activity, we cannot be certain that these events were attributable to thromboembolism
from aortic atheroma. Indeed, we accept that thoracic aortic

18

F-sodium fluoride

activity may also be indicative of disease activity within the head and neck vessels.
Unfortunately, the head and neck arterial circulation was not within the field of view
of our PET-CT images, and we cannot assess for the presence of such an association
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here. Moreover, nearly half of our patients experiencing stroke had competing risks,
such as prior or new onset atrial fibrillation. However, thoracic aortic

18

F-sodium

fluoride activity was high in patients with either carotid disease or atrial fibrillation,
and aortic atheroma still represents a potential source of thromboembolism in these
patients. Further, sensitivity analysis after excluding those with competing
mechanisms for stroke demonstrated continuing superiority of thoracic aortic

18

F-

sodium fluoride activity over clinical risk scores and calcium scoring.
It is important to highlight some further limitations of our work. We acknowledge that
the overall number of stroke events is relatively small although the overall incidence
rate of 9.2 per 1000 patient-years is almost double that reported in a cohort of similar
age and ethnicity, likely reflecting the enrichment and inclusion criteria of
cardiovascular disease in our study cohort (267). Although the current work represent
largest study assessing of thoracic aortic 18F-sodium fluoride PET, the small number
of stroke events limits conclusions to an association, with predictive validation
requiring more events in larger cohorts. We have combined four cohorts of patients
with a combination of coronary artery disease and aortic stenosis representing a
relatively heterogeneous cohort. Overall, combining these groups reflects a cohort of
patients with prevalent cardiovascular risk factors, but the results may not be
applicable to those with lower overall cardiovascular risk.

Finally, while

demonstrating an association between aortic 18F-sodium fluoride activity and stroke,
the mechanism by which risk is conferred can only be notional, with a significant
minority of patients having competing risks for stroke. Large prospective studies
assessing the relationship between thoracic aortic

18

F-sodium fluoride activity and
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stroke, as well as coronary 18F-sodium fluoride activity and myocardial infarction, are
now required to validate our findings in further external patient cohorts.

4.4.1 Conclusion
In conclusion, we have found that high thoracic aortic 18F-sodium fluoride activity is
correlated with thoracic aortic atherosclerotic disease progression and a 10-fold
increased risk of future ischaemic stroke. This relationship remained after adjustment
for clinical risk factors, thoracic aortic calcium score and the presence of alternative
stroke causes. The predictive ability of
specific to the location of arterial

18

F-sodium fluoride activity appears to be

18

F-sodium fluoride activity, with clinical events

occurring in the arterial territory of increased activity. External validation in large
cohorts is now required to establish whether there is a role for 18F-sodium fluoride PET
in guiding treatment in a patient-specific manner
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5 Microcalcification and thoracic aortopathy: a
window into disease severity

Under peer-review: Fletcher AJ, Nash J, Syed M, et al. Microcalcification and
thoracic aortopathy: a window into disease severity. Athero Thromb Vasc Biology
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Objective
Patients with thoracic aortopathy are at increased risk of catastrophic aortic dissection,
carrying with it substantial mortality and morbidity. Granular medial calcinosis
(medial microcalcification) has been associated with thoracic aortopathy, however, its
relationship to disease severity has yet to be established.
Methods and Results
One hundred and one thoracic aortic specimens were collected from 57 patients with
thoracic aortopathy and 18 control subjects. Standardised histopathological scores,
immunohistochemistry (Osteopontin, Caspase III, p-ERK) and nanoindentation (tissue
elastic modulus) were compared to the extent of microcalcification on Von Kossa
histology and 18F-sodium fluoride autoradiography.
Microcalcification content was higher in thoracic aortopathy samples with mild (n=28;
6.17 [2.71 to 10.39], p=0.00010) or moderate histopathological degeneration (n=30;
3.74 [0.87, to 11.80], p<0.042) compared with control aortic samples (n=18, 0.79 [0.36
to 1.90]). Osteopontin increased with histopathological severity of aortopathy (n=49,
X2, p=0.001), whereas Caspase III and ERK did not (both p>0.05). Samples with
severe histopathological degeneration (n=24; 0.40 [0.15 to 0.87]) had substantially less
microcalcification compared with mild (p<0.0001) or moderate degeneration
(p=0.0030), a process closely linked with elastin loss (n=82; Spearman’s rho =-0.36,
p=0.001) and lower tissue elastic modulus (n=28; Spearman’s rho =0.43, p=0.026).
18

F-Sodium fluoride autoradiography demonstrated very good correlation with

histologically quantified microcalcification (n=66; r=0.76, p<0.001), and identified
areas of focal weakness in vivo.
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Conclusions
Medial microcalcification is a marker aortopathy, although progression to severe
aortopathy is associated with loss of both elastin fibres and microcalcification.

18

F-

Sodium fluoride quantifies medial microcalcification and is a feasible modality for
identifying weakened aortic wall with major translational promise
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5.1 Introduction
In Chapter 1, the need for better detection of high risk thoracic aortopathy is outlined.
Aortic wall microcalcification, or granular medial calcinosis, is an under-appreciated
disease process that represents the deposition of hydroxyapatite crystals formed of
calcium phosphate within the extracellular matrix.

Microcalcification has been

described in thoracic aneurysms of various etiologies (198,209) and is specifically
associated with elastin fragmentation, vascular smooth muscle cell phenotype
switching and increased aortic wall rupture risk on biomechanical testing
(199,211,270). However, a better understanding of the relationship between thoracic
aortic aneurysm microcalcification, pathological mechanisms and disease severity
could uncover novel therapeutic targets as well as acting as guiding thoracic aortic 18Fsodium fluoride activity towards a clinical tool for diagnosing and to monitoring
thoracic aortopathy.
Using histology and 18F-sodium fluoride autoradiography, we here aimed to assess the
relationship between aortic wall microcalcification and thoracic aortic aneurysm
disease.

We sought to investigate the pathways associated with aneurysm

microcalcification as well as assessing the relationship between microcalcification,
tissue biomechanics and histological disease severity
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5.2 Methods
5.2.1 Human ascending aortic tissue
Aneurysmal thoracic aortic tissue was obtained from patients with bicuspid (n=28) or
tricuspid (n=20) aortic valves undergoing elective repair of aneurysm meeting
American Heart Association or European Society of Cardiology guidelines (43,271).
Aortic tissue was also retained from the flap, and true lumen of patients undergoing
surgery for acute or chronic aortic dissection (n=13). Control aortic tissue samples
were obtained from patients undergoing proximal vein graft anastomosis during
coronary artery bypass grafting (n=9) or donor heart transplant aortic trimmings
(n=13). Specimens were obtained from biobanks at three separate institutions: the
Royal Infirmary of Edinburgh, United Kingdom; The Cardiovascular Tissue Registry
at the University of British Columbia and St. Paul’s Hospital Centre for Heart Lung
Innovation, Vancouver, Canada; University of Liverpool, United Kingdom. Samples
at each institution were collected from consenting patients or relatives, and in
accordance with ethical approvals (15/ES/0094, 18/SS/0136, 14/NW/1212, 19-09
Liverpool Bio-Innovation Hub project approval and H21-00987 – Providence Health
Care / UBC Research Ethics Board).

5.2.2 Tissue sample preparation
Aortic aneurysm specimens were obtained at the time of elective surgical repair.
Aortic tissue from patients with a dissection was taken from the entry tear or nearby
true lumen. A subset of aortic aneurysm samples was snap frozen to enable accurate
biomechanical analysis, after which they were paraffin embedded in the axial plane.
All other samples were immediately fixed in 4% paraformaldehyde for at least 24
hours before a 5mm sample of aneurysmal aortic tissue was cut and paraffin-embedded
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in the axial plane. Transplant donor samples were fixed in 10% neutral buffered
formalin immediately following collection at time of transplant and subsequently
embedded in paraffin. Sections were embedded in the axial plane to generate an aortic
wall cross-section.

5.2.3 Histological assessment
Histology was performed by two institutions (NHS Lothian Clinical Pathology
Laboratory and University British Columbia) according to local protocols. One to four
paraffin-embedded sections were sliced at 5-6 µm per sample and slide mounted.
Samples containing macrocalcified atheroma requiring decalcification or poor-quality
specimens (freezing or imaging artefact) precluding histological grading were
excluded. Histological staining included von Kossa, haematoxylin and eosin, elastin
van Gieson and Movat’s pentachrome performed according to local protocols. All
images were captured using Axioscan slide scanner (Zeiss, Germany), and analysed
using FIJI software (v 2.0.0, open source) or Aperio Slide Scanner using ImageScope
software (Leica Biosystems, Germany).

Histopathological severity scoring was

performed by an experienced pathologist (WW) blinded to the results of
microcalcification quantification and in accordance with international consensus
guidelines (56). Briefly, aortic histology was split into five major categories; intralamellar mucoid extracellular matrix accumulation (MEMA), trans-lamellar MEMA,
elastin fibre fragmentation or loss, smooth muscle cell nuclei loss and laminar medial
collapse. Each category is split into absent, mild, moderate or severe, scoring 0, 1, 2
or 3 points respectively. The final score represents a sum of each category with
possible scores ranging from 0-15.

Presence or absence of atheroma was also

recorded.
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5.2.4 Immunohistochemistry
Immunohistochemistry was performed on 82 samples from 42 patients with aortopathy
and seven control subjects. We assessed apoptosis (caspase III), vascular smooth
muscle cell phenotype switching (osteopontin) and non-canonical transforming
growth factor pathways. Blinded immunohistochemical analysis was performed (SS)
on a semi-quantitative basis as previously described (190). Scoring was completed
from high resolution slide scans. Immunohistochemistry was completed using
osteopontin (OPN) (Sigma-Aldrich Catalogue No: 07264, 1:100 dilution), Caspase 3
(Cell Signalling No: 9664, 1:100 dilution), and p-ERK (Cell Signalling 9102S, 1:50
dilution). Staining was performed via automated staining with a Leica Bond Rx system
using Bond Epitope Retrieval Solution 1 (pH=6, Catalogue No: AR9961) and Bond
Polymer Refine Red Detection (Catalogue No: DS9390). The omission of the primary
antibody served as negative controls. Blinded qualitative categorization of staining
was performed by a pathologist (SS) using a 4-point classification based on relevant
cell positivity: 0, no notable staining, 1, 5-20% of relevant cells are weakly positive,
2, 21-50% of relevant cells are positive , 3, 51-100%.

5.2.5 Histological quantification
As multiple samples from the same patient were scored in some instances, the sample
with the highest pathology score was used for patient-level analysis, in line with
international consensus (56). Microcalcification quantification was performed by a
trained user (AJF) blinded to the histological scoring. Von Kossa images were
transformed to 8-bit grey scale, a threshold value set to 50% of total opacity of the
media and altered by no more than 10% to produce optimal visual coverage of
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microcalcification. A region of interest was drawn around the intima and media, and
the microcalcification concentration reported as the percentage area over threshold
values. The percentage area of microcalcification was subdivided into minimal (0 0.99%), mild (1 - 4.99%), moderate (5 - 9.99%), or severe (≥10%) categories (for
examples, see Figure 2.6). The intra-observer variability of microcalcification
percentage area calculations was determined in 24 randomly selected samples.
Analyses were performed twice in random order by a single trained user at least 2
months apart to minimize recall bias and blind to the original analysis. To assess the
distribution of microcalcification, regions of interest were drawn around the intima,
inner media (luminal 50%) and outer media (adventitial 50%). To allow comparison
across samples with varying overall microcalcification content, a ratio between each
area and the total microcalcification activity of each sample was reported.
Elastin concentration was determined using a similar method. The elastin van Gieson
image was transformed to grey scale 8-bit, with the threshold set using the Otsu
formula and altered visually within 20% of the Otsu value to achieve optimal elastin
opacity. Wall thickness was measured from the intima to the external elastic lamina.
Smooth muscle cell density was measured on the haematoxylin and eosin-stained
tissue which was transformed to 8-bit grey scale. The threshold was set using Otsu
formula and altered within 20% to achieve the visually optimal signal to noise ratio
for cell nuclei. Using the in-built cell counter function, the cell density calculated as
the number of cells in a region of interest divided by the area. In a subset of samples
with clear areas of high and low microcalcification, mean wall thickness, elastin
concentration and smooth muscle cell density were calculated using three full
thickness regions of interest in both high and low microcalcification concentration
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areas. Samples with absent microcalcification content, or homogenous distribution
(no distinct areas of high or low microcalcification), were excluded from this subanalysis (n = 7).

5.2.6 Nanoindentation
Oscillatory nanoindentation allows the assessment the elastic and viscous properties
of localized regions of the tissue by measuring the shear storage (G′) and shear loss
modulus (G˝) respectively. G′ is directly related to the tissue elastic modulus (E) (272).
Small indentations of 0.5 µm at a frequency of 110 Hz were performed using a 100
µm flat punch indenter tip (Synton-MDP Ltd, Nidau, Switzerland) with a G200
nanoindenter equipped with a DCM-II actuator (KLA-Tencor, Milpitas, USA) by an
experienced investigator (RA) as described previously (240).

5.2.7 Biochemical assessment
Elastin, collagen and glycosaminoglycan content were assessed using established
protocols as described previously (240). Briefly, aortic tissue was digested with papain
(for collagen and glycosaminoglycan analysis) or oxalic acid (for elastin analysis).
Following digestion, collagen content was determined by measuring hydroxyproline
concentration in the tissue using 1,3-Dimethylbutylamine dye, glycosaminoglycan
content was measured using dimethyl methylene blue assay and elastin was measured
using Fastin Elastin Kit (Biocolor, County Antrim, UK).

5.2.8 Scanning electron microscopy and energy dispersive X-ray
Paraffin sections were deparaffinized using Xylene followed by 100% ethanol. Slides
were dried and coated with carbon. Tissue was visualised using scanning electron
microscopy with secondary electron. Dispersive X-ray energy coupled with the
electron beam was used to determine the elemental composition of the mineral
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deposition of the tissue. Analysis was performed by an investigator experienced in
scanning electron microscopy (RB).

5.2.9 Ex-vivo 18F-sodium fluoride autoradiography
Formalin-fixed paraffin processed sections were rehydrated and equilibrated in
phosphate buffered saline (PBS) for 30 min. Sections were then incubated with 100
kBq/mL of 18F-sodium fluoride in PBS for 1 h at room temperature with a blocking
control (10 µM sodium fluoride) before two 5-min washes in PBS and one in deionised
water. Dried sections were exposed to a high-resolution autoradiography plate (BASIP-SR 2040, Cytiva, USA) which were imaged on an autoradiography imager
(Amersham Typhoon IP Biomolecular Imager, Cytiva, USA).
Sample 18F-sodium fluoride content was quantified using FIJI software (v 2.0.0, open
source). Grayscale images were imported, and a region of interest drawn around the
perimeter of the image to provide mean background activity. Regions of interest were
drawn around individual samples providing a mean grey intensity. The result was
adjusted by dividing by the background activity, standardising measurements, and
allowing samples across separate experiments to be compared.

5.2.10 In vivo
example

18

F-sodium fluoride positron emission tomography

We include an example

18

F-sodium fluoride positron emission tomography scan

(Biograph mCT, Siemens Healthcare, Germany) fused with a magnetic resonance
imaging angiogram (Biograph mMR, Siemens Healthcare, Germany) taken from an
ongoing clinical trial; the assessment of risk in thoracic aortic disease using 18F-sodium
fluoride study (NCT04083118).
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5.2.11 Statistical analysis
All statistical analysis was performed in RStudio (V1.3.959, general common license).
Categorical variables were presented as number (percentage). Continuous variables
with normal distribution are presented as mean ± standard deviation, whereas nonnormally distributed variables were presented as median [interquartile interval].
Analyses of variable influence on patient-level specimen microcalcification content
were performed using a univariable linear regression. When comparing between
groups, both overall (Kruskal-Wallis) and individual (Wilcox) non-parametric tests
were used with Bonferroni correction where appropriate. For correlations between
numeric variables, Spearman’s rank-sum test was used. For within-sample analysis,
paired t-tests were used. A two-sided p value <0.05 was considered statistically
significant.
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5.3 Results
5.3.1 Study Population
Specimens from eight participants were excluded from analysis (5 macrocalcified
atheroma, 2 freezing or imaging artefact, 1 aortitis), leaving specimens from 75
participants (57 patients with thoracic aortopathy and 18 control subjects) for
assessment. Participants with bicuspid aortic valve aneurysms tended to be younger
although the prevalence of valvular heart disease, cardiovascular risk factors and
maximal aortic diameters were similar between the three aortopathy sub-groups (Table
5.1). Those with dissection had significantly more severe histopathological
degeneration scores than those with bicuspid or tricuspid valve thoracic aortic
aneurysms (Table 5.2).
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Table 5.1 - Patient demographics subdivided into disease subgroups and controls.
Overall

Control

(n=75)

(n=18)

Bicuspid
aortic valve
aneurysm

Tricuspid
aortic valve
aneurysm

(n=28)

(n=17)

Dissection
(n=12)

pvalue

Age (years)

62.4±12.0

71.6±13.1

59.9±9.6

65.7±13.1

54.5±14.2

0.024

Female sex

22/61 (36.1)

2/5 (40)

10/28 (35.7)

8/17 (41.7)

2/11 (18.2)

<0.001

Never

30/51 (58.8)

NR

16/26 (61.5)

10/16 (62.5)

4/9 (44.4)

<0.001

Ex

12/51 (12.0)

NR

7/26 (26.9)

3/16 (18.8)

2/9 (22.2)

Current

9/51 (17.6)

NR

3/26 (11.5)

3/16 (18.8)

3/9 (33.3)

Hypercholesterolaemia

22/43 (51.2)

NR

10/20 (50.0)

8/13 (61.5)

4/10 (40.0)

Hypertension

28/53 (52.8)

NR

10/25 (40.0)

11/17 (64.7)

7/11 (63.6)

Smoking status

<0.001

<0.001

Aortic valve disease
Aortic
stenosis

12/20 (60.0)

NR

10/12 (83.3)

2/5 (40.0)

0/3 (0)

Aortic
regurgitation

10/20 (50.0)

NR

2/12 (16.7)

5/5 (100)

3/3 (100)

Root

43.8±7.4

NR

41.2±7.6

48.6±6.5

43.5±2.1

0.21

Ascending

48.7±13.5

NR

51.6±15.5

44.15±8.8

42.5(3±54)

0.53

Maximal

52.5±9.3

NR

51.2±10.0

51.74±7.3

58.0±9.0

0.15

Aortic diameter (mm)

Data presented as mean±standard deviation or number (percentage). Due to the nature of the
sample collected through biobanks, demographic information was not always present. In these
cases, the total number with data available is presented as the denominator. NR = not recorded
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Table 5.2 - Pathology score stratified by patient cohort
Bicuspid
aortic valve
(n=41)

Tricuspid aortic
valve (n=23)

Thoracic aortic
dissection

Between
group (X2) pvalue

(n=18)
Overall score

Atheroma presence

5.00

6.00

8.50

[4.00 to 6.00]

[4.00 to 10.50]

[6.25 to 9.00]

16 (39.0)

9 (39.1)

7 (50.0)

0

0

0

Mild

18 (43.9)

8 (34.8)

0 (0.0)

Moderate

18 (43.9)

8 (34.8)

6 (33.3)

Severe

5 (12.2)

7 (30.4)

12 (66.7)
0.064

Trans-lamellar mucoid extracellular
matrix accumulation
Absent

23 (56.1)

8 (34.8)

6 (33.3)

Moderate

15 (36.6)

9 (39.1)

8 (44.4)

3 (7.3)

6 (26.1)

4 (22.2)

Severe

<0.001

Elastin fragmentation or loss
Absent

0 (0.0)

0 (0.0)

1 (5.6)

Mild

31 (75.6)

10 (45.5)

3 (16.7)

Moderate

7 (17.1)

4 (18.2)

8 (44.4)

Severe

3 (7.3)

8 (36.4)

6 (33.3)
0.189

Smooth muscle cell loss
Absent

1 (2.4)

0 (0.0)

0 (0.0)

38 (92.7)

21 (95.5)

16 (88.9)

Moderate

2 (4.9)

1 (4.5)

0 (0.0)

Severe

0 (0.0)

0 (0.0)

2 (11.1)

Mild

0.645
<0.001

Intra-lamellar mucoid extracellular
matrix accumulation
Absent

0.001
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0.389

Medial collapse
Absent

33 (80.5)

12 (54.5)

12 (66.7)

Mild

7 (17.1)

7 (31.8)

6 (33.3)

Moderate

1 (2.4)

2 (9.1)

0 (0.0)

Severe

0 (0.0)

1 (4.5)

0 (0.0)

Data presented as median [inter-quartile range] or number (percentage)

5.3.2 Aortic Microcalcification
The microcalcification quantification method demonstrated excellent intra-observer
repeatability, with a mean absolute percentage area difference of 0.44%, a coefficient
of repeatability 4.5%, and an interclass correlation coefficient 0.97 (0.93 to 0.99,
Figure 2.7). When considered as a categorical variable, the repeatability was similarly
excellent with 20/24 (83%) given the same grade (interclass correlation coefficient 0.9
(0.78 to 0.95), Table 2.1).
Overall, 43 (57%) of the 75 specimens had at least mild medial microcalcification on
von Kossa staining, with only one (1.3%) specimen having intimal microcalcification
associated with complex atheroma. Microcalcification was clearly localised to the
media, with particularly intense microcalcification seen in the outer media (outer
media/total sample microcalcification content ratio 1.36 [1.03 to 1.54]), but there was
very little staining in the intima (intima/total sample microcalcification content ratio
0.09 [0.04 to 0.30], Figure 5.1).
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Figure 5.1 - Distribution of microcalcification in the aortic wall of patients with
aortopathy and controls

Assessment of the pattern of microcalcification across the aortic wall. (A) Representative
image of aortic wall stained with von Kossa, demonstrating significant microcalcification in
the media, particularly the outer media, but not the intima. (B) Across all samples assessed, as
a ratio of total sample activity, there was relatively little microcalcification of the intima,
whereas there was significant deposition in the media - particularly the outer media. (C-E)
This pattern was consistent across aneurysm and control samples, with bicuspid aortic valve
demonstrating a particularly strong preponderance for microcalcification in the outer media.
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In 8 specimens with varying degrees of histopathological disease severity (2 control,
1 mild, 3 moderate, 2 severe), scanning electron microscopy confirmed, that the
microcalcification was crystalised calcium phosphate (hydroxyapatite). In accordance
with the histological results, controls had very little microcalcification (Figure 5.2),
while those with mild or moderate histopathological aortopathy severity had
significant deposition of microcalcification along intact elastin (Figure 5.2 and Figure
5.3), with intense foci at branch points. In those with severe histopathological
aortopathy, there were large areas of mucoid extracellular matrix accumulation devoid
of elastin with no calcification (Figure 5.3).
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Figure 5.2 - Scanning electron microscopy demonstrating microcalcification in
control aorta and mild histopathological aortopathy

Control aortic tissue demonstrating healthy appearing elastin with minimal calcification
(white, A) confirmed on X-ray dispersion element analysis with low levels of calcium and
phosphate (B). Significantly more calcification is seen in a patient with mild histopathological
aortopathy and intact elastin (C), confirmed on X-ray dispersion element analysis with high
concentrations of calcium and phosphate (D).
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Figure 5.3 - Scanning electron microscopy demonstrating microcalcification in
moderate and severe histopathological aortopathy

Aortic tissue from a patient with moderate histopathological aortopathy with substantial
microcalcification precipitating along grossly intact elastin fibres (orange arrows, A). A
magnified area of intense microcalcification deposition demonstrates varying sizes of
hydroxyapatite crystal as it starts to coalescence (B), confirmed as hydroxyapatite on energy
X-ray dispersion element analysis. In severe histopathological severity (D-F), a similar pattern
of microcalcification precipitation along intact elastin fibres is seen (orange arrows), however
areas of total elastin loss are devoid of microcalcification (yellow arrows), with X-ray
dispersion confirming lower overall hydroxyapatite content (F).
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Autoradiography

with

18

F-sodium

fluoride

co-localised

precisely

with

microcalcification on von Kossa staining, demonstrating a very good correlation
(Spearman’s r=0.76, p<0.0001, Figure 5.4).
Figure 5.4 -

18

F-sodium fluoride co-localises with histologically assessed medial

microcalcification

18

F-Sodium fluoride is an excellent marker of medial microcalcification.

(A-D). Visual comparison of samples with minimal (A), mild (B), moderate (C) and severe
(D) (Scale threshold applies to all autoradiography images). There was a very good correlation
between histologically assessed, and 18F-sodium fluoride determined microcalcification in a
sample-level analysis (E). In vivo 18F-sodium fluoride positron emission tomography fused
with magnetic resonance angiogram in a patient with bicuspid aortic valve and saccular
aneurysm of the ascending aorta seen on 3D reconstruction (F). Fused angiogram and 18Fsodium fluoride (G-I). Note reduced 18F-sodium fluoride at sites of aortic wall expansion
(green arrows). TBR = tissue to background ratio
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Further, to demonstrate the feasibility of using

18

F-sodium fluoride to assess

aortopathy in-vivo, we present the case of a 40-year-old with bicuspid aortic valve and
aortopathy and focal aortic wall outpouchings who underwent

18

F-sodium fluoride

positron emission tomography scan, fused with magnetic resonance imaging
angiogram (Figure 5.4). There was high overall activity in the ascending aorta, with
reduced activity in the areas of focal expansion.

5.3.3 Aortic biology and biomechanics
In 82 specimens, aortic pathology score was categorised into mild (pathology score 2
to 4), moderate (pathology score 5 to 7) and severe (pathology score ≥8) disease (cut
offs determined using pathology score tertiles). Compared to control specimens (0.79
[0.36, 1.90), microcalcification content was higher in those with mild (6.17 [2.71 to
10.39], p=0.00010) or moderate (3.74 [0.87 to 11.80], p<0.042) aortic pathology
scores, but was similar in those with severe aortic pathology score (0.40 [0.15 to 0.87],
p=0.42; Figure 5.5).

Specimens with severe aortic histopathology scores had

substantially lower levels of microcalcification than those with either mild (p<0.0001)
or moderate (p=0.0030) histopathological severity scores (Figure 5.5). There was an
inverse correlation between microcalcification and overall pathology score
(Spearman’s rho= -0.51, p<0.0001, Figure 5.5).
In 57 samples, we assessed the relationship between pathological severity and
apoptosis (caspase III), vascular phenotype switching (osteopontin) and non-canonical
transforming growth factor-ß pathways (extracellular signal-regulated kinase, ERK).
Compared to control specimens, those with aortopathy had increased osteopontin
staining (χ2 p=0.001), but there were no differences with caspase III (p=0.27) or pERK (p=0.14) staining.
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Figure 5.5 - Relationship between medial microcalcification and histopathological
aortopathy severity
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The relationship between aortopathy severity and microcalcification. (A) Compared with
controls, those with mild or moderate aortopathy severity on pathological scoring had
increased microcalcification. Those with severe aortopathy had very low levels of
microcalcification compared with mild or moderate aortopathy. (B) When only those with
aortopathy were considered, there was a significant inverse relationship (Spearman’s rho = 0.51, p<0.0001) between increasing histopathological severity and lower microcalcification
content. Haematoxylin and eosin, Elastin Van Gieson and Von Kossa staining from
representative examples of mild (C-E), moderate (F-H) and severe (I-K) histopathological
aortopathy severity. I = intima, M = media

To assess the relationship between microcalcification and tissue elastic modulus, both
nano-indentation and microcalcification content assessments were performed on
sections from the same sample. There was a positive correlation between the elastic
modulus and both microcalcification (Spearman’s r=0.43, p=0.026, Figure 3) and
elastin (Spearman’s r=0.52, p=0.0041) content, but not collagen (p=0.43) or
glycosaminoglycan (p=0.32) content.

5.3.4 Elastin fibre loss and microcalcification
To understand the processes driving the relationship with pathology scores, we
assessed microcalcification content against individual pathological sub-categories.
Microcalcification content was reduced in samples with severe elastin fibre
fragmentation or loss (0.35 [0.09 to 0.50]) compared to those with mild (5.90 [1.97 to
12.30], p<0.0001) or moderate (1.92 [0.73 to 6.29], p=0.0011) elastin fibre loss (Figure
5.6). Elastin fibre fragmentation inversely correlated with microcalcification content
(Spearman’s rho = -0.36, p=0.001) and in those with severe disease, any remaining
microcalcification co-localised exclusively with areas of residual intact elastin (Figure
5.6). Decreased microcalcification was also associated with severe mucoid
extracellular matrix accumulation (0.51 [0.26 to 1.61]) compared to those with mild
(7.76 [2.72 to 10.43], p=0.022) or moderate (3.64 [1.01 to 9.40], p=0.019, Figure 5.6)
accumulation. Conversely, microcalcification content did not vary with the severity
of vascular smooth muscle loss or laminar medial collapse.
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Biochemical analysis appeared to support an association between histological
microcalcification content and elastin concentration (Spearman’s rho=0.38, p=0.052)
although this did not quite reach significance. There were no associations with
collagen (p=0.81) or glycosaminoglycan accumulation (p=0.91).
Figure 5.6 - Reduced microcalcification content in severe aortopathy is associated
with elastin loss

Increasing severity of elastin loss (A) and mucoid extracellular matrix accumulation (B) subscores are associated with reduced medial microcalcification content. (C-F) The relationship
between elastin loss and microcalcification loss is illustrated in an example of a patient with
bicuspid aortic valve and severe histopathological degeneration. The areas of remaining
microcalcification (C, black stain, yellow arrows) co-localise precisely with areas of intact
elastin (E, dark purple, yellow arrows). Similarly, areas devoid of microcalcification (D, red
arrow) co-localise with areas of severe elastin loss (F, red arrow).
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5.4 Discussion
Medial microcalcification is an overlooked pathological process related to thoracic
aortic aneurysm disease, with the underlying mechanisms as well as its relationship to
disease severity poorly understood. In the current study we demonstrate a striking
association between mild and moderate histopathological thoracic aortic aneurysm
disease and microcalcification, which is linked to osteoblastic phenotype switching
from vascular smooth muscle cells and associated with increased aneurysm tissue
elastic

modulus.

Intriguingly,

thoracic

aortopathy

samples

with

severe

histopathological degeneration consistently had very low levels of microcalcification,
a process associated with complete elastin fibre loss, suggesting a non-linear
pathobiological course of microcalcification in thoracic aortopathy. Finally, we found
that the radiotracer 18F-sodium fluoride was co-localised exquisitely with histological
microcalcification priming translation as non-invasive imaging biomarker of
aortopathy severity.
We found that patients with mild or moderate histopathological thoracic aortic
aneurysm disease have over five times more medial microcalcification content than
control subjects which is in line with previously published reports (209,210).
Interestingly, microcalcification content peaks in mild disease, after which it falls until
it is almost undetectable in severe disease. By assessing three potential pathways for
calcification, we found that vascular smooth muscle cell osteoblastic phenotype, a
major source of microcalcification, was higher in those with aneurysms than control
subjects and was closely related to disease severity. This suggests that it is the
phenotypic switching of vascular smooth muscle cells which drives the
microcalcification process.

Histological Microcalcification in Thoracic
Aortopathy

167

Imaging Molecular Calcium in Thoracic Aortic Disease

While higher microcalcification was associated with mild and moderate
histopathological thoracic aortic aneurysm severity, we were surprised to find that
severe pathological disease was associated with very low levels of microcalcification,
suggesting a biphasic pathobiological course (see Figure 5.5). Through biochemical
and both within-sample and across sample histological quantification, we find that this
decline in microcalcification is associated with decay of elastin fibres on which the
microcalcification has precipitated. In line with this, we find a linear relationship
between both microcalcification content and elastin content with tissue elastic
modulus, suggesting biomechanical weakness in those with low microcalcification and
elastin content. While multiple previous reports have found a close relationship
between intact elastin and delamination strength (109,110), the mechanism by which
the elastin degradation occurs is not clear, and future investigation of the activity of
elastase activity (for example MMP2, MMP9, MMP/TIMP ratio) could be crucial for
understanding the underlying pathway towards elastin loss and development of novel
therapeutic strategies. There are multiple issues with using blood MMP levels to track
elastase activity in the aortic wall (see Chapter 1.7 for detailed discussion), therefore,
linking microcalcification with biochemical, histological and cell line studies of
MMP/TIMP in thoracic aortic aneurysm disease is more appropriate. Overall, given
the close relationship between reducing microcalcification and elastin integrity, if
microcalcification could be serially visualised, it has the potential to provide crucial
information about the reduction of elastin integrity over time, and therefore dissection
or rupture potential of thoracic aortic aneurysms.
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We found that the radiotracer

18

F-sodium fluoride, which binds specifically to

hydroxyapatite (calcium phosphate crystals) (189,190), had excellent visual colocalisation with histological specimens stained with von Kossa. We present the case
of a patient with significant aortopathy and focal wall weakness culminating in aortic
wall outpouching (Figure 5.4). While the patient’s overall aneurysm activity is high,
the areas of weakness have very low signal, suggesting focal elastin decay and high
biomechanical failure potential. These findings provide proof-of-concept for

18

F-

sodium fluoride positron emission tomography imaging in detecting the vulnerable
aortic wall in aortopathy. The potential applications of such imaging for those who
would most benefit from surgery are two-fold. First, thoracic aortic aneurysm
microcalcification is indicative of mild or moderate disease where the elastin is still
largely intact and may represent a lower-risk stage in the disease that could be initially
managed conservatively and monitored over time. Second, a patient with focal areas
of very little microcalcification activity, as in the case presented, or one with
decreasing thoracic aneurysm microcalcification over time, would signify advanced
disease with poor elastin integrity that might prompt earlier intervention.
It is important to outline some limitations of the current work. All samples were
obtained from tissue biobanks and demographic information as well as data on comorbidities were incomplete. Specifically, control thoracic aortic tissue was obtained
from heart donors and is completely de-identified and anonymised precluding any
comparison of demographics to the disease groups. However, tissue from beating heart
donors represent the gold standard for control thoracic aortic tissue and represents the
most robust control tissue available. While our results demonstrate an important
relationship between microcalcification and histopathological severity in thoracic
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aortopathy, histological specimens represent a single snapshot biased towards more
severe disease and our results cannot determine the time course of disease progression.
Progress in this regard will come from sequential

18

F-sodium fluoride imaging of

patients with thoracic aortopathy over time (for example, NCT04083118).

5.4.1 Conclusion
In conclusion, we found that aortopathy is associated with increased medial
microcalcification and osteopontin. Microcalcification precipitates on the elastin
fibres, peaking in mild and moderate thoracic aortic aneurysm disease but falling in
severe disease in line with the decay and loss of elastin fibres. The fall in elastin is
associated with reduced stiffness and represent an area biomechanical weakness.
Finally, we show that the radiotracer

18

F-sodium fluoride co-localises with medial

microcalcification, paving the way for non-invasive assessment of thoracic aortic
aneurysm disease severity, with major implications for selecting ideal candidates for
elective repair
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6 Thoracic aortopathy severity in bicuspid aortic
valve using 18F-sodium fluoride
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Objective
Having established that microcalcification was associated with thoracic aortopathy,
and that 18F-sodium fluoride identifies medial microcalcification ex vivo, we wished
to characterise the activity of 18F-sodium fluoride in vivo in a cohort of patients with
bicuspid aortic valve and correlate to stiffness and aortic diameter; known markers of
thoracic aortopathy.
Methods and Results
Eighty patients with bicuspid aortic valve >40 years old with and without a dilated
aorta, and 20 age and sex-matched control subjects were recruited from outpatient
clinics across Scotland. Patients underwent structured history and examination, blood
pressure assessment and applanation tomography from which central aortic pressure
was estimated, hybrid

18

F-sodium fluoride positron emission tomography-computed

tomography (PET-CT) and PET-magnetic resonance imaging (MRI), from which
aortic diameter indexed to body surface area and stiffness index of the ascending aorta
were calculated. Baseline 18F-sodium fluoride activity was calculated and associations
with clinical as well as diameter and stiffness were assessed. In those with previous
MRI, progression of aortic diameter and aortic strain were calculated.
Seventy-five patients with bicuspid aortic valve patients and 20 control subjects were
included in the analysis. Those with bicuspid aortic valve and aortic dilatation had
increased ascending aortic 18F-sodium fluoride activity compared with control subjects
ß=0.049, p=0.031. There was a moderate association between

18

F-sodium fluoride

activity and localised stiffness index (r=0.3, p=0.01), which was present after
adjustment for age and diameter. There was a weak association with aortic diameter
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(r=0.24, p=0.018). Of the 29 patients with historical MRI 7.2±2.5 years previously,
18

F-sodium fluoride correlated with progression of aortic strain (r= -0.47, p=0.013) but

not diameter (r= 0.14, p=0.47)
Conclusions
Consistent with ex vivo findings, 18F-sodium fluoride activity was higher in patients
with bicuspid aortic valve with aortic dilatation than control subjects and was
associated with known markers of aortopathy. Whether it prospectively predicts
progression of disease or dissection events requires further research.
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6.1 Introduction
The need to better identify high risk aortopathy in bicuspid aortic valve, the
mechanisms of microcalcification in thoracic aortopathy, and the potential for thoracic
aortic

18

F-sodium fluoride positron emission tomography (PET) in identifying these

at-risk patients are discussed in detail in Chapters 1.3, 1.8 and 1.9 respectively.
In Chapter 5, we identified the process of medial microcalcification occurring in the
wall of the proximal aorta in patients with bicuspid and tricuspid aortopathy. We
outline a non-linear course, with high levels of microcalcification associated with mild
and moderate aortopathy, followed by a sharp decrease in severe disease in line with
elastin fibre decay. We also demonstrate the feasibility of using 18F-sodium fluoride,
which exquisitely co-localises with medial microcalcification ex vivo, as a noninvasive radiotracer for tracking this disease process.
While histological studies allow for the detailed assessment of the pathways and
structure associated with medial microcalcification the samples represent a single
snapshot in time - most often at the point of resection - which is a late stage in the
disease process and does not reflect early changes nor can it detect changes over
time. Further, aortic pathology is notoriously focal (10), and while effort is made to
identify these sites accurately, resected areas may miss highly diseased areas.
Non-invasive imaging using molecular imaging has the potential to address each of
these shortcomings, allowing repeated, three-dimensional measurements covering the
whole volume thoracic aorta in patients with mild and moderate disease that are
otherwise not generally accessible to histological study. Here, we build on our ex vivo
results by using

18

F-sodium fluoride PET to assess microcalcification activity in a
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cohort of patients with bicuspid aortic valve, with or without dilatation. Using the
methodology optimised in Chapter 4, we compare

18

F-sodium fluoride between

patients with bicuspid aortic valve and age/sex matched controls, as well as correlating
with clinical and imaging risk factors, including aortic stiffness and aortic diameter.
The overall aim was to get a better understanding the role of medial microcalcification
in the development of bicuspid aortic valve aortopathy.
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6.2 Methods
6.2.1 Study population
Patients with diagnosis of bicuspid aortic valve were recruited from cardiology
outpatient clinics across Scotland between April 2018 and July 2021. Inclusion criteria
were age >40 with a native bicuspid aortic valve on imaging, with or without aortic
dilatation. Exclusion criteria were patients unable to undertake an MRI, contrast
allergy, estimated glomerular filtration rate <30, current pregnancy, known connective
tissue disease, previous or planned surgical intervention of the dilated ascending aorta,
aortic root or aortic valve. Patients found not to have bicuspid aortic valve on the study
MRI were excluded. Age and sex-matched healthy volunteers with tricuspid aortic
valve and no history of aortopathy were recruited through local advertisement.
Healthy volunteers were excluded if they had an indexed aortic root or ascending
aortic, diameter >95 centile for age and sex on the MRI (see Figure 6.1). The study
was approved by the local institutional review board, the Scottish Research Ethics
Committee (REC reference: 18/SS/0136), the United Kingdom Administration of
Radiation Substances Advisory Committee and written informed consent was acquired
from all patients.
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Figure 6.1 - CONSORT diagram of study flow

18

F-NaF = 18F-sodium fluoride, MRI = magnetic resonance imaging
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6.2.2 Study Design
This was a prospective single-centre observational cohort study. In a single visit,
recruited patients underwent structured interview, clinical examination, pulse wave
analysis and velocity, 18F-sodium fluoride positron emission tomography fused with
computed tomography (18F-sodium fluoride PET-CT) followed by 18F-sodium fluoride
PET-MRI.

6.2.3 Applanation tonometry
Patients underwent pulse wave analysis and pulse wave velocity using the
SphygmoCor® applanation tomography system (AtCor Medical, United States of
America). Right arm brachial blood pressure was taken using automated inflatable
cuff system in patients at rest in the supine position after at least 15 min. The first
blood pressure reading was ignored, and the mean of three subsequent systolic and
diastolic pressures were recorded. Pulse wave analysis was performed at the right
radial artery, allowing estimated central aortic blood pressures and augmentation index
to be calculated using in-built algorithms.
Carotid-femoral distance was measured, and pulse wave velocity was performed with
concomitant 3-lead ECG using the intersecting tangents method.

Patients with

coarctation, were excluded from the pulse wave velocity due to the potential delay
cause by any residual lesion.

6.2.4 CT, 18F-sodium fluoride PET and MRI image acquisition
Patients were injected with a target dose of 250 MBq 18F-sodium fluoride. After a 60min delay to allow adequate activity, patients underwent hybrid 128-detector array
PET-CT scanner (Biograph mCT, Siemens Healthcare, Germany).

Low-dose

attenuation correction was performed (120 kV, 5/3 mm), followed by PET acquisition
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on three, 10-min bed positions covering from the neck to the pelvis. The PET images
were reconstructed using the Ultra-HD algorithm (256 matrix, 4 iterations, 5mm
Gaussian smoothing). Immediately after PET-CT, patients underwent 3T MRI
(Biograph mMR, Siemens Healthcare, Germany). The MRI was captured with ECGgating. The protocol included 2-, 3- and 4- chamber long-axis, as well as short-axis
stack steady state free procession (SSFS) CINEs. The aortic valve was assessed using
LVOT and in-plane SSFS CINEs as well as 2D phase contrast images at the level of
the sinotubular junction, the velocity encoded threshold set to the lowest value without
aliasing. Further SSFS CINE axial images at the level of the right pulmonary artery
and double oblique cross section of the thoracic aorta were performed. A gadoliniumcontrast angiogram was performed at 1.5-mm slice thickness.

6.2.5

18

F-sodium fluoride PET-CT image analysis

Baseline thoracic aortic 18F-sodium fluoride activity was assessed using dedicated PET
image analysis software (FusionQuant v1.21.0421, California, United States of
America) as illustrated in detail in Chapter 3 (Figure 3.2) (250). Briefly, the PET
images were fused with the MR angiogram, and manually co-registered in multi planar
reconstruction. Aortic

18

F-sodium fluoride activity, represents the concentration of

activity (SUV/cm3) across volumes of interest in the ascending aorta and aortic arch,
compared to the background concentration (mean SUV/cm3 of volumes of interest in
the right and left atria). The PET images were fused with the MR angiogram, and
manually co-registered in multi planar reconstruction.
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Baseline calcium scoring was performed on the attenuation correction CT using the
calcium scoring module in OsiriX (v2020, Berne, Switzerland). Calcium scores were
calculated in both the ascending aorta and aortic arch separately.

6.2.6 MRI image analysis
All MRI image analysis was performed on the dedicated software Circle42
(cviv5.11.2, Alberta, Canada). The aortic valve anatomy was determined on aortic
valve in-plane SSFS CINEs, and sub-classified according to Sievers classification
(80). Aortic valve stenosis was determined using maximal velocity on 2-dimensional
phase contrast sequences at the sinotubular junction and graded according to
international guidance: none <2.0 m/s; mild 2.0-2.9 m/s; moderate 3.0-3.9 m/s; severe
≥4.0 m/s (46). Regurgitation grade was determined by a consultant cardiologist with
expertise in imaging (MRD) taking into account visual severity, the regurgitation
fraction determined on 2-dimensional phase contrast flow map and stroke volume
differential, presence or absence of flow reversal in the thoracic aorta and left
ventricular dilatation and graded: none; mild; moderate; or severe.

Ventricular

volume, mass, wall thickness and function were measured on the short axis SSFS
CINE stack using the dedicated module. Aortic root diameter was determined as the
maximal cusp-commissural measurement at end-diastole at the level of the sinus of
Valsalva on aortic valve SSFS CINE. Ascending aortic diameters were taken as the
maximal end-diastolic aortic diameter at the level of the right pulmonary artery on
axial SSFS CINE. An aortic aneurysm was defined as aortic diameter ≥95th centile

for age, sex and indexed for body surface area for each of the aortic root and ascending
aorta separately (274).
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Localised ascending aortic stiffness was determined using patient-specific wall motion
from the axial SSFS CINE at the level of the right pulmonary artery. Maximal and
minimal aortic cross-sectional area recorded. Aortic strain was recorded as:
Aortic strain = (systolic cross-sectional area - diastolic cross sectional
area)/diastolic cross sectional area
Stiffness index was chosen as the best metric for accurately determining stiffness in
the absence of accurate wall thickness measurements due known reduced distortions
caused by aortic diameter compared with other equations (140,275). Ascending aortic
cross sectional area stiffness index was determined using the equation:
Ascending aortic cross sectional area stiffness index = (ln (systolic/diastolic)) /
aortic strain
The estimated aortic systolic and diastolic pressure were taken from the pulse wave
analysis as described above.

6.2.7 Progression analysis
In patients with previous MRI taken at least one year before to the study MRI, the
progression of aortic root and ascending aorta diameter per year was calculated.
Similarly, the progression of ascending aortic strain was determined as the change in
strain per year (negative change in strain means increasing stiffness). Progression of
stiffness index was not calculated due to the absence of contemporary blood pressure
assessment with the original MRI. Any clinical aortic events were recorded including
elective aortic surgery and dissection.
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6.2.8 Statistical analysis
All statistical analysis was performed in the open-source software RStudio (creative
commons license).

Normality was assessed using the Shapiro-Wilk test and

visualisation of the histogram and Q-Q plot. Normally distributed numeric variables
are reported as mean±standard deviation, non-normally distributed median [interquartile range]. Categorical variables are reported as number (percentage). To assess
the influence of coarctation of the aorta, this group were assessed separately in initial
demographical analysis. The univariable and multivariable regression model with
ascending aortic 18F-sodium fluoride activity as the dependent variable was performed
using age, sex, hypertension, hypercholesterolaemia, smoking status, diabetes,
exercise, family history, coarctation, bicuspid aortic valve, aortic stenosis grade, aortic
regurgitation grade and dilatation status (model 1) or maximal indexed aortic diameter
(model 2). The univariable and multivariable regression models were created wtih
with ascending aortic stiffness index as the dependent variable was created with
controls excluded and using the same variables as model 2 above. Significance was
taken as a two-sided p-value of ≤0.05
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6.3 Results
6.3.1 Patient characteristics
After exclusions (see Figure 6.1 for details), seventy-five patients with bicuspid aortic
valve and 18 healthy control subjects were included in the analysis. The control
subjects were well matched for age (overall bicuspid aortic valve 52.5±7.5 versus
controls 50.6±6.2, p=0.32) and female sex (bicuspid aortic valve 24% versus controls
27%, p=0.98). In those with a bicuspid aortic valve, there was a significant prevalence
of hypertension (37.0%), with an even greater prevalence of hypertension in those with
concomitant coarctation (63.2%), whereas family history of aortopathy was rare
(overall 4%). The most common anatomical valve sub-category was ‘Type 1 - LR’
(67%), with a relatively high degree of type 0 (11%). Mild or moderate aortic valve
stenosis was common in the overall bicuspid aortic valve group (41.3%), with no
patients reaching the severe category. A degree of aortic regurgitation was also
common in the overall bicuspid aortic valve group (40.5%) with 5 (6.8%) categorised
as severe. Forty-five (60%) of the overall bicuspid aortic valve group had significant
dilatation at either the aortic root or ascending aorta (diameter >95th centile for age,
sex and body surface area). Of those with aortic dilatation, root (42.2%) and combined
root + ascending (42.2%) phenotypes were the most prevalent whereas sole dilatation
of the ascending aorta was less common (15.6%).
Nineteen of those with bicuspid aortic valve had concomitant coarctation (25%), in
which sub-group analysis was also performed due to possible effects of coarctation on
confounders (for demographics see Table 6.1). Compared to those with bicuspid aortic
valve and no coarctation, the only statistically significant difference in the coarctation
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subgroup was the distribution Seiver’s valve subtype, with none having a type 1: right
- non-coronary configuration and a high prevalence of ‘type 0’ (p=0.049).
Table 6.1 - Bicuspid aortic valve and control cohort demographics
Bicuspid
aortic valve
(n=56)

Bicuspid
aortic valve
with
coarctation
(n=19)

Controls
(n=18)

p-value

52.89±7.2

51.87±8.2

50.6±6.2

0.43

12 (25)

4 (21.1)

5 (27.7)

0.89

Height (m)

1.75±0.10

1.77±0.11

1.79±0.07

0.32

Weight (kg)

87.3±14.6

85.6±13.2

86.6±13.5

0.90

Body Mass Index

28.7±4.9

27.5±4.3

27.1±3.3

0.34

Body surface area

2.0±0.2

2.0±0.2

2.1±0.2

0.381

20 (37.0)

12 (63.2)

0 (0.0)

0.00028

Hypercholesterolaemia (%)

1 (1.8)

0 (0)

1 (5.5)

0.84

Diabetes (%)

3 (5.6)

0 (0)

0 (0.0)

0.35

Current smoker (%)

7 (12.5)

1 (5.3)

1 (5.6)

0.69

Weekly exercise (%)

24 (44.4)

11 (57.9)

12 (70.6)

0.15

3 (5.6)

0 (0)

0 (0.0)

0.39

Angiotensin receptor blocker (%)

11 (20.4)

0 (0)

0 (0.0)

0.015

Angiotensin-converting
inhibitor (%)

11 (20.4)

10 (52.6)

0 (0.0)

0.00069

8 (14.8)

6 (31.6)

0 (0.0)

0.032

Type 0:

7 (12.5)

4 (21.1)

Na

Type 1: left - right

37 (66.1)

14 (73.7)

Na

Type 1: right - non-coronary

12 (21.4)

0 (0)

Na

Age
Female sex (%)

Risk Factors
Hypertension (%)

Family history of aortopathy (%)
Medication

enzyme

Beta-blocker (%)
Bicuspid aortic
classification)

valve

subtype

(Seiver’s
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Type 2: left - right + right - noncoronary

0 (0)

1 (5.3)

Na
0.0097

Aortic stenosis
None

30 (57.7)

10 (52.6)

18 (100)

Mild

16 (30.8)

5 (26.3)

0 (0)

Moderate

6 (11.5)

4 (21.1)

0 (0)

0 (0)

0 (0)

0 (0)

Severe

0.014

Aortic regurgitation
None

35 (63.6)

9 (47.4)

17 (94.4)

Mild

9 (16.4)

6 (31.6)

1 (5.6)

Moderate

9 (16.4)

1 (5.3)

0 (0.0)

Severe

2 (3.6)

3 (15.8)

0 (0.0)

Aortic root (mm)

38.5 [35.3 to
42.4]

39.7 [38.6 to
41.7]

35.6 [33.3 to
36.6]

0.00054

Indexed aortic root (mm/m2)

19.5 [17.6 to
21.0]

19.8 [18.3 to
22.5]

17.1 [16.4 to
17.8]

0.00036

Ascending aorta (mm)

40.8 [35.5 to
44.2]

37.5 [35.4 to
40.3]

32.1 [29.8 to
33.6]

<0.0001

Indexed ascending aorta (mm/m2)

19.1 [17.3 to
22.0]

18.7 [16.1 to
21.3]

15.6 [15.1 to
16.3]

<0.0001

Maximal proximal aorta (mm)

41.6 [38.4 to
45.5]

40.3 [39.0 to
44.1]

33.9 [31.8 to
37.3]

<0.0001

20.7 [18.4 to
22.3]

19.9 [18.4 to
23.4]

17.0 [16.4 to
17.8]

<0.0001

Aortic Diameters

Indexed maximal
(mm/m2)

proximal

aorta

<0.0001

Aortic dilatation phenotype (age, sex, BSA
adjusted maximal diameter)
Non-dilated

21 (37.5)

9 (47.4)

18 (100)

Root

14 (25.0)

5 (26.3)

0 (0)

Ascending

7 (12.5)

0 (0)

0 (0)

Combined (Root & ascending)

14 (25.0)

5 (26.3)

0 (0)

Data presented as number (%), mean ± standard deviation or median [interquartile range].
Statistical test was Wilcox, T-test or X2 as appropriate.
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6.3.2 High ascending aortic 18F- sodium fluoride in bicuspid aortic
valve patients with aortic dilatation
Patients with bicuspid aortic valve had higher ascending aortic 18F- sodium fluoride
activity than age and sex matched controls (1.10±0.06 versus 1.06±0.08, p=0.046), but
similar aortic arch 18F- sodium fluoride activity (1.09±0.11 versus 1.06±0.08, p=0.21).
When bicuspid aortic valve was divided into those with and without aortic dilatation
(maximal aortic diameter >95th centile for age, sex and body surface area), those in the
‘dilatation’ group had a higher ascending aortic

18

F- sodium fluoride activity than

controls (1.11±0.06, p=0.029), whereas those with bicuspid aortic valve but no
dilatation appeared to have a slightly higher activity (1.09±0.07, p=0.15, Figure 6.2).
Supporting this, maximal indexed aortic diameter weakly correlated with the
ascending aortic 18F-sodium fluoride activity (Spearman r=0.24, p=0.018, Figure 6.2).
These relationships were reproduced when assessed in a multivariable model including
age, sex, hypertension, hypercholesterolaemia, family history of aortopathy, smoking
status, diabetes, exercise, aortic stenosis and aortic regurgitation, where bicuspid aortic
valve with dilatation was associated with higher ascending aortic 18F- sodium fluoride
activity than control subjects (ß=0.049, p=0.031), whereas those without dilatation
were not (ß=0.047, p=0.067, Table 6.2). Age was associated with ascending aortic
18

F-sodium fluoride activity (ß=0.019, p=0.045), however this relationship did not

persist when assessed in a multivariable model (Table 6.2). There was no association
between ascending aortic calcium scores and microcalcification (p=0.71). When only
patients with bicuspid aortic valve were considered, those with isolated aortic root
dilatation phenotype had higher ascending aortic

18

F- sodium fluoride activity than
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those without dilatation (ß=0.037, p=0.039). There was no relationship between
Sievers classification and ascending 18F-sodium fluoride activity.
Figure 6.2 - Bicuspid aortic valve with dilatation is associated with increased
microcalcification
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(A) Patients with bicuspid aortic valve and proximal dilatation of the aorta had significantly
increased ascending aortic 18F-sodium fluoride activity than controls. (B-D) Visual
representation of the median case associated with each group. (E) There was a weak
correlation between ascending 18F-sodium fluoride activity and maximal aortic diameter.
MRA = magnetic resonance angiogram, 18F-NaF PET = 18F-sodium fluoride positron emission
tomography
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Table 6.2 - Associates with Ascending aortic 18F-sodium fluoride activity.
Univariable

Multivariable

ß-estimate

p-value

ß-estimate

p-value

Age (per 10 years)

0.019

0.045

0.019

0.089

Male sex

0.021

0.18

Hypertension

0.012

0.47

Hypercholesterolaemia

0.033

0.50

Ex-smoker

-0.008

0.65

Current smoker

-0.003

0.89

Diabetes

0.043

0.27

Exercise

-0.123

0.38

Family history aortopathy

0.052

0.091

Coarctation

0.010

0.56

No dilatation

0.033

0.092

0.047

0.067

Dilatation

0.047

0.011

0.049

0.031

Mild

0.003

0.87

Moderate

0.026

0.28

Mild

-0.003

0.86

Moderate

0.004

0.86

Severe

0.034

0.28

Ascending aorta (AU)

-0.00004

0.71

Aortic arch (AU)

0.00002

0.37

Smoking status (compared to non-smoker)

Bicuspid
controls)

aortic

valve

(compared

to

Aortic Stenosis (compared to no stenosis)

Aortic Regurgitation (compared to no
regurgitation)

Calcium scores
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6.3.3 Ascending aortic 18F- sodium fluoride is independently
associated with localised aortic stiffness in patients with
bicuspid aortic valve
In patients with bicuspid aortic valve, there was an association between ascending
aortic

18

F-sodium fluoride activity and localised ascending aortic stiffness index

(ß=19.04, p=0.00029, Table 6.3) with a moderate correlation (Spearman rho = 0.3,
p<0.01, Figure 6.3). Other factors associated with ascending aortic stiffness index
included increasing age (ß=2.03, p<0.0001), diabetes mellitus (ß=2.03, p=0.002), and
maximal indexed aortic diameter (ß=0.53, p<0.0001). Importantly, the relationship
between ascending aortic

18

F-sodium fluoride activity and stiffness index remained

after adjustment for age, sex, diabetes status, maximal indexed aortic diameter, and
other variables (ß=14.017, p=0.008, Table 6.3).

Regression analysis with the

dependent variable as either augmentation index (univariable ß=41.7, p=0.08,
multivariable ß=40.7, p=0.09) or carotid-femoral pulse wave velocity (n=56,
univariable ß=8.4, p=0.11, multivariable ß=8.5, p=0.083), which both represent more
global markers of vascular stiffness, demonstrated no association with ascending aortic
18

F-sodium fluoride activity, suggesting the relationship between vascular 18F-sodium

fluoride and stiffness is localised to the area of aortopathy
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Figure 6.3 -

18

F-sodium fluoride correlates with aortic wall stiffness in patients

with bicuspid aortic valve

(A) A patient with low stiffness index and 18F-sodium fluoride content. (B) A weak to
moderate association was found between aortic stiffness index and ascending aortic 18Fsodium fluoride activity. (C) An example of a patient with high stiffness index and high 18Fsodium fluoride activity in the ascending aorta. MRA = magnetic resonance angiogram, 18FNaF PET = 18F-sodium fluoride positron emission tomography
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Table 6.3 - Stiffness index is associated with baseline 18F-sodium fluoride activity
after adjusting for age and aortic diameter
Univariable

Multivariable

ß-estimate

p-value

ß-estimate

p-value

Age (per 10 years)

2.16

<0.0001

1.5

<0.0001

Male sex

-0.55

0.51

Hypertension

0.86

0.26

Hypercholesterolaemia

-2.45

0.32

Ex-smoker

0.48

0.58

Current smoker

-1.57

0.20

Diabetes

6.46

0.0011

3.88

0.054

Exercise

-1.07

0.14

Family history aortopathy

0.96

0.55

Coarctation

1.21

0.18

Bicuspid aortic valve (compared to controls)

1.69

0.061

-8.0

0.44

Maximal indexed aortic diameter (per
mm/m2)

0.54

<0.0001

0.49

<0.0001

Mild

-0.32

0.72

Moderate

0.21

0.86

Mild

-0.28

0.78

Moderate

-1.49

0.21

Severe

0.63

0.70

19.04

0.00029

11.03

0.019

Smoking status (compared to non-smoker)

Aortic Stenosis (compared to no stenosis)

Aortic Regurgitation (compared to no
regurgitation)

Ascending 18F-sodium fluoride activity
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6.3.4 Baseline ascending aortic
progression

18

F-sodium fluoride and disease

Overall, 29 (39%) patients had historical MRI scans available for calculation of disease
progression. The average time between first and study MRI was 7.2±2.5 years. There
was no association between ascending aortic

18

F-sodium fluoride and annualised

progression of maximal aortic diameter (n=29, Spearman rho = 0.14, p=0.47, Figure
6.4). On the other hand, there was a moderate inverse correlation between ascending
aortic

18

F-sodium fluoride activity and the annualised progression of aortic strain

(n=29, Spearman rho = -0.47, p=0.013, Figure 6.4). After 9.6±8.2 months, one patient
had undergone elective repair of their aortic root and ascending aorta with a maximal
measurement of 51 mm, with a history of aortic dissection in a first degree relative,
with a moderate ascending aortic 18F-sodium fluoride activity of 1.13.
Figure 6.4 - Ascending aortic

18

F-sodium fluoride activity was associated with

reducing strain over time, but not increased diameter.

(A) The ascending aortic 18F-sodium fluoride activity at research study was not associated with
historical change in diameter over time, however (B) was associated with reduction in
historical change in strain over time.
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6.4 Discussion
This study is the first to explore relationship between imaging-assessed

18

F-sodium

fluoride activity and markers of aortopathy severity in a cohort of patients with
bicuspid aortic valve. Similar to our ex vivo findings, we demonstrate that ascending
aortic 18F-sodium fluoride activity is increased in patients with bicuspid aortic valve
compared to control subjects, specifically, those with dilated proximal aorta. We find
that ascending 18F-sodium fluoride activity is independently associated with localised
stiffness, further corroborating our ex vivo findings. Importantly, it was also associated
with the progression of proximal aortic stiffness.
We have previously demonstrated that the microcalcification content of thoracic aortic
samples from patients with bicuspid aortic valve and dilated aorta is higher than
control subjects (chapter 5). Both Haunschild et al and Stern et al have recently
demonstrated similar increases in medial microcalcification in those with bicuspid
aortic valve aneurysm compared to tricuspid valve aneurysms and control subjects
respectively (209,210). However, where ex vivo studies suffer from selection bias
towards those with severe disease, studying aortopathy with non-invasive imaging
allows assessment of microcalcification in those with less severe disease. In the
current study, we recruited patients with bicuspid aortic valve both with and without
aortic dilatation but excluded those who had previously undergone aortic valve
surgery, previous dissection or replacement of the proximal aorta, effectively
excluding those with severe aortopathy. As patients with bicuspid aortic valve are
thought to have a degree of aortopathy, irrespective of aortic dilatation (84), together
the current cohort represents those with mild or moderate bicuspid aortic valve-related
aortopathy. In line with histological studies, we find that those with bicuspid aortic
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valve and aortic dilatation have higher ascending aortic 18F-sodium fluoride activity
than control subjects both in univariable analysis, and after adjusting for multiple
clinical risk factors. In contrast, those with bicuspid aortic valve and no dilatation did
not have higher 18F-sodium fluoride activity. Corroborating these findings, we found
an association between ascending aortic
indexed aortic diameter.

18

F-sodium fluoride activity and maximal

Together, these results fit with the increased

microcalcification observed in those with mild or moderate disease severity at elective
resection (chapter 5), and with the findings of Haunschild et al, who found that
microcalcification content of proximal aortic wall samples from patients with bicuspid
aortic valve aortas increased with diameter (209). However, the question remained as
to whether ascending aortic microcalcification was related to other markers of
aortopathy disease.
To understand in more detail how microcalcification is related to aortic disease in those
with bicuspid aortic valve, we investigated the relationship between microcalcification
and localised, as well as global markers of aortic stiffness, well-recognised markers of
vascular and aneurysm disease that have been linked to worse outcomes in those with
aortopathy (135,240,276-279). We find that ascending aortic

18

F-sodium fluoride

activity is related to aortic cross sectional area stiffness index after adjustment for age
and aortic diameter. Once again, these findings corroborate our ex vivo findings
(chapter 5). We were interested to find that ascending

18

F-sodium fluoride was not

related to the more generalised markers of vascular stiffness, carotid-femoral pulse
wave velocity or augmentation index. These results are in line with previous studies,
which do not find increased carotid-femoral pulse wave velocity in relation to bicuspid
aortic valve (276), and together implicates a localised pathological remodelling
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process involving medial microcalcification. Importantly, our bicuspid aortic valve
cohort contained a high proportion of patients with coarctation which has known
effects on aortic development and long term function, even after successful neonatal
repair (280). While the rate of hypertension was higher in the coarctation subgroup
compared to those with only bicuspid aortic valve (63% vs 32%) this difference was
non-significant (p=0.09), most likely explained by an underpowered comparison (only
19 patients in the coarctation subgroup). However, no difference in

18

F-sodium

fluoride uptake or localised aortic stiffness index were found in the coarctation
subgroup. It should also be recognised that in those with bicuspid aortic valve, aortic
development is abnormal (84), and lack of controls with systemic hypertension mean
that separating the effects of abnormal development from effects of high blood
pressure is challenging.
Finally, to assess the relationship between ascending aortic

18

F-sodium fluoride

activity and disease progression, we compared circumferential aortic strain and aortic
diameter in those with a previous MRI. Over a mean of 7 years, we found a moderate
correlation between ascending aortic 18F-sodium fluoride activity and the annualized
progression of strain, further reinforcing the relationship between microcalcification
and stiffening of the aortic wall. Taken together with the cross-sectional analysis,
these data provide robust evidence for a link between microcalcification of the
ascending aorta and remodelling associated with localised increases in stiffness in mild
or moderate bicuspid aortic valve aortopathy. How might this knowledge be used to
improve the care received by these patients?
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The ultimate challenge in patients with bicuspid aortic valve remains identifying those
at the highest risk of catastrophic complications of aortopathy. Bicuspid aortic valve
disease is associated with a ~5- to 30-fold increase in the risk of dissection compared
with the general population. Many patients are <50 years old when dissection occurs,
and overwhelmingly their aortic diameter are below international diameter thresholds
for elective prophylactic surgical intervention, rendering aortic diameter an imperfect
marker of dissection risk (42,76,281). The results of this study add to our histological
work, implicating aortic wall microcalcification as part of a pathological disease
mechanism associated with increasing aortic wall stiffness. A full understanding of
aortic remodelling pathways in aortopathy could lead to the identification of
therapeutic targets that slowed, prevented or even reversed these pathological
pathways, abating the need for elective surgery that is not without risk.

18

F-Sodium

fluoride activity could potentially help to identify those at the highest risk of dissection.
In chapter 5, we outline the biphasic nature of microcalcification in thoracic
aortopathy, which increases as part of the aortopathic process, before decreasing
sharply in severe disease - a phenomenon thought to be closely related to the
destruction of elastin on which the microcalcification has precipitated. From the single
18

F-sodium fluoride PET scan for each patient reported in this study, it is impossible

to know how far along this pathway the patients are: increasing microcalcification
associated with less vulnerable aortic wall or decreasing microcalcification associated
with elastic fibre destruction in severe disease. As part of the current study, we will
re-scan all patients after 2 years, allowing the calculation of change in

18

F-sodium

fluoride over time.
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A strength of the current study lies in the robust method by which aortic biomechanics
were compared with imaging data: a single visit with applanation tonometry with
estimated central aortic pressures, followed immediately by acquisition of PET and
MRI, the latter allowing excellent cross-sectional detail of the ascending aorta. It is
also important to outline some limitations of the current study. The retrospective
nature of progression data was only available in 40% of patient cohort, introducing
biased towards those with more severe disease and were more likely to be sent for
detailed imaging. It is also important to acknowledge that the 18F-sodium fluoride PET
coincides with the last MRI, and therefore it cannot be concluded that it predicts
progression of aortic strain, but rather is associated with it. The protocol for the current
study entails a repeat PET and MRI scan with concomitant applanation tonometry,
which will allow the prospective assessment of aortic diameter, localised ascending
cross sectional aortic stiffness index, and progression of ascending aortic 18F-sodium
fluoride activity.

Finally, the real test of whether

18

F-sodium fluoride PET can

improve the identification of those who will experience dissection will come from hard
dissection events. The current cohort of patients have all consented to 20 years of
follow up as part of the study and will provide some useful insight.

6.4.1 Conclusion
In conclusion, we present the first non-invasive study to explore the relationship
between thoracic aortic wall microcalcification and measures of aortopathy in patients
with bicuspid aortic valve using

18

F-sodium fluoride PET. Ascending aortic

18

F-

sodium fluoride activity is higher in patients with bicuspid aortic valve and proximal
aortic dilatation than control subjects and was independently associated with localised
aortic stiffness. Future prospective investigation outlining the ability of 18F-sodium
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fluoride to predict proximal aortic diameter and stiffness progression and aortic
complications, as well as investigation of other high-risk aortopathies is required to
validate 18F-sodium fluoride as a powerful biomarker of aortopathy severity.
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7 Conclusions and Future Directions
7.1 Thoracic aortic disease and microcalcification
Microcalcification of the thoracic aorta associated with both atherosclerosis and
aortopathy. However, the disease processes and relationship to disease severity is
distinct between the two pathologies. Importantly, microcalcification, which cannot
be identified on conventional CT imaging, can be detected and quantified using 18Fsodium fluoride positron emission tomography (PET). Further, the non-invasive
18

nature of

F-sodium fluoride positron emission tomography allows repeated

measurements to be made, thereby tracking disease over time. There is significant
promise in translating 18F-sodium fluoride positron emission tomography imaging of
the thoracic aorta as a clinical tool for identifying and tracking patients most vulnerable
to complications of thoracic aortic disease.

Effective translation will require a

fundamental understanding of the relationship between microcalcification and the two
main pathologies affecting the thoracic aorta, as well as an accurate and feasible
method for analysing activity.

7.1.1 Optimal methods for measuring 18F-sodium fluoride positron
emission tomography activity in the thoracic aorta
Measurement of scan-rescan reproducibility of thoracic aortic

18

F-sodium fluoride

PET has not previously been conducted for any method, making the reproducibility
study (Chapter 3) an important step forward. The novel centreline technique offers
some important improvements, representing the tightest coefficient of reproducibility
as a percentage of mean of all assessed methods (10%). In addition, advanced
corrective techniques for motion correction and injection-scan time delay required for
coronary

18

F-sodium fluoride activity do not improve reproducibility for measuring
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thoracic aortic activity, simplifying the measurement and improving ultimate
accessibility. Most crucially, the centreline technique was over five times quicker than
conventional methods, making analysis on a large-scale data analysis feasible;
exemplified by the large dataset analysis performed in Chapter 4.
The centreline method is a useful measure of overall activity but is not conceptually
ideal for assessing individual lesion disease activity, which would be better appreciated
using maximum tissue to background ratio measurements. Further, the small natural
range (0.91 - 1.51 unitless), with a mean of 1.08±0.14, means small differences may
be difficult to detect between scans. The real test for various methods of measuring
thoracic aortic 18F-sodium fluoride rests in its ability to identify patients at highest risk
of complications, as assessed in Chapter 4 and Chapter 6.

7.1.2 Thoracic aortic 18F-sodium fluoride activity and cardiovascular
risk factors
Previous work has demonstrated that thoracic aortic 18F-sodium fluoride is correlated
with clinical cardiovascular risk scores in 139 patients with mild to moderate
cardiovascular risk scores (231). Our work builds on this concept, by assessing 461
patients with prevalent cardiovascular risk factors (Chapter 4). We find weak
associations with age, systolic blood pressure and overall clinical risk score, but not
serum cholesterol, smoking, atrial fibrillation or diabetes status.

The original

description of cardiovascular risk factors associated with stroke found age and systolic
blood pressure were the biggest determinants of risk (34,249), overlapping with our
findings in thoracic aortic

18

F-sodium fluoride activity, which perhaps reflects the

patient-specific disease response to these stimuli.
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The ability of

18

F-sodium fluoride to predict CT-derived macrocalcified plaque

progression in the thoracic aorta was significant, but weak, and similar to the
relationship seen in aortic valve and coronary arteries (225,234). While well correlated
at baseline, macrocalcified and microcalcified thoracic aortic plaque represent
different stages of disease (189). A stronger relationship may not exist due to a nonlinear relationship between microcalcification, macrocalcification and disease
progression (Figure 7.1). Analysis of future ischaemic stroke events provided further
insights into the relationship between aortic calcification stage and cardiovascular
event risk (Chapter 4).
Figure 7.1 - Non-linear relationship between micro and macrocalcification in the
progression of plaque disease over time

A conceptual representation of the relationship between microcalcification, as visualised using
18
F-sodium fluoride PET and macrocalcification, determined using calcium scoring on CT.
Microcalcification develops first, coalescing into larger macrocalcified lesions over time.
Larger macrocalcified lesions mean there is less surface area for 18F-sodium fluoride to bind
to and activity reduces. Once the process of macrocalcification begins, it increases
exponentially.
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7.1.3 Thoracic aortic
stroke

18

F-sodium fluoride activity and ischaemic

No studies have previously assessed the relationship between thoracic aortic

18

F-

sodium fluoride activity and cardiovascular events. In a cohort of 461 patients with
established cardiovascular disease combined ascending aorta and arch

18

F-sodium

fluoride activity was associated with future ischaemic stroke (Chapter 4). This builds
on previous work showing that CT-derived calcium assessment of the thoracic aorta
improves risk prediction by a modest amount (215-218). Thoracic aortic 18F-sodium
fluoride activity was more strongly associated with future stroke than both coronary
and thoracic aortic CT-calcium score, suggesting a non-linear relationship between
calcification size and disease risk, with heavy macrocalcification representing a safer
stage of disease.
The mechanism by which the relationship between thoracic aortic 18F-sodium fluoride
activity and ischaemic stroke exists are speculative without confirming the aetiology
of thromboembolism. From this work, it may be suggested that the degree of
microcalcification informs on the overall disease state of vascular cells throughout the
aortic wall, which drive microcalcification in both atherosclerosis and medial disease
(see Chapter 1,(190,193,198)).

Interestingly,

18

F-sodium fluoride activity in the

ascending aorta, which is largely atherosclerosis-resistant (16-18), was more
significantly discriminatory than the aortic arch activity, where atherosclerosis is
typically abundant. Evaluation of ascending and aortic arch microcalcification in
histological samples from patients with stroke would be helpful in assessing the
relative contribution of medial and intimal microcalcification to overall burden.
Further work validating these findings and exploring the mechanisms underpinning
ascending and aortic arch microcalcification with ischaemic stroke are required.
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Without histological confirmation, conclusions about the relationship between
thoracic aortic microcalcification and ischaemic stroke are limited to a general
relationship.

7.1.4 Intimal and medial microcalcification
Thoracic aortic

18

F-sodium fluoride activity does not readily discriminate between

intimal and medial microcalcification. While the cohorts in this thesis are selected
based on a background of either intimal atherosclerosis (Chapter 4) or medial disease
(Chapter 5 and Chapter 6), overlap is distinctly possible.
In the histopathology study (Chapter 5), which primarily includes samples taken from
the ascending portion of the aorta of patients with thoracic aortopathy,
microcalcification is rarely intimal or associated with atherosclerosis. Rather, the vast
majority of staining localising to the media. Further, in the ascending aorta of younger
patients with thoracic aortopathy, the signal is primarily originating from the media.
On the other hand, the aortic stenosis and coronary artery disease cohorts (Chapter 4)
should be interpreted with care. There is a lack of histological confirmation about the
origin of aortic wall calcification in these groups, and the cardiovascular risk profile
together with the knowledge that a degree of medial microcalcification is seen in aortic
specimens without aortopathy (Chapter 5), mean there is likely to be overlap between
atherosclerosis and medial disease processes.

Analysis of microcalcification

distribution in thoracic aortic specimens from patients with adverse cardiovascular risk
profiles (but not aortopathy) will be helpful in identifying the origin of

18

F-sodium

fluoride signal in these patient groups.
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7.1.5 Medial microcalcification in thoracic aortopathy
Medial microcalcification of the thoracic aorta is associated with end-stage kidney
disease, diabetes mellitus and thoracic aortopathy. Fragmented elastin and vascular
smooth muscle cell dysfunction are both associated with weak aortic wall in thoracic
aortopathy, and the mechanisms of deposition of microcalcification in the extracellular
matrix overlap significantly. In the first study assessing the relationship between
medial microcalcification quantity and histopathological severity, we find a non-linear
relationship, with severe histopathological disease discriminated from mild and
moderate disease by a complete loss of microcalcification, mediated through elastin
loss (Chapter 5). This has important implications for the ability to track disease
progression non-invasively using

18

F-sodium fluoride. Importantly, ex vivo

18

F-

sodium fluoride was visually co-localised with medial microcalcification, not intimal
atherosclerosis, and quantitively correlated with histological von Kossa, providing
further confidence that in vivo activity on PET is representative of medial disease in
those with aortoapthy.

7.1.6 Imaging medial microcalcification in thoracic aortopathy
Histological studies have demonstrated that those with thoracic aortopathy particularly bicuspid aortic valve, have increased medial microcalcification compared
to controls without aortopathy (209,210). Consistent with ex vivo results in Chapter 5
and findings from others, we find that those with bicuspid aortic valve have increased
medial microcalcification compared to age/sex matched controls. These patients
represent those with bicuspid aortic valve either no (<40 mm) or mild/moderate (4055 mm) aneurysms of the aortic root or ascending aorta. Importantly, arch activity
was the same between disease and control groups suggesting that the increase was
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local to the diseased region. Importantly, a single snapshot of

18

F-sodium fluoride

cannot differentiate those with early mild aortopathy and severe disease associated
with elastin loss. Having two

18

F-sodium fluoride >1 year apart, on the other hand,

could identify those who are increasing the microcalcification content (mild/moderate
disease), and those who are losing microcalcification (sever disease associated with
elastin loss). Prospective longitudinal study as part of the AoRTAS study will be
crucial in helping discriminate these two groups.

7.1.7 Ascending aortic microcalcification and aortic stiffness
The quest for imaging markers other than diameter that can identify high risk
aortopathy has been vigorous. Aortic stiffness is one of the most commonly researched
imaging biomarkers being is relatively easy to obtain, associated with aortic wall
remodelling histologically (3), and associated with future aortic events (surgery or
dissection) independent of aortic diameter (135,148,282). In animal models of Marfan
aortopathy, aortic microcalcification was associated with stiffness (198). We assess
the relationship between medial microcalcification (quantified using

18

F-sodium

fluoride) and local ascending aortic stiffness, which is measured rigorously. We
demonstrate that baseline 18F-sodium fluoride was robustly associated with increased
stiffness after adjusting for aortic diameter and age, linking molecular activity with
aortic wall biomechanics. Whether microcalcification precipitation causes reduced
elastin function resulting in stiffness, or the processes that lead to microcalcification
deposition (elastin fragmentation and vascular smooth muscle cell dysfunction) cause
increased stiffness remains to be established. We provide some evidence linking 18Fsodium fluoride to reducing strain (increasing stiffness) over time. However, this
analysis does not answer the temporal relationship question adequetly.
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There was a weak association (r=0.24) between baseline maximal proximal aortic
diameter and ascending aortic 18F-sodium fluoride activity, similar to results in animal
models (198). There was no association between change in aortic diameter and 18Fsodium fluoride, although, again, the temporal relationship could not be assessed as
the analysis was retrospective. Analysis of follow up scans of the AoRTAs cohort,
which will be collected over the next 2 years, will be required to more adequately
address the relationship between ascending aortic 18F-sodium fluorides and change in
stiffness or diameter over time.
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7.2 Clinical perspectives
The cost of performing 18F-sodium fluoride PET-CT is still significant, with a single
scan

costing

£900-£1100

in

Scotland

(https://www.scin.scot.nhs.uk/wp-

content/uploads/2017/08/PET-CT-Review-of-Indications-2016-Report-V2-1.pdf),
with

MRI

(£181)

and

CT

(£79)

costing

significantly

less

(https://www.isdscotland.org/Health-Topics/Finance/Publications/2019-1119/Costs_R100_2019.xlsx). Although evidence is emerging for its use in the clinical
arena, there are currently no clinical indications for cardiovascular 18F-sodium fluoride
PET of the thorax. As a step towards translatability, our work optimising thoracic
aortic

18

F-sodium fluoride activity quantification provides a rapid, reproducible,

repeatable method that can be performed without the need for complex postprocessing. These features make it more widely accessible and implementable as
translation to the clinical setting draws nearer.

7.2.1

18

F-Sodium fluoride PET in thoracic aortic atherosclerosis

Current strategies for identifying those at highest risk of complications for stroke
involve clinical risk scoring and treating risk factors, but these methods are not patient
specific. Thoracic aortic 18F-sodium fluoride activity was superior to thoracic aortic
CT-derived calcium scores and clinical risk scores for identifying those who went on
to develop ischaemic stroke. Conceptually, the personalised disease activity findings
could be provided to patients to improve their own understanding of stroke risk, to
affect lifestyle choices, and to select those most appropriate for expensive antiatherosclerotic therapy, for example, PSCK9 inhibitor treatment. There is evolving
evidence for a clinical role for coronary

18

F-sodium fluoride in identifying those at

highest risk of complications (228). Given coronary and thoracic aortic 18F-sodium
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fluoride can be measured on the same scan, there is scope for combining analysis and
doubling the utility of risk prediction.

7.2.2

18

F-sodium fluoride PET in thoracic aortopathy

Methods for identifying those at the highest risk of thoracic aortopathy below threshold
diameters for surgery are urgently required. Blood tests that have been evaluated for
use as biomarkers are typically not specific enough to confer information on the
vulnerability of the aortic wall. Rate of aortic diameter increase, and aortic stiffness
metrics are not well validated, although there is some evidence for stiffness metrics in
predicting events in connective tissue disease, these results require to be confirmed.
The finding that very low levels of medial microcalcification discriminates severe
histopathological disease from mild/moderate disease provides some hope that

18

F-

sodium fluoride PET could be clinically used to identify severe histopathological
disease non-invasively. However,

18

F-sodium fluoride PET scans over two time-

points will be required to identify which part of the disease curve patients are on, with
implications on cost and radiation exposure. Whether those with reduced 18F-sodium
fluoride activity over time are at the highest risk future events will require long term
follow up, provided by the AoRTAS study.
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7.3 Future prospective
This thesis has investigated in detail how quantifying microcalcification of the thoracic
aorta non-invasively using 18F-sodium fluoride PET might improve the identification
of patients at highest risk of complications of atherosclerosis and thoracic aortopathy.

7.3.1 Thoracic aortic microcalcification and ischaemic stroke
The findings that

18

F-sodium fluoride PET activity was associated with future

downstream events specific to the assessed vascular territory is intriguing, but the
mechanism by which this risk is conferred requires further investigation. Conclusively
determining from where thromboemboli arise is challenging in practice, but could
feasibly be assessed using another radiotracer, GP1, which binds to activated platelets,
and could identify thrombus formation in the heart, aortic atherosclerotic plaque,
carotid artery or elsewhere.
Validating the associations between vascular 18F-sodium fluoride and vessel-specific
cardiovascular events in a larger prospective cohort will be vital to taking a step
towards clinical application. A large prospective trial, Prediction of Recurrent Events
with 18F-Fluoride (PREFFIR), assesses vascular 18F-sodium fluoride PET in recruiting
700 patients with recent myocardial infarction and proven multivessel coronary artery
disease. Patients undergo baseline

18

F-sodium fluoride assessment of the thorax on

which coronary and thoracic aortic 18F-sodium fluoride activity can be quantified and
correlated to myocardial infarction and stroke. The data-driven threshold of ≥1.10 for
18

F-sodium fluoride activity described in this thesis will provide a cut-off from which

to test stratification into high and low risk groups.
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7.3.2 Imaging microcalcification in thoracic aortopathy
The work in this thesis describes increased medial microcalcification in mild or
moderate thoracic aortopathy compared to controls, as well as demonstrating an age
and diameter independent relationship with increased aortic stiffness. Follow up
stiffness and diameter measurements performed as part of the AoRTAS follow up
protocol will inform on the ability of baseline 18F-sodium fluoride to predict disease
progression in patients with bicuspid aortic valve, with significant associations
implicating potential treatment targets to prevent disease progression. More
significantly, this work describes the potential of

18

F-sodium fluoride in identifying

those with severe histopathological disease, identified by loss of microcalcification. It
is this discovery which has the potential to identify those patients who are at highest
risk of subsequent dissection. The AoRTAS study protocol includes a follow up 18Fsodium fluoride at 1-2 years which will inform on whether the change in PET activity
is associated with disease progression.
It will also be important to translate the findings of this thesis into those with
connective tissue disorders such as Marfan syndrome, Turner syndrome, Loeys-Dietz
syndrome, vascular Ehlers Danlos, and non-syndromic heritable thoracic aortopathy
where the risk of dissection is much higher than those with bicuspid aortic valve. In
these groups, where the average age of dissection is much younger, it is not clear that
microcalcification will have started to form, and perhaps other disease processes, such
as fibrosis may be a better target for imaging. Indeed,

18

F-aluminium fluoride-

fibroblast activation protein inhibitor (18F-AlF-FAPI) is a promising fibrosis tracer that
is already being used in humans in the clinical setting. The ideal radiotracer for these
genetic aortopathy groups would be one that binds specifically to proteoglycan or
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glycose-aminoglycan, a hallmark of mucoid extracellular matrix accumulation.
However, any such radiotracers are still pre-clinical testing and will not be used in
humans in the near future.
Finally,

18

F-sodium fluoride PET may be useful in identifying those with tricuspid

aortic valves and degenerative thoracic aortopathy. Those with degenerative thoracic
aortopathy are typically much older than those with bicuspid aortic valve when going
for elective surgical intervention, and therefore present higher risk. There is often the
question of balancing the risk of major cardiothoracic surgery and the risk of dissection
or rupture. Given the histological findings of the work in this thesis, a dilated thoracic
aorta with avid

18

F-sodium fluoride activity still has prevalent elastin and may

represent a relatively safe aorta to manage conservatively. Initial exploration of this
concept could be performed by identifying those who have had 18F-sodium fluoride
PET and follow up scans and comparing activity to those with bicuspid aortic valve
and controls in the AoRTAS study.

7.3.3 Conclusion
In conclusion, intimal atherosclerosis and thoracic aortopathy represent two major
disease processes affecting thoracic aortic that are clinically silent but predispose to
catastrophic complications. Predicting which patients will experience these
complications is challenging, and novel methods for improving the detecting of those
at highest risk have made modest improvements. Vascular microcalcification is
associated with increased risk of ischaemic stroke and has the potential to discriminate
severe

thoracic

aortopathic

disease.

Non-invasive

detection

of

vascular

microcalcification has the potential to track thoracic aortic disease over time, and
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further research should focus on validating these findings and translating this potential
into clinical tools that improve the care these patients receive.
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