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Abstract 

Background 

Abdominal aortic aneurysm treatment pathways are initiated when an aortic 

size threshold of 55 mm is reached as this signifies a high annual risk of rupture 

due to presumed active aneurysm disease. Endovascular aneurysm repair 

(EVAR) is one treatment modality which reduces the procedural morbidity and 

mortality associated with open surgical repair. However, EVAR patients can 

develop complications such as leaks behind their stent graft (endoleak) which 

reduces the long-term benefit of EVAR. Here, we explore the use of two 

potential imaging biomarkers, periaortic adipose tissue (on computed 

tomography) and sodium [18F]fluoride positron emission tomography, in 

different abdominal aortic aneurysm disease states to better understand the 

disease process and to assess its implications in EVAR. 

 

Methods 

First, we assessed periaortic adipose tissue attenuation in 70 patients with 

untreated abdominal aortic aneurysm disease (asymptomatic, symptomatic 

and rupture patients) and 18 control subjects (Chapter 3). Then, in 25 patients 

with an abdominal aortic aneurysm, we developed a method of quantifying 

sodium [18F]fluoride uptake on positron emission tomography, which we 

termed aortic microcalcification activity (AMA) (Chapter 4). We then 

considered sodium [18F]fluoride uptake in 10 patients before and after their 

aneurysm was treated with EVAR (Chapter 5). Following this, we assessed 

sodium [18F]fluoride uptake in 37 patients whose aneurysm had been treated 
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with EVAR, in 15 of whom this had been complicated by endoleak formation 

(Chapter 6). 

 

Results 

There were no differences in the periaortic adipose tissue attenuation in 

aneurysmal and non-aneurysmal segments of the aorta in asymptomatic 

patients (-81.4±7 versus -75.4±8 Hounsfield units, HU) and comparable 

segments in control subjects (-83.3±9 versus -78.8±6 HU, p>0.05 for all 

comparisons). However, symptomatic patients demonstrated higher periaortic 

adipose tissue attenuation in both aneurysmal (-57.9±7 HU, p<0.0001) and 

non-aneurysmal segments (-58.2±8 HU, p<0.0001). 

 

There was moderate-to-good agreement between mean tissue-to-background 

ratio and aortic microcalcification activity (AMA) measurements (intraclass 

correlation co-efficient, 0.88). These, sequentially improved with the 

application of thresholding (intraclass correlation coefficient 0.93, 95% 

confidence interval 0.89–0.95) and variable diameter (intraclass correlation 

coefficient 0.97, 95% confidence interval 0.94–0.99) techniques. The 

optimised method had good intra-observer (mean 1.57 ± 0.42, bias 0.08, 

coefficient of repeatability 0.36 and limits of agreement -0.43 to 0.43) and inter-

observer (mean 1.57 ± 0.42, bias 0.08, co-efficient of repeatability 0.47 and 

limits of agreement -0.53 to 0.53) repeatability. 
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We found that following EVAR, sodium [18F]fluoride uptake was markedly 

reduced in the suprarenal (0.62 reduction, p=0.03), neck (0.72 reduction, 

p=0.02) and body of the aneurysm (0.69 reduction, p=0.02) while it remained 

unchanged in the thoracic aorta (0.11 reduction, p=0.41). 

 

When compared to those without an endoleak, patients with an endoleak had 

higher AMA in the thoracic (1.22±0.2 versus 1.07±0.2, p<0.01), suprarenal 

(1.58±0.3 versus 1.36±0.2, p<0.05) and neck (1.40±0.3 versus 1.14±0.3, 

p<0.05) regions of the aorta but not within the aneurysm body (0.94±0.3 versus 

1.08±0.3, p>0.05). 

 

Conclusion 

Periaortic adipose tissue attenuation is not increased in stable abdominal 

aortic aneurysm disease. The generalised increase in patients with 

symptomatic disease likely reflects the systemic consequences of acute 

rupture. Aortic microcalcification activity (AMA) provides repeatable measures 

of sodium [18F]fluoride uptake that are comparable to established methods. 

EVAR is associated with a reduction in AMA within the stented aortic segment, 

whilst endoleaks after EVAR are associated with higher AMA in aortic regions 

outside the aneurysm. These findings suggest that whilst EVAR can modify 

aortic disease activity within the treated aneurysm, aortic degeneration 

appears to continue beyond the aneurysm. Aortic sodium [18F]fluoride uptake 

is a promising non-invasive measure of aneurysm disease activity that may 

inform treatment strategies and provide additional prognostic information. 
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Lay Summary 

The aorta is the main blood vessel which carries blood around the body. It can 

become diseased and increase in size. This enlargement is called an 

abdominal aortic aneurysm. The larger it gets, the higher the chance it has of 

bursting (rupture). Rupture can be fatal, so when aneurysms reach a certain 

size, they need to be repaired to prevent this from happening. A modern 

approach to treatment uses a metal scaffolding, called a stent graft, to protect 

the weak diseased aneurysm wall from the blood pressure. This procedure is 

called Endovascular Aneurysm Repair (EVAR). Whilst this is a safe operation 

in the short term, in the longer term, blood can leak behind the stent and cause 

an endoleak. Endoleaks happen either because the stent graft has moved or 

because the aorta continues to increase in size. These two mechanisms 

appear to be directed by ongoing aneurysm disease activity within the aorta. 

 

This thesis looked at using new scanning techniques to better understand 

aneurysm disease activity, to understand why in certain patients EVAR 

treatment can result in endoleaks. 

 

We looked at computed tomography (CT) scans performed in routine and 

emergency clinical practice. We selected different parts of the fat around the 

aorta to get more information about the aneurysm. We found that aortas that 

are going to or have burst, have changes in this fat not just in the aneurysm 

but through the whole of the aorta. 
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Then, we used a research scan, called sodium [18F]fluoride positron emission 

tomography (PET) combined with CT. This technique uses a small radioactive 

dye to identify areas of the aorta with high levels of aneurysm disease activity. 

These areas are called microcalcification and are not visible on CT. We refined 

our method of analysis to split the aorta and to obtain several measures of 

microcalcification in different parts of the aorta. First, we found that after EVAR 

is performed, there is a reduction in the disease activity in the aneurysm and 

in other parts covered by the stent graft. Then, we also found that after EVAR, 

patients with an endoleak have higher levels of microcalcification, not 

necessarily in the aneurysm itself but in other parts of the aorta away from the 

aneurysm. 

 

These results could have implications for the future treatment of patients with 

abdominal aortic aneurysm because, by helping us to understand the change 

in aneurysm disease activity in patients treated with EVAR, these scanning 

techniques could help us select the most appropriate treatment for individual 

patients. 
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1.1 The abdominal aorta 

The aorta is the largest blood vessel in the body. It delivers blood from the left 

ventricle to the rest of the body and the limbs. As it makes its way along from 

its origin to the end it is given different names depending on which anatomical 

structures it has passed through or which branches are given off. The 

abdominal aorta begins at the aortic hiatus of the diaphragm when the 

descending thoracic aorta enters the abdomen at approximately the lower level 

of the 12th thoracic vertebra. It ends when it divides into the right and left 

common iliac arteries at approximately the 4th lumbar vertebra (Drake et al., 

2005). 

 

Within the abdomen, the abdominal aorta gives off several branches which 

supply the abdominal viscera. Originating sequentially from the anterior 

surface are the coeliac trunk and the superior mesenteric artery (which supply 

the foregut and midgut respectively). Below these are the two renal arteries 

which originate from the lateral surface and further down is the anteriorly 

originating inferior mesenteric artery (which supplies the hindgut). Along the 

length of the abdominal aorta, there are also several posterior branches which 

supply the diaphragm and body wall (inferior phrenic arteries), and the spinal 

cord (four pairs of lumbar arteries) (Drake et al., 2005). 

 

1.1.1 Histology and embryology 

The aortic wall is comprised of three layers: the tunica intima, media and 

adventitia. The innermost (luminal) layer is the intimal layer and it is made up 
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of endothelial cells in direct contact with the blood on one side and with the 

internal elastic lamina on the other (containing elastin-rich collagen, fibroblasts 

and smooth muscle cells). The medial layer is made up of spirally-arranged 

smooth muscle cells, and structural proteins such as elastic tissue and 

collagen and this gives the aorta its mechanical properties. These components 

are arranged together as lamellar units (concentric layers of elastin with 

interspersed cells and collagen). The outermost layer, the adventitia, is mainly 

composed of collagen and serves to anchor the aorta in place in relation to 

adjacent structures (Boron & Boulpaep, 2005; Singh et al., 2018). 

 

Whilst the ascending aorta and the arch are embryologically derived from the 

neural crest, the thoracic aorta originates from mesodermal somites and the 

abdominal aorta from the splanchnic mesoderm. The abdominal aorta is 

subsequently less distensible, has less lamellar units than the thoracic aorta 

and has an avascular media (Singh et al., 2018). 

 

1.2 Abdominal aortic aneurysms 

An arterial aneurysm is dilatation of the blood vessel when compared to its 

original diameter. The abdominal aorta is defined as being aneurysmal when 

its diameter is at least one and a half times the normal aortic diameter at the 

level of the renal arteries, this would be  greater than 30 mm (Aggarwal et al., 

2011). 
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Abdominal aortic aneurysms are progressive, and as the aorta enlarges the 

vessel wall becomes weaker, increasing its risk of rupture. Rupture refers to 

acute haemorrhage from the aneurysm beyond the true aortic wall. Aortic 

rupture is a surgical emergency which if left untreated, invariably results in 

death. The current best clinical predictor of aneurysm rupture is its size and 

therefore patients with an abdominal aortic aneurysm undergo regular 

surveillance with assessment of the aneurysm diameter using ultrasound 

(Sakalihasan et al., 2005). In the United Kingdom, when an abdominal aortic 

aneurysm reaches a threshold diameter of 55 mm or expands by more than 

10 mm in a year, surgical repair is considered to prevent the risk of aneurysm 

rupture. 

 

1.2.1 Pathological mechanisms associated with aortic aneurysm disease 

The pathophysiology of abdominal aortic aneurysms is not completely 

understood. There appears to be a reduction of smooth muscle cells as a result 

of apoptosis and degeneration of the aortic media (Carmo et al., 2002; López-

Candales et al., 1997). Inflammation, production of reactive oxygen species 

and endoplasmic reticulum stress have been associated with smooth muscle 

atrophy (Qin et al., 2017). It is therefore plausible that this atrophy may be 

triggered by an initial inflammatory response secondary to exposure to 

common cardiovascular risk factors such as smoking, dyslipidaemia, and 

hypertension. This leads to endothelial dysfunction and the production of 

vasoactive substances. These stimuli trigger an immune-mediated response, 
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leading to neutrophil infiltration at the junction between the media and 

adventitia (M. B. J. Syed et al., 2019). 

 

The principal immune mediator in aneurysm disease appears to be CD4+ T-

lymphocytes through the production of interferon-alpha (Xiong et al., 2004). T 

helper 2 (Th2) cells, which produce interleukin-4, interleukin-5 and interleukin-

13, are also strongly implicated (Shen & LeMaire, 2017). The local production 

of interleukins affects the media directly by reducing vascular smooth muscle 

cells and increasing breaks in elastin. Downstream activation of macrophages 

and natural killer cells stimulate the production of matrix metalloproteinases 

(MMP). In particular, the local production of MMP-9 accelerates the 

degradation of the intracellular matrix and causes further weakening of the 

arterial wall (Bersi et al., 2017). This process results in aortic remodelling which 

leads to a reduction in elastin, collagen, glycosaminoglycans, and an 

imbalance of matrix metalloproteinases, reducing the amount of connective 

tissue protein content and aortic wall strength which results in loss of structural 

integrity and aortic dilatation (Quintana & Taylor, 2019). 

 

The atrophic activity within the media leads to the release of free extracellular 

calcium (New et al., 2013). This stimulates a phenotypic change in vascular 

smooth muscle cells that mimics osteoblastic function (Fuery et al., 2018). The 

extracellular calcium is then deposited as microscopic hydroxyapatite crystals 

(containing calcium phosphate) within the extracellular space. This 

microcalcification is a marker of active disease (Joshi et al., 2014). In contrast, 
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macroscopic plaque formation occurs when medial calcium amalgamates into 

larger lesions. Established calcified plaque which is visible on conventional 

CT, is a late change and signifies chronic healed inflammation. Meanwhile, 

microcalcification is beyond the resolution of CT and is thought to be indicative 

of more active disease (M. B. J. Syed et al., 2019). 

 

1.2.2 Risk factors, prevalence and screening 

The strongest modifiable risk factor in abdominal aortic aneurysm disease is 

cigarette smoking. In a screening and validation study of United States 

veterans, smoking habit increased the odds of having an abdominal aortic 

aneurysm five-fold (Lederle et al., 2000), whereas a healthier lifestyle 

(consisting of weekly exercise, and consumption of fruit and vegetables) 

reduced the risk (Kent et al., 2010). Hypertension and atherosclerosis are 

similarly associated conditions, however patients with diabetes mellitus appear 

to be less likely to develop an aneurysm (Jahangir et al., 2015; Lederle et al., 

2000). This difference in risk factors underscores some important differences 

between the pathophysiology of atherosclerotic and aneurysmal disease. 

 

Non-modifiable risk factors include male sex, increasing age, family history, 

concomitant peripheral artery aneurysms, and white ethnicity (Jahangir et al., 

2015). It is unclear why women are less likely to develop aneurysms, however 

they do have higher rates of ruptures and higher 30-day mortality and more 

complications after treatment (Johansson & Harris, 2017). These 
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considerations should therefore be taken into account both when considering 

size thresholds but also treatment strategies. 

 

The prevalence of abdominal aortic aneurysms is extremely low before the age 

of 55 years but increases after this: it is present in up to 2.3% in the 75 to 79-

year age group (2275 per 100,00 population) (Sampson et al., 2014). 

Prevalence data in 65-year-old men suggest that aneurysms are present in 

1.5% of the Swedish (2006 to 2014) (Wanhainen et al., 2016) and 1.34% of 

the English (2009 to 2013) screening programmes (Jacomelli et al., 2016). 

 

In Sweden and the United Kingdom, abdominal aortic aneurysm screening 

programmes only cover men, where patients are invited for an abdominal 

ultrasound scan at the age of 65 years. In the United States, screening is 

recommended for men aged 65 to 74 years with a past or current smoking 

habit. Screening programmes reduce all-cause and disease-specific mortality 

due to early detection and treatment (Takagi et al., 2018). 

 

1.2.3 Aneurysm growth and repair thresholds 

Individual patient data meta-analysis of 15,475 individuals with a small 

aneurysm (30 to 54 mm diameter) showed a growth rate of 2.2 mm per year 

(Sweeting et al., 2012). This is higher in current smokers (2.6 mm per year) 

and lower in patients with diabetes (1.7 mm per year). Rupture rate is strongly 

associated with smoking and the female sex. The use of common 

cardiovascular drugs (beta-blocker, calcium channel blocker, antiplatelet or 
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antihypertensive therapies) does not correlate with growth rates, except for 

statin therapy which is associated with lower growth rates (Salata et al., 2018). 

In randomised controlled trials, angiotensin converting enzyme inhibitor 

therapy (Golledge et al., 2020) and doxycycline (Baxter et al., 2020) have no 

effect on aneurysm growth. An observational cohort study found that there was 

a lower incidence of abdominal aortic aneurysm related events in patients with 

diabetes who were prescribed metformin than those who weren’t prescribed 

metformin compared to those who were not diabetic (Golledge et al., 2019). 

Studies exploring the effect of metformin therapy are currently ongoing 

(ClinicalTrials.gov numbers NCT04224051 and NCT04500756). 

 

Since patients with abdominal aortic aneurysms are also at high risk of all 

cardiovascular events, five-year survival rates are higher in those taking 

antiplatelet, statin or antihypertensive therapies (Bahia et al., 2016). Adequate 

drug therapy management of these medical conditions is therefore 

recommended on recent abdominal aortic aneurysm guidelines (Wanhainen 

et al., 2019). 

 

Most aneurysms are considered for repair after a diameter of 55 mm is 

reached, or when rapid growth occurs (more than 10 mm per year) (Chaikof et 

al., 2018; NG156, 2020; Wanhainen et al., 2019). A size of 55 mm was agreed 

upon because less than 50 mm had such a low rupture risk which then greatly 

increased between 50 and 60 mm. In fact, a Cochrane review summarised the 

four trials on which size threshold recommendations are based. The annual 
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risk of rupture when comparing surveillance versus repair was found to be less 

than 1% below 50 mm, 10% between 50-60 mm, and 20% above 60 mm. 

Furthermore, endovascular treatment of patients with a diameter of 40 to 55 

mm showed no survival advantage and is not recommended at these small 

sizes (Ulug et al., 2020). 

 

1.3 Treatment of abdominal aortic aneurysms 

Abdominal aortic aneurysms can be treated by performing open surgical repair 

or endovascular aneurysm repair (EVAR). EVAR use has increased as 

technique and technology have developed. In the United States, EVAR was 

performed in 76% of all aneurysm repairs in 2013 (Suckow et al., 2018). This 

proportion was 58% in Sweden in repairs performed between 2010 to 2014 

(Lilja et al., 2017). In the United Kingdom, having been 61% before the Covid-

19 pandemic in 2019, it was 59% in 2021 (Waton et al., 2020; Waton et al., 

2022). 

 

1.3.1 Open surgical repair 

Open surgical repair is performed through either a midline vertical or a 

transverse abdominal incision. A textile polyester graft such as Dacron is used 

to replace the diseased aorta. After the aorta is cross-clamped, the proximal 

anastomosis is sutured as close to the renal arteries as possible to prevent 

later aneurysm formation in the remaining infrarenal aortic neck. Aneurysm 

anatomy dictates whether the graft is a simple tube or bifurcated “trouser” graft. 

The distal anastomoses are completed at either common iliac, external iliac, 
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or femoral arteries as necessary. Open repair is a high-risk operation, with 

reported inpatient mortality as high as 10% (Holt et al., 2007) but greatly 

reduced (3.1%) in higher volume centres (Waton et al., 2022). Apart from 

mortality, a range of long-term serious complications can occur in both open 

repair and EVAR (Table 1). 

 

1.3.2 Endovascular aneurysm repair 

EVAR involves the insertion of a stent graft within the abdominal aortic 

aneurysm. It works by reinforcing the diseased aortic wall by excluding the 

dilated aneurysm sac from the circulation from the inside of the artery (Parodi 

et al., 1991). The proximal and distal aspects of the stent need to provide an 

adequate seal with the native arterial wall so that blood cannot leak around the 

endograft and enter the aneurysm sac. If this does happen, ongoing sac 

expansion and secondary aneurysm rupture can occur.  

 

The stent is made of nitinol (a nickel-titanium alloy) covered with 

polytetrafluoroethylene. It has its own delivery system and is self-expanding. 

The proximal part of the graft is held in place by barbs or anchors at its proximal 

end to ensure adequate fixation. The repair is planned according to each 

individual’s aneurysm anatomy. The complete endograft is comprised of 

modular parts of at least two or three separate components including a 

bifurcate main body and limb components. The modular parts provide a degree 

of flexibility in size selection, although the physical overlap between each 

component must be sufficient to ensure that no intervening leaks occur. 



 
 

 11 

Table 1. Long-term complications common to endovascular and open aneurysm repair 

 

Complication Estimated incidence Details 

 EVAR Open  

Limb kinking 

and/or 

occlusion 

1.4-8% 1-5% Kinks within the graft limbs can be asymptomatic, but occlusions can present with 

symptoms of new onset (acute) or worsening limb ischaemia. These should be 

imaged and treated as clinically necessary. In EVAR, the biggest risk for limb 

occlusion is landing the limb in the external iliac artery and the landing artery 

diameter (Conway et al., 2012; Faure et al., 2015). 

Graft infection 0.2-1% 0.3-6% Graft infection is more likely to occur if prosthetic material is present in the groin. 

Treatment includes surgical excision of the graft and debridement of the operative 

field. It has a high morbidity, with a 25% risk of re-infection, and a 54% five-year 

mortality (Charlton-Ouw et al., 2014). 

Secondary 

aorto-enteric 

fistula 

0.3-

0.5% 

0.3-0.5% Rare but serious. This usually presents with significant gastrointestinal bleeding. 

Removal of all infected material with concurrent surgical reconstruction is necessary 

for definite treatment, but bridging endovascular therapy is sometimes performed in 

the immediate setting to prevent catastrophic haemorrhage and death. 
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Secondary 

aortic rupture 

1-5% <1% Rupture secondary to clinical failure of the stent graft e.g., due to untreated endoleak. 

In open repair this may be secondary to aneurysm formation in the infrarenal aortic 

segment or graft infection. 

Sexual 

dysfunction 

16% 27% Sexual dysfunction can occur in both types of repairs and although risk factors and 

therapeutic options are as yet undefined. Certain operative factors may play a role 

e.g., dissection close to the pelvic nerve plexus in tube graft open repair or bilateral 

occlusion of internal iliac arteries in EVAR. Discussion at the consent process is 

therefore important. 

 

EVAR, endovascular aneurysm repair. 
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The effectiveness of EVAR is dependent on achieving a good seal with the 

native arteries at the proximal and distal sealing zones, i.e., the infrarenal 

aortic neck and (usually) the common iliac arteries. Manufacturers’ 

‘Instructions for Use’ refer to endograft-specific anatomical requirements which 

aneurysm anatomy must adhere to, in order to reduce the risk of stent 

migration, endoleak formation and late aneurysm rupture. Instructions for Use 

give recommended morphological features at the sealing zones and outline 

the hostile neck features that are incompatible with the use of a specific 

endograft (Table 2). Additionally, there must be adequate femoral access, and 

no substantial or circumferential calcification or thrombus in the landing zones 

(Wanhainen et al., 2019). If one of the iliac seal zones is of insufficient quality 

i.e., too short or aneurysmal, other options are available. The iliac artery can 

be occluded with a plug and a surgical femoro-femoral crossover graft is 

fashioned to perfuse the leg in question after insertion of an aorto-uni-iliac 

stent. Alternatively, an iliac branch device may be used. This involves inserting 

a further bifurcated endograft into the common iliac artery, with limbs into the 

internal and external iliac arteries. 

 

The stent graft is delivered into the aneurysm under fluoroscopic guidance 

through sheaths inserted into the femoral arteries (Figure 1). Open cut-down 

onto the femoral arteries may be required, although percutaneous EVAR with 

sheath insertion using ultrasound and fluoroscopic guidance is increasingly 

performed. This requires pre-deploying closure devices into the common 

femoral artery before sheath insertion and fully deploying them upon sheath  
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Table 2. Features of a hostile neck which can preclude use of a 

‘standard’ stent graft 

 

Hostile Neck Features 

Short neck of less than 10 mm 

Infrarenal angulation of more than 60 

Conical or reverse tapered 

Infrarenal diameter of more than 28 mm 

Circumferential mural thrombus or calcification 

 

(Stather et al., 2013) 
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removal to close the arterial puncture site. A systematic review found that 

percutaneous access is associated with a lower frequency of post-operative 

groin infection and lymphocoele formation, and a reduction in procedure time 

and hospital stay. There was no additional risk of haematoma formation, 

pseudoaneurysm, or arterial thrombosis (Hajibandeh et al., 2016). This 

approach is less invasive and allows EVAR to be performed under local 

anaesthesia, sometimes even as a day case procedure. 

 

EVAR has a shorter post-procedural hospital stay and improved 30-day 

survival when compared to open surgery. However, EVAR is associated with 

a higher rate of reintervention and over time the early survival advantage 

gained is lost (Greenhalgh, Brown, Powell, Thompson, Epstein, et al., 2010). 

 

1.3.2.1 Endoleaks 

The effectiveness of an EVAR stent graft to maintain a proximal seal is 

dependent on the quality of aortic tissue to maintain its position. Long-term 

EVAR durability is compromised by endoleak formation. Endoleak is the 

presence of persistent blood flow within the aneurysm sac but outside of the 

stent graft. It can be observed either immediately following stent graft delivery 

(early) or it can develop months or years after the procedure (late). There are 

five types of endoleaks, and they are classified by their origin (Figure 2). 

 

Inflow of blood around the stent graft can result in a pressurised aneurysm sac 

which may lead to rupture (Fransen et al., 2003). Therefore, an obvious type  
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Figure 1. Operative imaging of an abdominal aortic aneurysm 
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A. Intraoperative fluoroscopy showing digital subtraction angiography of the non-deployed stent graft within the abdominal 

aorta and aneurysm. Contrast can be seen within the aortic branches and the aneurysm sac and the aortic bifurcation. 

B. Digital subtraction angiography after the stent graft was deployed demonstrating correct position and absence of 

endoleaks. 

C. Three-dimensional reconstruction of a post-operative computed tomography angiography showing a stent graft in place. 
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Figure 2. Types of endoleak 

 
A. Type I: This results from loss of seal at the proximal or distal sealing 

zones. It is further categorised depending on location of seal loss. IA, 

proximal seal loss; IB, distal seal loss; IC, an iliac plug (not shown). 

B. Type II: Blood flow within the sac from patent collateral arteries arising 

from the aneurysm itself, such as the inferior mesenteric artery (type 

IIA) or lumbar arteries (type IIB). 

C. Type III: Loss of seal arising from either around the junctions of the 

different modular parts (type IIIA) or due to holes in the graft fabric (type 

IIIB). 
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D. Type IV: This occurs due to graft porosity and used to be more common 

with older generation stent grafts. 

E. Type V: Sometimes described as endotension, this refers to sac 

enlargement on serial imaging in the absence of a visualised endoleak. 

Other types of endoleaks should be completely excluded first. 

 

Black arrows indicate direction of blood and white arrows indicate pressure within the 

sac. 
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IA or type III endoleak which is noted on completion angiography at the end of 

the procedure requires immediate treatment. Type IA endoleak occurs more 

frequently when the aforementioned hostile neck features are present  (Table 

2) (Chaikof et al., 2018). In contrast, around half of early type II endoleaks 

appear to follow a more benign course and tend to be managed conservatively 

unless there is aneurysm sac growth. Surveillance of type II endoleaks without 

intervention is not associated with an increased risk of aneurysm-related 

mortality, all-cause mortality, sac expansion, or type I endoleak development 

(Sidloff et al., 2014). 

 

Type II endoleaks, which arise from collateral vessels are the most common 

type of endoleak. However, a proportion of endoleaks occur as a consequence 

of progression of aneurysmal disease and continued changes in aortic 

morphology, or components of the stent may dissociate leading to loss of 

proximal or distal sealing zones of the stent graft and perfusion of the 

aneurysm sac (Lal et al., 2015). The presence of the defective pre-existing 

aortic stent graft can make the repair of a ruptured aorta even more technically 

challenging and sometimes impossible. 

 

Stent graft migration is defined as more than a 10-mm movement of the graft 

or stent resulting in symptoms or the need for re-intervention (Chaikof, 

Blankensteijn, et al., 2002). Stent migration can result in a type I endoleak, 

separation of modular components or graft occlusion. Similar to type IA 

endoleak, stent migration is more likely to occur when hostile neck features 
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are present (Stather et al., 2013). Device adjuncts have been developed with 

the aim of reducing the risk of type I endoleak and migration, especially in short 

necks. These include circumferentially deploying helically shaped anchors 

(EndoAnchors) to tack the endograft to the wall of the aortic neck (Jordan et 

al., 2016). 

 

1.3.3 Clinical trials and practice guidelines 

Four major randomised controlled trials have compared EVAR and open 

surgical repair (Table 3). A further meta-analysis of the individual patient data 

(2,783 patients) at 5 years confirmed the original trial findings. The early (0 to 

6 months) reduction in EVAR group mortality (pooled hazard ratio 0.61; 

confidence interval 0.42 to 0.89; p=0.010) changed within 3 years and the 

survival rates converged. Beyond this, aneurysm-related mortality was higher 

in the EVAR group (pooled hazard ratio 5.16; confidence interval 1.49 to 17.89; 

p=0.010). There was no early survival advantage with EVAR in patients with 

moderate renal dysfunction or coronary artery disease (Powell et al., 2017). 

Long term follow-up of these trials has shown that EVAR is not associated with 

a higher risk of death due to cancer, but a greater need for re-intervention 

(hazard ratio 2.13; confidence interval 1.69 to 2.68; p<0.001) (Antoniou et al., 

2020). 

 

The risk of increased risk of cancer was specifically looked at since it had been 

thought that radiation associated with the EVAR procedure and subsequent  
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Table 3. Summary of the randomised control trials comparing open surgical repair and endovascular aneurysm repair 

for unruptured abdominal aortic aneurysm 

 

Study name Recruitment 

period 

Aneurysm 

Size 

Patient 

numbers 

Duration of 

follow up 

Main findings 

Endovascular Aneurysm 

Repair 1 Trial (EVAR-1)  

(Patel et al., 2016) 

1999-2004 >55 mm 1252 

626 EVAR 

626 Open 

15 years No all-cause mortality difference between the two 

groups. 

Beyond 8 years, higher all-cause mortality and 

aneurysm-related mortality in the EVAR group. 

Higher re-intervention rate in the EVAR group. 

Open versus 

Endovascular Repair 

(OVER) 

(Lederle et al., 2019) 

2002-2008 >50 mm 881 

444 EVAR 

437 Open 

13 years No significant difference in all-cause mortality 

between the two groups. 

A higher number of secondary therapeutic 

interventions in the EVAR group. 

Dutch Randomised 

Endovascular Aneurysm 

Management (DREAM) 

(van Schaik et al., 2017) 

2000-2003 >50 mm 351 

173 EVAR 

178 Open 

12 years No survival difference was observed between the two 

groups, this despite an increasing number of re-

interventions within the EVAR group. 
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Anevrysme de l'aorte 

abdominale: Chirurgie 

versus Endoprothese 

(ACE) 

(Becquemin et al., 2011) 

2003-2008 >50 mm 316 

150 EVAR 

149 Open 

5 years No difference in the cumulative survival, free of death 

and major adverse event rates. 

Higher reintervention rates in the EVAR group at 3 

years. 

 

EVAR, endovascular aneurysm repair. 
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cross-sectional imaging might put patients at a higher risk of cancer in the 

abdomen (Markar et al., 2019). 

 

The increasing re-interventions with EVAR highlight concerns over endograft 

durability and the need for ongoing post-operative surveillance. These 

contrasting findings of early benefit with endovascular treatments, but later 

benefits from open surgery, strike a chord with the experience of coronary 

revascularisation where percutaneous coronary intervention is associated with 

better short-term outcomes but coronary artery bypass surgery reduces longer 

term mortality (Gaudino et al., 2020). 

 

A further trial (Greenhalgh, Brown, Powell, Thompson, & Epstein, 2010) 

randomised 404 patients with large abdominal aortic aneurysm but who 

weren’t eligible for open repair to undergo either EVAR or no repair. Aneurysm-

related mortality was lower in the EVAR group (adjusted hazard ratio, 0.53; 

95% confidence intervals, 0.32 to 0.89; p=0.02), however there was no overall 

mortality benefit observed (adjusted hazard ratio, 0.99; 95% confidence 

interval, 0.78 to 1.27; p=0.97). This was compounded by the fact that patients 

in the EVAR group (48%) had EVAR-related complications including requiring 

re-interventions. 

 

These EVAR trials have informed the recommendations in clinical practice 

guidelines published by the Society for Vascular Surgery, the European 
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Society for Vascular Surgery, and the National Institute for Health and Care 

Excellence. However, each came to different conclusions. The Society for  

Vascular Surgery recommends an assessment of operative risk and life 

expectancy when contemplating repair, arguing that a patient who is at high 

risk for open surgery may be at a lower risk for EVAR (Chaikof et al., 2018). 

The European Society for Vascular Surgery recommends EVAR as the 

preferred treatment modality where anatomically suitable, but open repair in 

patients with longer life expectancies (more than 10 to 15 years) (Wanhainen 

et al., 2019). The National Institute for Health and Care Excellence 

recommends open surgical repair unless contraindicated due to a hostile 

abdomen, anaesthetic risks, or comorbidities when EVAR is recommended but 

notes that this needs balancing with the uncertain benefit of EVAR in these 

patients (NG156, 2020). 

 

There are many critics of the differences in the recommendations. Some argue 

that the quoted trials were performed with either older generation endografts  

or ones which are not commercially available anymore. Newer generation 

grafts appear to have fewer re-intervention rates than their older counterparts 

in more recent studies (IMPROVE Trial Investigators, 2017). Endovascular 

experience amongst clinicians has also continued to increase and imaging 

technology and devices to develop. In contrast, the surgical technique for open 

repair has remained more or less unchanged since the 1950s. Similar 

arguments have been previously advanced for percutaneous and open 
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surgical approaches for coronary revascularisation and yet open surgery 

continues to have the best long-term outcomes (Gaudino et al., 2020). 

 

The European Society for Vascular Surgery took into consideration more 

contemporary population-based registries, some of which reported improved 

short-term outcomes that are sustained for at least five years (Lilja et al., 2017). 

Others would argue that the conclusions by the National Institute for Health 

and Care Excellence are more valid since they only considered higher quality 

evidence (in the form of randomised control trials). They also looked at cost-

effectiveness in more detail and used United Kingdom-specific economic 

modelling. It concluded that despite the short-term benefit, EVAR’s higher net 

costs and lower net benefits than open repair, put it above the range of what 

would normally be considered a cost-effective use of National Health Service 

resources. This lack of consensus has even led some to suggest that new 

randomised controlled trials are required (Spanos et al., 2020). 

 

1.3.4 Emergency treatment 

A ruptured abdominal aortic aneurysm refers to acute haemorrhage from the 

aneurysm beyond the true aortic wall. It is a surgical emergency which 

invariably results in death if left untreated. The National Institute for Health and 

Care Excellence guidelines suggest that EVAR should be considered, but both 

the Society and European Society for Vascular Surgery suggest that when 

anatomically suitable, a ruptured abdominal aortic aneurysm should be 

repaired by EVAR. The largest randomised trial comparing open aneurysm 
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repair versus EVAR in ruptured abdominal aortic aneurysms (the IMPROVE 

Trial - Immediate Management of Patients with Ruptured Aneurysm: Open vs 

Endovascular repair) recruited 613 patients with a clinical diagnosis of rupture 

in the United Kingdom and Canada. There were no mortality differences at 30 

days (37.4% versus 35.4%) or 1 year (45.1% versus 41.1%) between the two 

groups (IMPROVE Trial Investigators, 2015; Powell et al., 2014). Three-year 

outcomes however suggest that the endovascular strategy was associated 

with a survival advantage, a gain in quality-adjusted life years, similar levels of 

re-intervention and reduced costs (IMPROVE Trial Investigators, 2017). 

 

1.4 Imaging the aorta 

Abdominal aortic aneurysms are asymptomatic unless they are close to have 

ruptured. Imaging therefore plays a central role in diagnosis and treatment. 

Ultrasound scan is the clinical standard for diagnosis. It has a high sensitivity 

and specificity which makes it ideal for screening and surveillance (Wilmink et 

al., 2002). However, ultrasound is operator-dependent and cannot penetrate 

bony structures so visualising other parts of the aorta requires cross-sectional 

imaging. Ultrasound is also not sensitive enough to detect retroperitoneal 

haemorrhage as a result of aneurysm rupture, so computed tomography (CT) 

is required in an emergency setting. 

 

CT and magnetic resonance imaging (MRI) are well-suited to visualising the 

aortic anatomy since their high spatial resolution allows easy assessment of 

aortic pathology. CT is particularly sensitive at detecting calcified plaque within 
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the vasculature. Modern assessment of mature plaques can offer an objective 

approach at analysing calcified lesions and allows quantification of vessel 

calcification. Calcium scores refer to this total burden of calcification and can 

provide a powerful marker of cardiovascular risk (Agatston et al., 1990; 

Osborne-Grinter et al., 2022). MRI is perhaps more ideal when frequent 

imaging is required since it does not expose patients to repeated ionising 

radiation. However, its use in aortic aneurysm disease has been less favoured 

because it does not visualise calcification well and because the metal in the 

stent graft leads to an inhomogenous magnetic field which results in significant 

image degradation (Koch et al., 2010; Saida et al., 2012). 

 

CT combined with iodinated contrast, CT angiography, has a central role in the 

elective management and intervention planning of abdominal aortic aneurysm 

disease because visualising the whole aorta allows accurate objective 

anatomical assessments to be performed. CT angiography can define arterial 

tributaries, renal vein anatomy and neck and aneurysm morphology. This is 

crucial information for planning of both open and endovascular repairs. In open 

repair, the operating surgeon needs to be aware of how much healthy aorta is 

available and if clamping can be done below or above the renal arteries to 

allow suturing of the graft. They would need to be aware of which back-

bleeding vessels need to be tied off, and at which level the distal anastomosis 

can be performed. In endovascular repair, pre-operative planning needs to 

confirm that the neck is healthy enough for an adequate seal (Table 2), what 

diameter and lengths of the different parts of the graft are required, what 



 
 

 29 

angles of the fluoroscopy C-arm best visualise the anatomy, and if the access 

vessels are adequate. During an EVAR, CT imaging can even be fused with 

real-time angiography for intraoperative use for greater accuracy. 

 

1.4.1 Surveillance following EVAR 

Because most endoleaks are asymptomatic, patients managed with EVAR are 

enrolled in life-long surveillance to detect, prevent and treat subsequent 

complications. European guidelines suggest that only CT angiography can be 

used as a solitary imaging modality for EVAR surveillance. CT angiography is 

accessible, sensitive, and reproducible, and it is particularly well suited to 

detect the EVAR stent, luminal blood flow, aortic morphology and established 

calcified plaque  (Wanhainen et al., 2019). However, because of cost and the 

risks of contrast nephropathy and ionising radiation from serial CT scans, 

duplex ultrasound or contrast-enhanced duplex ultrasound also form part of 

current surveillance strategies. Duplex ultrasound-based surveillance may be 

used if CT angiography performed within the first post-operative year is 

reassuring. However, whilst duplex ultrasound can reliably detect the presence 

of type I endoleaks, it is less sensitive in detecting type II endoleaks. An EVAR 

surveillance programme could therefore take the form of a CT angiogram at 

30 days post-operatively, proceeding to annual ultrasound surveillance. An 

increase in aneurysm sac diameter or an endoleak on surveillance would then 

trigger early cross-sectional imaging, otherwise a CT angiogram could be 

repeated after five years (Figure 3) (Wanhainen et al., 2019). 
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Figure 3. An approach to the elective management of patients with an 

abdominal aortic aneurysm 

 

After diagnosis of an abdominal aortic aneurysm at size-threshold, the patient 

should be reviewed by a member of the clinical team. If obvious contra-
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indications to treatment are present e.g., active malignancy with a reduced life-

expectancy, it may be more prudent for the patient to be managed 

conservatively from the outset. If not, cross-sectional imaging in the form of a 

computed tomography (CT) angiogram should be sought to provide 

anatomical details on aneurysm morphology. Pre-operative investigations 

which assess the patient’s aerobic capacity may be performed at this point. 

The case should be discussed at a multidisciplinary team (MDT) level, usually 

consisting of vascular surgeons, interventional radiologists and vascular 

anaesthetists. The outcome of the meeting should then be discussed with the 

patient and a treatment decision reached. If conventional endovascular 

aneurysm repair (EVAR) is performed, a normal post-operative CT angiogram 

would lead to enrolment in a post-operative EVAR surveillance programme 

(e.g., an annual ultrasound scan). Abnormal scans at any point would trigger 

more detailed imaging which can also be discussed at an MDT level if required. 

If required, interventions can be planned depending on what abnormality is 

identified. 
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1.4.2 Outcome risk prediction 

The imaging work-up for treatment of an abdominal aortic aneurysm and post-

operative surveillance after EVAR generate a substantial amount of imaging 

data. There has therefore been a drive to use this data to allow improved 

predictions of EVAR outcomes and to reduce the dependency on annual 

surveillance. Being able to predict which patients will develop endoleaks after 

EVAR would mean that not all patients need to be put under surveillance. 

 

Table 2 (Section 1.3.2.1) already alludes to some of the anatomical features 

in the aneurysm neck which preclude insertion of a standard EVAR stent graft 

– this is based upon adverse outcome data when such stent grafts were used 

in these situations (Oliveira et al., 2018; Wanhainen et al., 2019). 

 

Other information obtained from spatially-correct three-dimensional CT 

angiography data can be used to try to predict EVAR outcomes (Chaikof, 

Fillinger, et al., 2002; Chew et al., 2019; Fujii et al., 2020; Oliveira-Pinto et al., 

2020; Schanzer et al., 2011). Adverse features described include: 

 

• A high (>1.2) aortic tortuosity index, described as the distance along a 

central luminal line between the lowest renal artery and the aortic 

bifurcation divided by the straight-line distance from these two 

anatomical markers. 

• An acute (<120°) aortic angle, the most acute angle in the pathway 

between the lowest renal artery and the aortic bifurcation. 
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• The presence, size and patency of the aortic branch vessels, i.e., 

lumbar arteries, the inferior mesenteric artery and accessory renal 

arteries. 

• Adverse iliac artery morphology pertaining to the distal seal zone such 

as calcification, small luminal diameter, acute angulation, high tortuosity 

and short length. 

• A large aneurysm luminal volume and the presence of aneurysm sac 

thrombus. 

Despite these descriptions, a sub-analysis of the second-largest EVAR 

randomised control trial found no evidence that these aneurysm-related 

anatomical features differed between patients who did or did not develop 

endoleaks on follow up (Lal et al., 2015). 

 

1.5 Biomarkers of aortic disease activity 

Elective repair of an abdominal aortic aneurysm is usually triggered by an 

increase in the aneurysm diameter (Section 1.2.3) but no other measure or 

indicator of risk of aortic rupture is available. Medical treatments which reduce 

or slow down aortic growth are also unknown. Unsurprisingly, because as with 

natural aneurysm growth rate being so low (Section 1.2.3), clinical trials would 

take too long to reach these endpoints. Section 1.4.2 also discusses the 

absence of robust prediction methods of EVAR failure. Clinical research, which 

can include morphology, bio-markers or functional imaging could increase our 

understanding of abdominal aortic aneurysm disease and could help us 

develop such predictive tools (Wanhainen et al., 2019). 
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One attractive prospect as a method of tracking disease by predicting 

aneurysm disease development or progression could be serum biomarkers. 

These may be used to evaluate the global burden of aneurysm-related 

inflammatory and degenerative activity. Various markers of inflammation such 

as certain cytokines, C-reactive protein, and osteopontin have been 

considered. However, it is uncertain whether these mediate the disease 

process or are simple bystander markers of disease progression (Hellenthal 

et al., 2009). No serum biomarkers for abdominal aortic aneurysm disease are 

presently known. 

 

Our increased understanding of cardiovascular disease processes and the 

development in available technology has led to imaging biomarkers being 

increasingly explored for use as surrogate markers of disease progression. 

These could even serve as endpoints for clinical research: Certainly, non-

invasive imaging could monitor or identify disease activity occurring locally in 

the tissue. Such disease activity may not be apparent from biomarkers within 

the systemic circulation (Ishizaka et al., 2012). Using imaging biomarkers, 

biological activity within the aortic wall could be detected to identify pathology 

even prior to a morphological change (e.g., increase in diameter) taking place 

(M. B. J. Syed et al., 2019). These molecular imaging techniques can target 

specific biological pathways which are known to have a role in disease activity. 

 



 
 

 35 

1.5.1 Periaortic adipose tissue 

One promising imaging biomarker that uses imaging data collected on routine 

CT angiography is the attenuation of adipose tissue around a blood vessel. 

Perivascular adipose tissue is crudely defined as any adipose tissue 

surrounding a blood vessel including both periaortic and pericoronary deposits 

(Britton & Fox, 2011). This tissue is metabolically active and secretes several 

bioactive substances termed ‘adipokines’. Excessive caloric intake causes 

adipose tissue remodelling through a process of adipocyte hyperplasia and 

hypertrophy, subsequent adipocyte dysfunction and apoptosis followed by 

inflammatory cell infiltration and fibrosis. This results in a chronic low-grade 

inflammatory state (Mancio et al., 2018). 

 

Analysis of adipose tissue attenuation in the coronary circulation (pericoronary 

adipose tissue) has shown its ability to predict myocardial infarction and all-

cause and cardiac mortality on retrospective analyses of CT coronary 

angiograms (Oikonomou et al., 2018; Tzolos et al., 2022). This imaging 

biomarker demonstrates a difference in CT-measured adipose tissue 

attenuation purported to occur as a result of a shift in lipophilic content within 

the adipose tissue, possibly due to the presence of inflammation (Figure 4) 

(Antonopoulos et al., 2017). 

 

This technique has also garnered interest in vessels larger than the coronary 

arteries such as the aorta, since a potentially larger effect could be observed  
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Figure 4. Change in adipose tissue driving changes in tissue attenuation. 

 

In the presence of exogenous stimuli, adipocytes lose their intracellular lipid 

content, become less differentiated and smaller in size. This correlates to a 

shift in the makeup of the adipose tissue, from having greater lipophilic content 

to greater aqueous content. This change corresponds to a change in the 

computed tomography (CT) attenuation of the tissue, from more negative to 

less negative Hounsfield units (HU). The change in adipocytes can therefore 

be detected by assessing the gradient of the adipose tissue attenuation around 

the blood vessels on CT (adapted from Mancio et al., 2018). 
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due to the larger amount periaortic adipose tissue present. In patients with 

Takayasu arteritis, a large-vessel vasculitis characterised by pan-arterial 

granulomatous inflammation, periaortic adipose tissue density was higher 

when compared to patients with atherosclerotic coronary artery disease or 

control subjects. There was also an association with clinical and biochemical 

markers of inflammation and a moderate association was also observed 

between the pericoronary adipose tissue and [68Ga]-DOTATATE coronary 

positron emission tomography (Wall et al., 2021). 

 

Periaortic adipose tissue has also been assessed in abdominal aortic 

aneurysm disease and compared with occlusive aorto-iliac disease and control 

subjects. Here, the presence of an abdominal aortic aneurysm was found to 

be an independent predictor of higher perivascular adipose tissue attenuation 

around the aneurysm sac and demonstrated a relationship with aortic volume 

(Dias-Neto et al., 2018). 

 

1.5.2 Positron emission tomography 

Positron emission tomography (PET) is a molecular imaging modality that 

produces a topological map of the body using biologically compatible 

compounds which bind to specific targets within the tissue. These compounds 

are called radioactive tracers (or radiotracers) and have one or more atoms 

replaced with a radioisotope through which radioactive decay can then be 

detected by the PET scanner (Section 2.6). Radiotracer uptake on PET can 

be quantified, and this can serve as a measure of the molecular mechanisms 
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occurring in the target tissue. When PET is combined with CT angiography 

(PET-CT), radiotracer uptake in very specific anatomic locations of interest can 

be assessed. 

 

1.5.2.1 2-[18F]fluoro-2-deoxyglucose 

One of the most commonly used PET radiotracers is 2-[18F]fluoro-2-

deoxyglucose ([18F]FDG), a glucose analogue. In the body, it is taken up by 

cells that metabolise glucose and its intracellular distribution is associated with 

the degree of metabolic activity and inflammation in regions of uptake (Tarkin 

et al., 2016). 

 

Multiple pre-clinical and clinical studies have explored the role of [18F]FDG as 

a marker of inflammation in abdominal aortic aneurysm disease (Gandhi et al., 

2021). McBride and colleagues found high [18F]FDG uptake in the aortic wall 

of patients in 13 out of 15 patients with an abdominal aortic aneurysm under 

surveillance. However, only a weak correlation between [18F]FDG uptake and 

MRI with ultrasmall superparamagnetic particles of iron oxide (USPIO; a 

marker of phagocytic activity) was found (McBride et al., 2016). Kotze and 

colleagues meanwhile found an inverse trend between [18F]FDG uptake and 

future aneurysm expansion in a study of 25 patients under surveillance (Kotze 

et al., 2011). Marini and colleagues showed that reduced radiotracer uptake in 

aneurysmal aortic segments was correlated with a reduction in cell density in 

the diseased aortic wall on histology (Marini et al., 2012). 
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Within patients who have been treated with EVAR, Courtois and colleagues 

showed increased uptake in 6 out of 17 patients before EVAR. Furthermore, 

post-operative PET only showed a moderate association with sac growth and 

only in the presence of an endoleak (Courtois et al., 2019). In contrast, in 33 

patients having an EVAR there was low pre-operative radiotracer uptake in the 

aneurysm sac followed by increased uptake at 6 months which was associated 

with reduced sac shrinkage (Marie et al., 2018).  

 

[18F]FDG has been a successful radiotracer in imaging atherosclerosis that is 

driven by local and systemic inflammation and it may have a role in prediction 

of future cardiovascular events (Figueroa et al., 2013; Tarkin et al., 2016). 

However, [18F]FDG appears to highlight all regions of active glucose 

metabolism and increased tissue glycolysis which is not disease-specific 

(Vaidyanathan et al., 2015). This is in fact the basis of its use as a diagnostic 

tool for graft infections in the abdominal aortic aneurysm patient (Sah et al., 

2015). However, its uptake can be inconsistent as it appears to be greatly 

influenced by local tissue environments such as hypoxia or microvascular 

permeability (Taqueti et al., 2014; Wu & Nguyen, 2011). 

 

The studies mentioned above appear to provide a conflicting picture of 

[18F]FDG as a radiotracer for abdominal aortic aneurysm disease and 

therefore its use does not appear to have a clear decisive role in monitoring 

disease progression. 
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1.5.2.2 Sodium [18F]fluoride 

Sodium [18F]fluoride is another PET radiotracer. It was originally developed for 

skeletal imaging, in particularly bony metastases (Ahuja et al., 2020). It has 

now been shown to also bind selectively, specifically and with high affinity to 

calcified deposits within atherosclerotic plaque and distinguish between areas 

of macro- and microcalcification (Irkle et al., 2015). In arterial atherosclerotic 

plaques, the presence of calcified vesicles, the precursors to 

microcalcification, make it more susceptible to rupture (New et al., 2013). As 

discussed above (Section 1.2.1), microcalcification within the aortic wall 

represents deposition of hydroxyapatite crystals formed of calcium phosphate 

within the extracellular matrix as part of abdominal aortic aneurysm pathology. 

Sodium [18F]fluoride also co-localises to increased medial microcalcification 

which is associated with ascending thoracic aneurysms (Fletcher, Nash, et al., 

2022). Microcalcification can therefore serve as an important marker of the 

abdominal aortic aneurysm disease process which can be detected by sodium 

[18F]fluoride. 

 

The Sodium [18F]Fluoride Imaging of Abdominal Aortic Aneurysms (SoFIA3) 

study, was a prospective observational study in a population of 76 patients 

with a sub-threshold abdominal aortic aneurysm. Aortic sodium [18F]fluoride 

uptake localised specifically to the aneurysm and was associated with more 

rapid aneurysm expansion. This was independent of age, sex, baseline 

diameter, body mass index, blood pressure, smoking, renal function or 

peripheral arterial disease. During follow up, aneurysms with the highest 
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sodium [18F]fluoride uptake expanded more rapidly and patients were most 

likely to require elective abdominal aortic aneurysm repair (because they 

reached the threshold of 55 mm) or to have experienced aneurysm rupture 

(Forsythe et al., 2018). In abdominal aortic aneurysms, sodium [18F]fluoride 

PET-CT appears to be able to predict aortic expansion and rupture. 

 

The use of sodium [18F]fluoride as a PET radiotracer still has some remaining 

challenges. It is physiologically taken up by bone with a significant spill-over 

and contamination of signal from the vertebrae into the aneurysm. Background 

correction techniques have been attempted to address this (Akerele et al., 

2019). The different aortic aneurysm anatomy between patients and the 

variable aneurysm diameters also mean that quantification must be 

standardised to allow accurate comparison between different patients and to 

reduce the potential for error between observers. 

 

The SoFIA3 study demonstrated that sodium [18F]fluoride PET-CT can detect 

aortic aneurysm-specific microcalcification and predict aneurysm-related 

events in untreated abdominal aortic aneurysms. This knowledge is 

transferable to patients treated with EVAR. Unlike traditional open surgery, the 

diseased vascular tissue is retained intact in EVAR, this has the potential for 

ongoing perfusion of the tissue, particularly in the event of endoleak formation. 

The potential for continued aortic degeneration remains unknown. The main 

conflict in recommending EVAR is between the short-term benefit of minimally 

invasive surgery versus the risks of ongoing surveillance, endoleak formation, 
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re-intervention and delayed sac rupture in the longer term. Imaging using 

sodium [18F]fluoride holds the promise to bridge this gap in our knowledge, by 

exploring its use to evaluate changes in the aorta which evolve over time, and 

explore this in relation to future complications. 

 

1.6 Aim and hypothesis 

The overarching aim of this thesis was to investigate methods of non-invasive 

imaging of abdominal aortic aneurysm disease activity and relate the findings 

to endovascular aneurysm repair. 

 

Specifically, I had the following objectives: 

1. To assess whether periaortic adipose tissue attenuation is associated 

with aneurysm disease activity in different disease states (Chapter 3). 

2. To develop an analysis method for quantifying aortic sodium 

[18F]fluoride uptake in patients with abdominal aortic aneurysms 

(Chapter 4). 

3. To investigate aortic sodium [18F]fluoride uptake in patients before and 

after undergoing EVAR (Chapter 5). 

4. To investigate aortic sodium [18F]fluoride uptake in patients with and 

without endoleak after EVAR (Chapter 6). 

 

I sought to address the following hypotheses: 

1. Periaortic adipose tissue attenuation is related to the severity of 

different abdominal aortic aneurysm disease states. 
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2. Current measurements of sodium [18F]fluoride uptake in the abdominal 

aorta can be improved upon whilst accounting for vertebral bone signal 

spill-over in a comparable and time-efficient manner. 

3. Aortic sodium [18F]fluoride uptake is reduced after successful EVAR 

treatment. 

4. Aortic sodium [18F]fluoride uptake is increased in patients with an active 

endoleak after EVAR treatment. 
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Chapter 2: Methods 
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2.1 Study populations 

The populations studied consist of patients with abdominal aortic aneurysms 

in different disease states and control subjects. The study populations of the 

individual studies are further described in each chapter. 

 

The periaortic adipose tissue study (Chapter 3) had three patient cohorts: 

control subjects, patients with an asymptomatic abdominal aortic aneurysm 

and patients with a symptomatic abdominal aortic aneurysm. The control 

subjects and the asymptomatic patients were part of a historical cohort from 

the Sodium [18F]Fluoride Imaging of Abdominal Aortic Aneurysms (SoFIA3) 

study (NCT02229006), conducted by Miss Rachael Forsythe, Dr Jenny 

Robson and Professor David Newby. The symptomatic cohort consisted of 

patients identified through operative and clinical records of patients presenting 

with a ruptured abdominal aortic aneurysm or undergoing repair. Their 

electronic health record was retrospectively interrogated for the relevant 

clinical parameters. 

 

The quantification of sodium [18F]fluoride uptake study (Chapter 4) consisted 

of consecutive patient imaging from the historical cohort of the Sodium 

[18F]Fluoride Imaging of Abdominal Aortic Aneurysms (SoFIA3) study 

(NCT02229006), conducted by Miss Rachael Forsythe, Dr Jenny Robson and 

Professor David Newby. 

 



 
 

 46 

The sodium [18F]fluoride uptake following EVAR study (Chapter 5) consisted 

of the original patients from the cohort of the Sodium [18F]Fluoride Imaging of 

Abdominal Aortic Aneurysms (SoFIA3) study (NCT02229006) who had 

subsequently undergone an EVAR operation. These patients were recruited 

as part of the cross-sectional component of the PET-EVAR study (see below).  

 

The Predicting Endoleaks Following Endovascular Aortic Aneurysm Repair 

Using Sodium [18F]Fluoride (PET-EVAR) study (NCT04577716) is a 

prospective observational study for which I am the Principal Investigator, 

supervised by Miss Rachael Forsythe, Professor Marc Dweck and Professor 

David Newby. I was responsible for writing the protocol, obtaining the relevant 

approvals, recruiting and running the patients through the study visits and 

image and data analysis. Here, only the cross-sectional components of the 

study are being reported, because the patients recruited into the longitudinal 

component are still undergoing follow up visits. The cross-sectional case 

control study (Chapter 6) consisted of patients who had undergone an EVAR 

operation, recruited into the PET-EVAR study. The objective of this study was 

to investigate the sodium [18F]fluoride uptake in patients with and without an 

endoleak after EVAR, and therefore patients who had a documented endoleak 

and patients who did not have a documented endoleak after EVAR, were 

invited to participate. 

 

The aortic tissue for the ex vivo study (Chapter 6) was collected from patients 

undergoing open abdominal aortic aneurysm repair at the Edinburgh Vascular 
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Service, Royal Infirmary of Edinburgh, NHS Lothian. Control aortic tissue was 

obtained from the Edinburgh Brain and Tissue Bank, University of Edinburgh. 

 

2.2 Study regulations 

The Sodium [18F]Fluoride Imaging of Abdominal Aortic Aneurysms (SoFIA3) 

study, whose imaging data were used for parts of Chapters 3, 4 and 5, had 

previously obtained ethical approval by the South East Scotland Research 

Ethics Committee (South East Scotland 01 Committee, 14/SS/0080) and 

registered on a public database (NCT02229006). 

 

The periaortic adipose tissue 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 (AC21019). It had ethical approval from the East of Scotland Research 

Ethics Service (21/ES/0044). Since patient informed consent was waived due 

to the retrospective nature of the study, further Caldicott approval (CRD21102) 

from the NHS Lothian Research & Development Department (2021/0066) was 

also obtained. 

 

The Predicting Endoleaks Following Endovascular Aortic Aneurysm Repair 

Using Sodium [18F]Fluoride (PET-EVAR) study was also 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 (AC20136). Ethical approval was obtained from the South 



 
 

 48 

East Scotland Research Ethics Committee (South East Scotland 02 

Committee, 20/SS/0119). Further approval by the Administration of 

Radioactive Substances Advisory Committee (ARSAC) was obtained (AA-

746). The study also received approval from NHS Lothian Research and 

Development with the Royal Infirmary of Edinburgh being the research site 

(2021/0012). Further approvals for patient identification centres were obtained 

from the respective research and development departments at NHS Greater 

Glasgow and Clyde, NHS Lanarkshire and NHS Tayside (GN20CA566, 

L20123_PIC, 2020CV05 respectively). Furthermore, the study was registered 

on a public database (NCT04577716), with the Central Portfolio Management 

System (48641) for the National Institute for Health and Care Research (NIHR) 

and NHS Research Scotland (NRS20/254718). 

 

Tissue governance approval for the ex vivo study was obtained from NHS 

Lothian Research and Development (2017/0246/SR859) with ethical approval 

covered under BioResource (15/ES/0094) and the Edinburgh Brain Bank 

(16/ES/0084). 

 

This rigorous study regulation ensured that the research was conducted in 

accordance with the principles of the International Conference on 

Harmonisation Tripartite Guideline for Good Clinical Practice (ICH GCP). All 

studies were conducted in accordance with the declaration of Helsinki. Apart 

from where indicated above, informed patient consent was obtained for all 

patient participation in the research. 
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2.3 Recruitment 

Recruitment of patients with a symptomatic abdominal aortic aneurysm in the 

periaortic adipose tissue study, although prospective, was performed using 

retrospective health records and imaging. The necessary detail regarding this 

is included in Section 2.1 and in Chapter 3. 

 

Patients were recruited into the Predicting Endoleaks Following Endovascular 

Aortic Aneurysm Repair Using Sodium [18F]Fluoride (PET-EVAR) study in the 

manner described below. 

 

Patients who had undergone an EVAR operation were identified either by the 

research team using contemporaneous databases held by the relevant 

regional health board or by their health care team. The electronic health record 

was scanned for an obvious exclusion criterion, or departure from the inclusion 

criteria. 

 

These were the inclusion criteria: A diagnosis of an abdominal aortic aneurysm 

as defined by the European Society of Vascular Surgery guidelines on the 

management of aorto-iliac artery aneurysms (Wanhainen et al., 2019); EVAR 

performed within manufacturers’ ‘Instructions for Use’; a minimum age of 50 

years and patients having the capacity to give informed consent. For the 

endoleak group, any type of documented endoleak or stent graft migration. 
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These were the exclusion criteria: Patient unable to undergo PET-CT 

scanning; severe chronic kidney disease (estimated glomerular filtration rate 

≤30 mL/min/1.73 m2); major or untreated cancer reducing life expectancy to 

below 2 years; pregnancy or breastfeeding; an allergy or contra-indication to 

iodinated contrast; inability or unwillingness to give informed consent; a life-

expectancy of less than two years and a known history of connective tissue 

disease. 

 

After the potential study participant was identified, an approved letter and 

participant information sheet was sent to them for consideration. Contact by 

phone was then made, with an explanation of what participation would involve 

and potential risks. Potential participants had an opportunity to ask questions 

and it was made clear that study involvement was on a voluntary basis. If the 

patient agreed, then arrangements for the study visit were made. Every effort 

was made to minimise bias based on the patient’s geographical location; if the 

patient had issues with travelling to the study site, expense reimbursement or 

arrangement of private transport was offered. Despite these efforts, at certain 

points, recruitment proved tricky as some potential patients were not keen on 

travelling into, and arranging visits in a hospital during a pandemic. Covid-19 

therefore had an impact on the original recruitment timelines which had to be 

adapted to this new reality. 
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2.4 Study visit 

Chapters 3 and 4 involve the use of retrospective data and image analysis 

which is discussed in the relevant sections. The study visit discussed here is 

for patients in Chapters 5 and 6 who attended a study visit as part of 

recruitment in the PET-EVAR study. 

 

The study visit took place at the Edinburgh Imaging Facility at the Queen’s 

Medical Research Institute, University of Edinburgh. Patients were not fasted. 

The nature of the study was once again explained to patients on the day of the 

visit. Any remaining questions or queries about the study were answered, after 

which patients signed a consent form. 

 

A medical, surgical and medication history was taken. Parameters including 

height, weight, oxygen saturations, heart rate and blood pressure were 

measured. A peripheral vascular examination was performed. These were all 

recorded in a data collection sheet. 

 

A 20-G peripheral cannula was inserted and venesection performed for blood 

sample collection. Four samples were sent to the Royal Infirmary of Edinburgh 

clinical laboratories for immediate processing and the following tests were 

performed: full blood count, urea and electrolytes, bone profile, liver function 

tests, C-reactive protein, coagulation screen and glycated haemoglobin 

(HbA1c). 
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Three samples were taken to the Clinical Research Facility, Royal Infirmary of 

Edinburgh for processing. The serum gel bottle was centrifuged at 2500 g for 

10 min at 20°C and serum was stored in 1 mL aliquots. Samples collected with 

ethylene diamine tetra-acetic acid (EDTA) were centrifuged at 2000 g for 10 

min at 20°C and plasma was stored 1 mL aliquots. The third EDTA sample 

was not centrifuged and was stored for potential genetic analysis. All samples 

were stored at -80°C.  

 

The cannula was then flushed with 10 mL of normal saline prior to intravenous 

administration of sodium [18F]fluoride by the radiographers.  

 

At the end of the PET scan, the cannula was removed and patients were 

allowed to go home. Contact with patients pertaining to the blood tests and 

scan results was made within the following 2 weeks and the patient’s general 

practitioner and the vascular team in the tertiary setting were informed of the 

study visit. 

 

2.5 Computed tomography 

A computed tomography (CT) scan is an X-ray examination where a series of 

X-ray exposures are rotated around an area of interest in the body and cross-

sectional images are generated following computer processing. The X-ray 

source and detectors rotate around the patient, who is slowly moved up or 

down the table in relation to the X-ray source. Two-dimensional image slices 

are constructed. Slice thickness refers to the thickness of each slice which 
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forms the computerised three-dimensional reconstruction image (Patel & De 

Jesus, 2023). 

 

The radiodensity or photon attenuation of the different body tissues, using 

Hounsfield units (HU), then creates the different pixels which form the image. 

For example, bone (400-2000 HU) appears white and air (-1000 HU) appears 

black (Patel & De Jesus, 2023). Contrast can be used to better visualise tissue 

by altering its radiodensity, e.g., iodinated-contrast is radio-dense and appears 

white. Arterial vessels can be visualised better by timing the scan to when 

intravenously administered an iodine-based contrast reaches the arterial 

system (CT angiogram). Abdominal viscera can be visualised better by 

delaying the time of the scan for when contrast reaches the portal-venous 

system (delayed-phase CT). 

 

CT scans involve ionising radiation and this has the potential to cause 

biological harm to tissue. A radiation dose of 100 milliSieverts (mSv) is typically 

thought to have a 0.5 % risk of cancer (ICRP, 2007). Contrast agents can 

cause allergic reactions or damage the kidneys especially in those who already 

have renal impairment. The total research protocol dose for the PET-EVAR 

study was calculated at up to 46.2 mSv. The inclusion and exclusion criteria 

for the study aimed to minimise study participants’ exposure to the above risks. 
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Image acquisition and analysis for Chapter 3 is addressed in the section below. 

Details for CT image acquisition and analysis when combined with PET, for 

Chapters 4, 5 and 6, are discussed in the PET section of this chapter. 

 

2.5.1 Periaortic adipose tissue study 

Asymptomatic patients and control subjects underwent contrast-enhanced CT 

angiography (120 kV, 145 mAs, 3/3 mm, field of view 400; and 1/1 mm, field 

of view 300; triggered at 181 HU) at their study visit. 

 

Symptomatic patients underwent CT imaging according to local Emergency 

Department and Radiology protocols. Antero-posterior aortic diameter was 

measured in the orthogonal plane using Picture Archiving and 

Communications System (PACS, Carestream Health). 

 

2.5.1.1 Adipose tissue assessment 

Data were exported in Digital Imaging and Communications in Medicine 

(DICOM) format. Assessment of visceral and subcutaneous adipose tissue 

attenuation was performed using OsiriX (version 13.0.0; OsiriX Imaging 

Software, Geneva, Switzerland). For each scan, four circular regions of 

interest were drawn in both the visceral fat and the subcutaneous fat at the 

mid-level of the third lumbar vertebra (Figure 5) (Derstine et al., 2022; Gleinert-

Rożek et al., 2020). The mean attenuation values were then calculated for 

each patient. 
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Figure 5. Regions of interest in visceral and subcutaneous fat 
 

 

Four regions of interest were drawn in the visceral fat (orange circles) and the 

subcutaneous fat (cyan circles) on OsiriX. A mean value was obtained for 

each. Although all efforts were made to keep the regions of interest in the same 

CT slice, sometimes lower or higher slices had to be chosen due to reduced 

subcutaneous fat or the presence of high-density fluid (blood) within the 

visceral fat. 
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Periaortic adipose tissue attenuation assessment was performed using semi-

automated software (Autoplaque, version 2.5, Cedars-Sinai Medical Center, 

Los Angeles) (Williams et al., 2020). Analysis for each subject was performed 

in two aortic regions (Figure 6): 

 

• The abdominal aorta - from just below the lower-most renal artery until 

the aortic bifurcation. 

• The normal aorta - a 20-mm straight segment of non-aneurysmal aorta, 

usually in the suprarenal abdominal aorta. 

 

The mean tissue attenuation at a 2-mm distance from the vessel wall was 

considered (Goeller et al., 2019; Tzolos et al., 2022). Conversion factors were 

used on the attenuation values to adjust for different scans having been 

performed at different tube voltages (Etter et al., 2023; Ma et al., 2020). 

 

Autoplaque is an analytical tool developed by Cedars-Sinai Medical Center, 

Los Angeles, United States. It is a semi-automated image analysis programme 

primarily designed to quantify non-calcified and calcified coronary plaque on 

CT angiography (Dey et al., 2009). This has been shown to be excellent when 

compared with intravascular ultrasound quantification (Dey et al., 2010). Its 

use has since been expanded to include assessment of pericoronary adipose 

tissue attenuation and this has demonstrated excellent inter- and intra-

observer repeatability in the coronary arteries (Tzolos, McElhinney, et al., 

2021). 
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Figure 6. Analysis of periaortic adipose tissue attenuation  

 
Images were loaded onto a multiplanar image viewer using Autoplaque. The 

lesion in question is first defined (red). Periaortic adipose tissue attenuation 

can then be viewed (yellow scale range). Numerical values can be 

automatically exported by the analysis programme. 

 

 

  



 
 

 58 

2.6 Sodium [18F]fluoride positron emission tomography and 

computed tomography 

Positron emission tomography (PET) allows three-dimensional mapping of 

positron-emitting radiopharmaceuticals which are administered in very small 

quantities. When the data are combined with detailed morphological CT 

images, the capabilities of PET can be further enhanced by allowing accurate 

co-registration of the two imaging modalities. 

 

The PET scanner contains a ring of γ-ray (gamma-ray) detectors which can 

detect simultaneous pairs of γ-photons. Positron-emitting radioisotopes, such 

as fluorine-18, undergo radioactive decay where a proton converts to a neutron 

and emits a positron (the positively charged antiparticle of the electron), and a 

neutrino (a chargeless particle). The emitted positron almost instantaneously 

interacts with a nearby electron to cause an annihilation event whereby matter 

ceases and is replaced by a pair of two photons (γ-rays) which travel in equal 

and diametrically opposite directions to be detected by the scanner. If these 

opposing detectors detect the pair of photons within a specific time frame 

(coincidence time window), a coincidence event is recorded and the 

annihilation event is considered to have occurred along the line of response 

between the two detectors. However, if one of the photons is not detected 

(e.g., because it was absorbed by the tissue) then that is not considered to be 

a coincidence event (Lameka et al., 2016). These data acquired by the γ-ray 

detectors are then used to form the PET images. 
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Misrepresentation of coincidence events can occur and this degrades the 

acquired image (termed random scatter and dead time). During data 

processing, modern PET scanners can correct for such errors and improve on 

image accuracy. Furthermore, PET data are attenuation-corrected, this refers 

to the fact that photons released from the centre of the body are attenuated 

(undergo a reduction in their signal) to a greater extent than photons released 

from the periphery or body surface. Attenuation correction of the data, usually 

made using attenuation data from the CT scan, can further improve the 

accuracy of quantification (Lameka et al., 2016). 

 

The radiotracer sodium [18F]fluoride is produced after irradiating 18O-water with 

10 to 18 megaelectron volt (MeV) protons through a carbonate-type anion 

exchange resin column within a cyclotron (Koukourakis et al., 2009). The 

sodium salt of [18F]fluoride is a colourless liquid which can then be 

administered intravenously. It has a half-life of 110 minutes, and at least 60 

minutes are usually allowed after intravenous administration to achieve the 

optimal uptake time within the body. 

 

2.6.1 Image acquisition 

For Chapters 4 and 5, patients were administered a target dose of 125 

megabecquerels (MBq) of sodium [18F]fluoride intravenously and imaged after 

60 minutes on a hybrid 128–slice PET-CT scanner (Biograph mCT, Siemens 

Healthineers, Erlangen, Germany). An attenuation correction CT scan was 

performed (120 kV, 50 mAs, 5/3 mm), followed by acquisition of PET data at 
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10-min intervals in three bed positions. Contrast-enhanced CT angiography 

(120 kV, 145 mAs, 3/3 mm, field of view 400; and 1/1 mm, field of view 300; 

triggered at 181 HU), centred on the abdominal aortic aneurysm and extended 

to the aortic bifurcation, was performed on the same scanner immediately after 

PET acquisition. 

 

The major difference in PET imaging for the PET-EVAR study was that four 

bed positions were used here rather than three, this was to ensure full image 

capture of the abdominal aorta. Otherwise, it used a similar protocol from that 

described above. Imaging was performed on a hybrid 128–slice PET-CT 

scanner (Biograph mCT, Siemens Healthineers, Erlangen, Germany). Patients 

were administered a target dose of 125 MBq of sodium [18F]fluoride 

intravenously and imaged after 60 minutes of uptake time. A low-dose 

attenuation correction CT scan was performed (120 kV, 50 mAs, 5-mm 

thickness, 3-mm increments), followed by acquisition of PET data at 10-min 

intervals in four bed positions to ensure coverage of the thoracic and 

abdominal aorta. Static PET-CT images were reconstructed with correction 

applied for attenuation, dead-time, scatter, and random coincidences, using 

an optimised iterative reconstruction algorithm (ultra-High Definition; TrueX + 

Time-of-Flight, 2 iterations and 21 subsets, matrix 200, zoom 1; Gaussian filter 

5 mm). Immediately after PET acquisition, a non-contrast aortic CT calcium 

score was performed, followed by arterial and delayed-phase contrast-

enhanced aortic CT angiograms (120 kV, 145 mAs, 3-mm thickness, 3-mm 
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increments, field of view 400; and 1/1 mm, field of view 300; triggered at 181 

HU). 

 

2.6.2 Image analysis 

Pre-operative CT angiograms were accessed through a national PACS 

(PACS, Carestream Health). This allowed pre-operative measurements 

relating to aneurysm morphology, aortic sac size, neck length and length of 

common iliac arteries. The obtained post-operative CT angiograms confirmed 

the presence or absence of an active endoleak through an independent 

vascular multidisciplinary team meeting. Antero-posterior aortic diameter was 

measured in the orthogonal plane. 

 

For Chapter 5, calcium score was measured in the descending thoracic aorta 

and in the suprarenal aorta using dedicated software (Vitrea Advanced, 

Toshiba Systems). It was quantified as calcium score (AU), calcium volume 

(mm3) and calcium mass (mg). The threshold for calcification was set at a 

computed tomographic density of 130 HU having an area 1 mm2 (Agatston 

et al., 1990). Care was taken to avoid the vertebrae being counted as 

calcification. 

 

2.6.2.1 Radiotracer uptake quantification 

PET quantification in regions of interest has previously been performed using 

maximum tissue-to-background ratios (TBRs). TBR is calculated by dividing 

standard uptake values (SUVs) (the decay-corrected tissue concentration 
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divided by the injected dose/body weight) by the mean SUV in the blood pool. 

The blood pool SUV can be obtained from the superior vena cava or the right 

atrium. This method of sodium [18F]fluoride quantification was advanced in 

coronary arterial vessels and aortic valve leaflets with favourable 

reproducibility and repeatability (Dweck et al., 2012; Joshi et al., 2014; Pawade 

et al., 2016). It has also been used to quantify uptake in abdominal aortic 

aneurysms (Forsythe et al., 2018). This is an accurate but time-intensive 

process which also requires the manual exclusion of areas affected by the 

spill-over effect created by physiological radiotracer uptake within the 

vertebrae. 

 

Sodium [18F]fluoride uptake quantification was performed using FusionQuant, 

a custom-validated PET quantification tool developed by Cedars-Sinai Medical 

Center (Fusion Quant v1.21.0421, Cedars-Sinai Medical Center, Los Angeles, 

United States) (Massera et al., 2020). It has previously been used to quantify 

sodium [18F]fluoride uptake in the coronary circulation and in the thoracic aorta 

(Syed et al., 2022; Tzolos et al., 2020). 

 

The methodical development of sodium [18F]fluoride uptake quantification for 

abdominal aortic aneurysms on PET is explored in Chapter 4. Below, is a brief 

overview of the method used for PET analysis. 

 

The background blood pool activity was determined by placing two 8-mm 

radius spheres in the centre of the right and left atria. The cumulative SUV 
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within the spheres were then corrected for the spheres’ total volume (2.1 cm3) 

and a mean background pool activity calculated. 

 

Four aortic regions were considered separately in the analysis (Figure 7): 

• The ‘descending thoracic aorta’ was defined as the region where the 

first trans-axial slice of the descending aorta starts until the aortic 

hiatus at the diaphragm (Joshi et al., 2015). 

• The ‘suprarenal aorta’ was defined as the origin of the coeliac artery 

down to  the origin of the upper most renal artery. 

• The ‘neck’ was defined as the origin of the lower most renal artery 

until the abdominal aorta became aneurysmal, or there was a 

definite change in vessel calibre (the latter applied to cases where 

the neck was ectatic). 

• The ‘aneurysm body’ was defined as where the neck ended until the 

aortic bifurcation. 

 

FusionQuant’s centreline function, using a multiplanar reconstruction viewer, 

allows the creation of a volume of interest with an adjustable radius and length 

along a centreline which can be adjusted for the vessels’ shape and angulation 

as necessary (Figure 8). The created volume of interest included the aortic 

lumen, any thrombus present and the aortic wall. The diameter for each 

volume of interest matched that of the maximal aortic luminal diameter at that 

point in the centreline. Four different centrelines were drawn for each of the 

aortic segments described above. The mean cumulative SUV of each volume  
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Figure 7. Regional analysis of aortic microcalcification activity 
 

 
A. Pre-operative positron emission tomography (PET) and computed 

tomography (CT) with a colour scale bar in standard uptake values 

(SUV). 

B. Schematic representation demonstrating the analysed aortic regions 

(vertical arrows: descending thoracic, suprarenal, neck, and aneurysm 

body). 
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of interest created and its volume were thus obtained. The cumulative SUV for 

each of the aortic segments was then divided by the volume and the mean 

background pool activity to obtain what was termed the aortic 

microcalcification activity (AMA) (Fletcher et al., 2021). 

 

AMA can therefore provide a summary measure of mean aortic sodium 

[18F]fluoride uptake in a three-dimensional volume. Within the thoracic aorta, 

this technique has demonstrated very good repeatability and reproducibility 

with the SUV method of quantification (Fletcher et al., 2021). Such a technique 

should include within it a threshold technique to correct for the spill-over effect 

created by physiological radiotracer uptake in the vertebrae. 

 

The comparability of the established SUV method with AMA in the abdominal 

aorta is explored in Chapter 4. 

 

2.7 Ex vivo study 

Using similar principles to PET, micro-positron emission tomography 

(microPET) is an established preclinical non-invasive imaging tool for studying 

disease development and progression in small animal models (McDougald et 

al., 2020). This technique can also be expanded to study ex vivo human tissue. 

Meanwhile, autoradiography allows the study of radiotracer distribution using 

imaging plates which can detect radioactivity. Radiotracer exposure can be 

performed on either pre-made tissue slices or on a whole animal model 

(Bergström et al., 2003). 
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Figure 8. Image analysis on a multiplanar viewer 
 
FusionQuant can view computed tomography with positron emission tomography imaging as overlay in three orthogonal planes. 

The acquisition of all imaging data in the same session ensures accurate co-registration, this was ensured prior to any analysis. 

Here, a three-dimensional region of interest created as a centreline around the abdominal aortic aneurysm is displayed (green). 
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Intact tissue underwent microPET with sodium [18F]fluoride. Following a 30-

minute incubation with the radiotracer, PET data was acquired using a 

nanoPET-CT scanner (Mediso, Hungary) over 30 minutes, followed by an 

attenuation correction CT. Image analysis on reconstructed three-dimensional 

PET data was performed using PMOD 4.2 (PMOD Technologies LLC, Zurich, 

Switzerland). 

 

Analysis on whole tissue considered the tissue as one volume of interest. 

Regional analysis involved drawing three equally sized spherical volumes of 

interest in the three areas of visually highest and lowest uptake. Average 

radiotracer uptake values (kBq/cm3) across each volume of interest were 

obtained. All values were then normalised for the radiotracer incubation 

concentration by dividing the obtained value by the corrected radiotracer 

concentration (kBq/mL) for each study scan. This allowed comparison 

between different scans. 

 

Guided by areas of high radiotracer uptake, the tissue was then sectioned at 

4-µm thickness after being embedded in paraffin blocks. Slides were stained 

with Haematoxylin and Eosin, von Kossa, Picrosirius Red, elastic Van 

Giesen’s and Alizarin Red S stains. Images were captured using Axioscan 

slide scanner (Zeiss, Germany). At room temperature, slides were incubated 

with 100 kBq/mL of sodium [18F]fluoride in a phosphate buffered saline for 60 

minutes and a blocking control (10 μmol/L sodium fluoride). This was followed 

by two 5-minute washes in phosphate buffered saline and one in deionised 
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water. Autoradiography imaging (Amersham Typhoon IP Biomolecular Imager, 

Cytiva) was then performed after the slides were exposed to a high-resolution 

autoradiography plate (BAS-IP-SR 2040; Cytiva) (Fletcher, Nash, et al., 2022). 

Radiotracer content quantification was performed using FIJI software (v2.0.0, 

open source) by drawing regions of interest around the tissue and on empty 

glass slide thus obtaining a ratio of mean background activity. 

 

Histopathologic aneurysm disease severity scoring was performed by an 

experience pathologist blinded to the results of microcalcification imaging and 

patient status. The scoring system was adapted from a previously described 

system by Bruijn and colleagues (Bruijn et al., 2021). In brief, samples were 

scored on the following 10 categories of disease activity: mesenchymal cell 

loss, intimal or medial fibrosis, elastin degradation, aorta wall thickness, 

inflammation measured as transmural lymphoid infiltrates and tertiary 

lymphoid organs-like structures in the adventitia, neovascularisation, 

atherosclerotic lesion, microcalcification and adventitial adipocytic 

degeneration. The total histopathology scores of each sample were then 

compared according to their tissue type status. 

 

2.8 Statistical analysis 

All statistical analysis was performed in RStudio (V2022.02.3+492, RStudio, 

PBC). Shapiro-Wilk test was used to assess the normality distribution of data. 

Continuous variables with normal distribution are presented as mean ± 

standard deviation and skewed continuous variables are presented as median 
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[interquartile range]. Categorical variables are presented as number 

(percentage).  

 

In Chapter 3, periaortic adipose tissue attenuation values between the three 

groups were first assessed using Student t tests and Wilcoxon rank sum tests. 

Following this, a multi-regression model was used with periaortic adipose 

tissue attenuation as the independent variable and age, hypertension and 

hypercholesterolemia as the independent variables. Subcutaneous and 

visceral adipose tissue attenuation was assessed using Wilcoxon rank sum 

tests. 

 

Within Chapter 4, associations between quantification methods were 

evaluated as a continuous variable (Pearson’s correlation coefficient). 

Quantification methods were compared using intraclass correlation coefficient 

(consistency and 2-way random effects model) and Bland-Altman plots (Bland 

& Altman, 1986; Koo & Li, 2016). Reliability of intraclass correlation coefficient 

values are described as: poor when less than 0.5; moderate when 0.5 to 0.75; 

good when 0.75 to 0.9; and excellent when greater than 0.9 (Koo & Li, 2016). 

Intra- and inter-observer repeatability were similarly assessed using mean 

bias, 95% limits of agreement and coefficient of repeatability (Vaz et al., 2013). 

 

A simple main effect one-way model was used to assess regional difference 

in the aortic microcalcification activity (AMA) between pre-operative and post-

operative PET quantification data in Chapter 5. A Kruskal-Wallis rank sum test 
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was used to assess regional differences in the AMA between the two 

timepoints. Wilcoxon signed-rank test was used to test pre-operative and post-

operative calcium scores. 

 

A two-way repeated measures analysis of variance (ANOVA) was used to 

assess regional differences in the AMA between endoleak and no endoleak 

groups in Chapter 6. P-values were adjusted using the Bonferroni multiple 

testing correction method. Change in aneurysm sac size was corrected for the 

interval distance between the pre-operative and post-operative scan 

(mm/year). Pearson’s correlation coefficient was used to assess the 

association between change in aneurysm sac size and AMA ratio. 

 

Other statistical significance was assessed using Pearson’s Chi-squared test, 

Fisher’s exact test, Students t-test, Kruskal-Wallis rank sum test or Wilcoxon 

rank sum test as appropriate. A two-sided p < 0.05 was considered statistically 

significant. 
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Chapter 3: Periaortic adipose tissue in abdominal 

aortic aneurysms 
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3.1 Abstract 

3.1.1 Background 

Pericoronary adipose tissue attenuation on CT angiography has been 

associated with localised coronary inflammation that is predictive of adverse 

cardiac events and mortality. Adipose tissue also surrounds other vascular 

structures, including the abdominal aorta. The aim of the study was to assess 

periaortic adipose tissue attenuation on CT angiography in different abdominal 

aortic aneurysm disease states. 

 

3.1.2 Methods 

Periaortic adipose tissue attenuation was assessed on CT angiography in 

patients with asymptomatic or symptomatic (including rupture) abdominal 

aortic aneurysms, as well as control subjects without aneurysms. Periaortic 

adipose tissue attenuation was measured using semi-automated software in 

aneurysmal and non-aneurysmal segments of the abdominal aorta, and in 

subcutaneous and visceral adipose tissue. 

 

3.1.3 Results 

Eighty-eight participants were included: 70 patients with abdominal aortic 

aneurysms (40 asymptomatic and 30 symptomatic patients including 24 with 

acute rupture), and 18 control subjects. Participants had a median age of 70 

[interquartile range 65 to 78] years and 89% (78/88) were male. There were 

no differences in the periaortic adipose tissue attenuation in aneurysmal and 

non-aneurysmal segments of the aorta between asymptomatic patients (-
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81.4±7 versus -75.4±8 HU) and comparable segments in control subjects (-

83.3±9 versus -78.8±6 HU, p>0.05 for all). However, symptomatic patients 

demonstrated much higher periaortic adipose tissue attenuation in both 

aneurysmal (-57.9±7 HU, p<0.0001) and non-aneurysmal segments (-58.2±8 

HU, p<0.0001). 

 

3.1.4 Conclusion 

Periaortic adipose tissue attenuation is not increased in stable abdominal 

aortic aneurysm disease, although there is a generalised increase in patients 

with symptomatic disease likely reflecting the systemic consequences of acute 

rupture. 

 

3.2 Introduction 

As detailed in Section 1.5.1, perivascular adipose tissue refers to any adipose 

tissue surrounding a blood vessel including periaortic deposits and is 

metabolically active (Britton & Fox, 2011). 

 

Dysfunction and remodelling of the adipocytes within this tissue can result in a 

low-grade inflammatory state with chronic inflammatory cell infiltration and 

fibrosis which leads to an increase in adipose tissue attenuation (measured in 

Hounsfield Units, HU) (Figure 4) (Mancio et al., 2018). Analysis of adipose 

tissue attenuation around the right coronary artery has been able to predict  

myocardial infarction and all-cause and cardiac mortality on retrospective 
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analyses of CT coronary angiograms (Oikonomou et al., 2018; Tzolos et al., 

2022). 

 

There are larger amounts of perivascular adipose tissue around the aorta 

when compared to the coronary vessels and therefore as an imaging 

biomarker, analysis of periaortic adipose tissue could have a role in aortic 

pathology. Previous work has reported that the presence of an abdominal 

aortic aneurysm was an independent predictor of higher perivascular adipose 

tissue attenuation around the aneurysm sac and demonstrated a relationship 

with aortic volume (Dias-Neto et al., 2018). 

 

The aim of this study was to investigate periaortic adipose tissue attenuation 

on CT imaging within the abdominal aorta in patients with different abdominal 

aortic aneurysm disease states to assess whether periaortic adipose tissue 

attenuation is associated with aneurysm disease activity. 

 

3.3 Methods 

Further study methodology is outlined in Chapter 2. In brief however, this was 

a single centre observational study with a retrospective analysis of CT imaging. 

 

The study population was comprised of three groups: (i) asymptomatic patients 

with an unruptured abdominal aortic aneurysm, (ii) symptomatic patients with 

CT evidence of a ruptured abdominal aortic aneurysm, or unruptured 
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abdominal aortic aneurysm proceeding to emergency repair, and (iii) control 

subjects with a normal calibre abdominal aorta. 

 

Asymptomatic patients and control subjects were consecutive study 

participants recruited in the Sodium [18F]Fluoride Imaging of Abdominal Aortic 

Aneurysms (SoFIA3) study (NCT02229006), a prospective case-control 

observational cohort study of patients with asymptomatic abdominal aortic 

aneurysms under ultrasound surveillance and control subjects with normal 

calibre abdominal aortas (Forsythe et al., 2018). 

 

Symptomatic participants were patients who had presented to their local 

Emergency Department with abdominal pain and a clinical suspicion of 

ruptured abdominal aortic aneurysm. 

 

Asymptomatic patients and control subjects underwent a contrast-enhanced 

CT angiography and symptomatic patients underwent CT imaging according 

to local Emergency Department and Radiology protocols. 

 

The aortic diameter was measured in the antero-posterior plane using the 

PACS (Carestream Health). 

 

Assessment of visceral and subcutaneous adipose tissue attenuation was 

performed using OsiriX (version 13.0.0; OsiriX Imaging Software, Geneva, 

Switzerland). Mean attenuation values were calculated for each patient by 
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drawing four circular regions of interest in the visceral fat and the 

subcutaneous fat at the mid-level of the third lumbar vertebra (Derstine et al., 

2022; Gleinert-Rożek et al., 2020) (Figure 5). 

 

Periaortic adipose tissue attenuation assessments were performed using 

Autoplaque (version 2.5, Cedars-Sinai Medical Center, Los Angeles) (Williams 

et al., 2020). Two aortic regions were analysed: (i) the abdominal aorta (from 

just below the lowermost renal artery until the aortic bifurcation), and (ii) the 

normal aorta (a 20-mm straight segment of non-aneurysmal aorta, usually in 

the suprarenal abdominal aorta). In patients with rupture, the normal segment 

of the aorta excluded areas with CT-evidence of haemorrhage. The mean 

tissue attenuation at a 2-mm distance from the vessel wall was considered and 

conversion factors were used on the attenuation values to adjust for different 

scans having been performed at different tube voltages (Etter et al., 2023; Ma 

et al., 2020) (Figure 6). 

 

Continuous variables with normal distribution are presented as mean ± 

standard deviations, and skewed continuous variables are presented as 

medians (interquartile range). Categorical variables are presented as numbers 

(percentages). Periaortic adipose tissue attenuation values between the three 

groups were first assessed using Student t tests and Wilcoxon rank sum tests. 

A multi-regression model was then used with periaortic adipose tissue 

attenuation as the independent variable and age, hypertension and 

hypercholesterolemia as the independent variables. Subcutaneous and 
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visceral adipose tissue attenuation was assessed using Wilcoxon rank sum 

tests. A two-sided p<0.05 was considered statistically significant. 

 

3.4 Results 

The study population comprised of 88 participants: 40 had an asymptomatic 

unruptured abdominal aortic aneurysm, 30 had a symptomatic abdominal 

aortic aneurysm (6 of which were unruptured). Eighteen were control subjects 

with a normal aortic diameter. All symptomatic patients without aortic rupture 

presented with abdominal pain which was deemed to be due to an unruptured 

abdominal aortic aneurysm found on CT imaging. Symptomatic patients had a 

median C-reactive protein of 21 [6 to 54] mg/L. Control subjects were younger 

and had fewer medical co-morbidities than the other two groups (Table 4). 

 

3.4.1 Periaortic adipose tissue attenuation 

The periaortic adipose tissue attenuation in the aneurysmal aorta of 

asymptomatic patients (-81.44±7 HU) did not differ from that of control subjects 

(-83.27±9 HU; p=0.433) (Figure 9). Similarly, in the non-aneurysmal abdominal 

aorta, the periaortic adipose tissue attenuation of asymptomatic patients (-

75.43±8 HU) did not differ from comparable segments in control subjects (-

78.81±6 HU; p=0.188). 

 

In symptomatic patients, both the aneurysmal abdominal aorta (-57.85±7 HU) 

and the non-aneurysmal abdominal aortic segment (-58.16±8 HU) 

demonstrated much higher periaortic adipose tissue attenuation values when 
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compared to the other two groups (p<0.0001; Figure 10). This was also true 

for separate analysis of symptomatic patients without rupture (aneurysmal 

segment -58.72±6 HU, p<0.0001; non-aneurysmal segment -60.84±9 HU, 

p<0.01) and rupture patients alone (aneurysmal segment -57.63±7 HU, 

p<0.0001; non-aneurysmal segment -57.47±7 HU, p<0.0001) (Figure 9). 

 

In a multivariable regression analysis, acutely symptomatic aneurysms were 

associated with high periaortic adipose tissue attenuation values around the 

aneurysm as an independent variable (univariable ß estimate, 25.42 [95% CI: 

21.12, 29.71]; p<0.0001) and when corrected for age, the presence of 

hypertension, and the presence of hypercholesterolemia (multivariable ß 

estimate, 25.39 [95% CI: 20.51, 30.27]; p<0.0001). Similar patterns were seen 

around segments of normal aorta (univariable ß estimate, 20.65 [95% CI: 

16.20, 25.10]; p<0.0001 and multivariate ß estimate, 21.21 [95% CI: 16.33, 

26.10]; p<0.0001) (Figure 9). 

 

A weak positive correlation was observed between aortic diameter and the 

periaortic adipose tissue attenuation in symptomatic patients (r=0.29, 

p=0.025), but not in the other two groups. No relationship was observed 

between periaortic adipose tissue attenuation and C-reactive protein. 

 

3.4.2 Visceral and subcutaneous fat attenuation 

Over a median area of 82.5 mm2, there were no demonstrable differences in 

adipose tissue attenuation values between visceral (-106.1 [-109.5 to -99.9] 
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HU) and subcutaneous (-108.2 [-112.2 to -101.3] HU) fat (p=0.057). Visceral 

fat attenuation was similar across the study groups (control subjects, -106.5 [-

108.7 to -100.6]; asymptomatic patients, -106.2 [-109.9 to -102.1]; 

symptomatic non-rupture patients, -102.0 [-107.6 to -93.1]; and symptomatic 

rupture patients, -104.3 [-109.5 to -97.0] HU; p>0.05 for all comparisons, 

Figure 11). 

 

The subcutaneous fat attenuation was slightly higher in the symptomatic 

patients (-102.1 [-111.6 to -96] HU) when compared to asymptomatic patients 

(-110.0 [-112.2 to -106.7] HU; p<0.005) but not when compared to control 

subjects (-107.8 [-112.2 to -102.7] HU; p=0.095). These differences were most 

apparent in the subgroup of symptomatic patients with ruptured aneurysms 

(Figure 11). 

 

3.5 Discussion 

In this case control study, we have assessed the periaortic adipose tissue 

attenuation in patients with abdominal aortic aneurysm disease. We found that 

periaortic adipose tissue attenuation is not directly influenced by the presence 

of abdominal aortic aneurysm disease per se, with similar values observed in 

participants with and without abdominal aortic aneurysms. Indeed, even within 

the same patient, we observed no differences in periaortic adipose tissue 

attenuation in areas with and without aneurysm disease. However, patients 

with symptomatic aneurysms had increased periaortic adipose tissue 

attenuation which was also present within non-aneurysmal segments of the 
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Table 4. Patient characteristics for the periaortic adipose tissue assessment study 

 

 Patient groups p-values 

Characteristic 
Control 

Subjects 

Asymptomatic 

(Unruptured) 

Abdominal 

Aortic 

Aneurysm 

Symptomatic 

Abdominal 

Aortic 

Aneurysm 

Control versus 

Asymptomatic2 

Control 

versus 

Symptomatic2 

Asymptomatic 

versus 

Symptomatic2 

 N = 181 N = 401 N = 301    

Age (years) 66 ± 2 72 ± 6 74 ± 9 <0.001 <0.001 0.3 

Male 18 (100%) 35 (88%) 25 (83%) 0.3 0.14 0.7 

Aortic diameter, mm 20 (19, 20) 49 (44, 55) 74 (62, 89) <0.001 <0.001 <0.001 

Medical History 

Hypertension 5 (28%) 23 (57%) 22 (73%) 0.036 0.002 0.2 

Cerebrovascular 

accident 
0 (0%) 4 (10%) 4 (13%) 0.3 0.3 0.7 

Ischaemic heart 

disease 
1 (5.6%) 7 (18%) 11 (37%) 0.4 0.018 0.069 

Peripheral arterial 

disease 
0 (0%) 7 (18%) 2 (6.7%) 0.087 0.5 0.3 

Diabetes 1 (5.6%) 6 (15%) 2 (6.7%) 0.4 >0.9 0.5 
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Hypercholesterolaemia 6 (33%) 32 (80%) 21 (70%) <0.001 0.013 0.3 

Current or ex-smoker 3 (21%) 12 (31%) 21 (81%) 0.7 <0.001 <0.001 

Medications 

Antiplatelet agents 2 (11%) 26 (65%) 19 (63%) <0.001 <0.001 0.9 

Anticoagulant 0 (0%) 2 (5.0%) 3 (10%) >0.9 0.3 0.6 

Statins 6 (33%) 33 (82%) 21 (70%) <0.001 0.013 0.2 

Beta-blocker 1 (5.6%) 8 (20%) 8 (27%) 0.2 0.13 0.5 

Angiotensin 

Converting Enzyme 

Inhibitors or 

Angiotensin Receptor 

Blockers 

3 (17%) 18 (45%) 14 (47%) 0.038 0.035 0.9 

 
1Mean ± standard deviation; n (%); Median (interquartile range) 

2Wilcoxon rank sum test; Fisher's exact test; Pearson's Chi-squared test 
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Figure 9. Periaortic fat attenuation within 2-mm distance from vessel 

wall 

 

Periaortic fat attenuation in (A) the aneurysmal and (B) non-aneurysmal  

segments of the abdominal aorta in control subjects†, and patients with 

asymptomatic and symptomatic aneurysms. Patient groups with symptomatic 

aneurysms were sub-divided into those with and without rupture. 

 

Each black point represents individual attenuation values. The upper and lower edges of the 

box represent the interquartile range and the middle horizontal line represents the median 

value in each group. HU, Hounsfield units; **** = p<0.0001; *** = p<0.001 ns = not significant. 

†Comparable but non-aneurysmal segments in control subjects were used. 
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Figure 10. Periaortic adipose tissue in representative patients 

 

Assessment of periaortic adipose tissue attenuation in sagittal computed 

tomography images of the aorta in (A) 66-year-old male individual from the 

control group (mean -93.57±41 HU), (B) a 79-year-old male patient with an 

asymptomatic aneurysm (mean -89.45±36 HU) and (C) a 71-year-old female 

patient with aneurysm rupture (mean -59.12±21 HU). 

 

HU, Hounsfield units. 
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Figure 11. Visceral and subcutaneous adipose tissue attenuation 

 

Sub-group analyses of (A) visceral and (B) subcutaneous fat attenuation in 

control subjects, patients with asymptomatic aneurysms and patients with 

symptomatic aneurysms sub-divided into those with and without rupture. 

 

Each point represents individual attenuation values displayed at different locations along the 

x-axis to prevent overplotting. The upper and lower edges of the box represent the interquartile 

range and the middle horizontal line represents the median value in each group. HU, 

Hounsfield units; * = p< 0.05; ** = p<0.01; ns = not significant. 
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aorta. This suggests that increased periaortic adipose tissue attenuation is not 

a localised feature of active aneurysm disease itself, but a broader generalised 

aortic response to unstable active disease and acute rupture. 

 

Atherosclerosis is the primary underlying process in the pathogenesis of acute 

myocardial infarction (Palasubramaniam et al., 2019). The association of all-

cause and cardiac mortality with pericoronary adipose tissue attenuation has 

been most convincingly demonstrated for the right coronary artery where the 

volume of fat is greatest (Oikonomou et al., 2018; Tzolos et al., 2022). With 

the abdominal aorta being a much larger vessel and associated with even 

greater volumes of perivascular fat, we wanted to assess whether periaortic 

adipose tissue attenuation would associate and correlate with the presence 

and magnitude of abdominal aortic aneurysm disease. Histological analysis of 

aneurysm tissue has shown the involvement of various inflammatory cell 

types, such as macrophages and lymphocytes, and a role of inflammation in 

the pathogenesis of aneurysm disease has been proposed (Dale et al., 2015; 

Koch et al., 1990). Furthermore, murine models have shown a link between 

vascular inflammation and aneurysm formation and perivascular adipose 

tissue through the angiotensin II type 1a receptor (Sakaue et al., 2017). It is 

therefore plausible that periaortic adipose tissue attenuation could be linked 

to, or be a marker of, abdominal aortic aneurysm disease activity. However, 

we identified no such association in patients with established stable aneurysm 

disease with periaortic adipose tissue attenuation being similar between not 

only patients and control subjects, but importantly, also similar between normal 
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regions of aorta and those affected by aneurysmal disease within the same 

subject. 

 

In a retrospective study, Dias-Neto and colleagues have previously found that 

when compared to patients with occlusive aortoiliac disease and without aortic 

disease, the presence of an abdominal aortic aneurysm was an independent 

predictor of higher perivascular adipose tissue attenuation around the 

aneurysm sac and the healthy neck (Dias-Neto et al., 2018). They did however 

employ a rather different methodology to the pericoronary adipose tissue 

methodology which we employed here. First, they generated a density value 

taking the summation of all the attenuation values from a range of -107 to -45 

HU and divided them by the area of the region of interest. Second, they 

included a large 10-mm distance from the outer wall of the aorta which will 

likely include non-adipose tissue structures. We have here used previously 

validated semi-automated software (Williams et al., 2020) to obtain mean 

attenuation values at a 2-mm distance from the aortic wall. We also considered 

the neck and body of the aorta together and compared a more remote region 

of healthy aorta away from the aneurysm sac and disease.  

 

In pericoronary adipose tissue, Oikonomou and colleagues used a cut-off of 

above -70 HU as their at-risk population threshold (Oikonomou et al., 2018). 

Moreover, the overall differences in pericoronary adipose tissue between 

those with and without future coronary events were small (~4-6 HU). Here, we 

have observed very large differences in periaortic adipose tissue attenuation 
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between those with asymptomatic and symptomatic disease: approximately 

25 HU. This dramatic difference is striking and importantly was seen in both 

the region of the aneurysm as well as the more distant non-aneurysmal 

unruptured aorta. This suggests that this is not a regional effect at the segment 

of active disease and rupture but a more global aortic phenomenon. We 

wondered if this was a systemic effect that would affect all adipose tissue 

throughout the body and therefore explored adipose tissue attenuation in both 

subcutaneous and visceral fat. Here, we noted only a slight difference 

(approximately 8 HU) in the subcutaneous fat tissue of symptomatic ruptured 

patients. This change may perhaps reflect fluid shifts in the extracellular space 

consequent to systemic shock or intravenous fluid resuscitation leading to non-

specific increases in adipose tissue attenuation. However, this effect was not 

observed in visceral fat tissue. Whilst extravasation of blood in acute rupture 

may account for the difference in periaortic adipose tissue attenuation, this 

was also observed in symptomatic unruptured patients. The differences in 

subcutaneous tissue attenuation between the groups are however modest, 

and could plausibly only account for approximately a third of the overall 

difference. We believe that the observed changes are most likely to represent 

the consequences of acute rupture rather than a true reflection of adventitial 

disease activity because of the lack of a regional effect with generalised 

changes seen in non-aneurysmal as well as aneurysmal segments of the 

aorta. Speculatively, this could be related to the increased fibrotic changes and 

presence of increased adipocyte clusters in the adventitia (Doderer et al., 

2018), or perhaps to changes in tissue density in response to adventitial 
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neurovascular reflexes as part of the physiological response to aortic rupture 

and systemic hypotension (Di Serafino et al., 2021). 

 

Our study has some limitations. First, data for symptomatic patients were 

collected in a retrospective fashion from image archives and only minimal 

clinical data could be collected. A future prospective study could perhaps 

assess the periaortic adipose tissue on CT imaging in relation to histology of 

intra-operatively obtained adipose tissue during open abdominal aortic 

aneurysm repair. Second, asymptomatic patients and control subjects were 

imaged on a research scanner with a dedicated imaging protocol whereas 

symptomatic patients were scanned on a variety of clinical scanners in 

different vascular centres around Scotland. Whilst we have corrected the data 

for tube voltage, imaging protocols were not uniform. Despite this, we have 

demonstrated that visceral fat attenuation between scans did not vary between 

the three study groups. Third, whilst the reproducibility for periaortic fat 

analysis has not been established, quantitative adipose tissue attenuation has 

previously shown excellent repeatability in much smaller structures, such as 

the pericoronary adipose tissue (Tzolos, McElhinney, et al., 2021). Fourth, this 

study provides a single snapshot assessment of periaortic adipose tissue but 

does not provide an assessment over time and we cannot comment on its 

association with aneurysm development or progression. 
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3.6 Clinical Perspectives 

Periaortic adipose tissue attenuation assessed on CT is not associated with 

stable aortic aneurysm disease but is markedly increased in symptomatic 

abdominal aortic aneurysms including patients with acute rupture. These 

changes in perivascular adipose tissue attenuation are not generalisable to all 

vascular beds or cardiovascular diseases. Large systemic changes in 

attenuation occur in patients with symptomatic abdominal aortic aneurysm 

disease but are not localised to the diseased or ruptured segment itself. 

Further larger studies are needed to establish whether periaortic adipose 

tissue attenuation has any role in the prediction of aneurysm disease 

progression and its role in acute symptomatic disease. However, further work 

could explore other analyses of the obtained CT-imaging by extracting different 

but related quantitative matrices to perivascular adipose tissue through the use 

of artificial intelligence in radiomics. 
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Chapter 4: Quantifying sodium [18F]fluoride uptake in 

abdominal aortic aneurysms 
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4.1 Abstract 

4.1.1 Background 

Sodium [18F]fluoride PET-CT uptake in the thoracic aorta has been recently 

measured as aortic microcalcification activity. The aim of this study was to 

compare and to modify this method for use within the infrarenal aorta of 

patients with abdominal aortic aneurysms. 

 

4.1.2 Methods 

Twenty-five patients with abdominal aortic aneurysms underwent an sodium 

[18F]fluoride PET-CT. Maximum and mean tissue to background ratios (TBR) 

and abdominal aortic microcalcification activity were determined following 

application of a thresholding and variable radius method to correct for vertebral 

sodium [18F]fluoride signal spill-over and the non-linear changes in aortic 

diameter respectively. Agreement between the methods, and the repeatability 

of these approaches were assessed. 

 

4.1.3 Results 

The aortic microcalcification activity method was much quicker to perform than 

the TBR method (14 versus 40 min, p<0.001). There was moderate to good 

agreement between TBR and aortic microcalcification activity measurements 

for maximum (intraclass correlation co-efficient, 0.67) and mean (intraclass 

correlation co-efficient, 0.88) values. These correlations sequentially improved 

with the application of thresholding (intraclass correlation coefficient 0.93, 95% 

confidence interval 0.89-0.95) and variable diameter (intraclass correlation 
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coefficient 0.97, 95% confidence interval 0.94-0.99) techniques. The optimised 

method had good intra-observer (mean 1.57 ± 0.42, bias 0.08, co-efficient of 

repeatability 0.36 and limits of agreement -0.43 to 0.43) and inter-observer 

(mean 1.57 ± 0.42, bias 0.08, co-efficient of repeatability 0.47 and limits of 

agreement -0.53 to 0.53) repeatability. 

 

4.1.4 Conclusion 

Aortic microcalcification activity is a quick and simple method which 

demonstrates good intra-observer and inter-observer repeatability and 

provides measures of sodium [18F]fluoride uptake that are comparable to 

established methods. 

 

4.2 Introduction 

As described in Chapters 1 and 2, sodium [18F]fluoride PET-CT is a non-

invasive multimodality imaging technique that detects early calcification 

activity as a marker of vascular injury (Tzolos & Dweck, 2020). Conventional 

CT imaging can visualise established larger macrocalcified plaques whilst 

sodium [18F]fluoride binds to microscopic hydroxyapatite and pyrophosphate 

crystals deposited in the media as part of vascular calcification and aortic 

degeneration. It is able to identify earlier microcalcification on PET which is 

beyond the resolution of CT (Aikawa et al., 2007; Ritman, 2007). Sodium 

[18F]fluoride PET has thus emerged as a promising imaging biomarker for the 

early detection of vascular injury and calcification activity (M. B. Syed et al., 

2019). Previously, binding of sodium [18F]fluoride in explanted aortic aneurysm 
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tissue has been performed on a single specimen (Forsythe et al., 2018) and 

further tissue validation is required.  

 

Aortic microcalcification activity (AMA) is a recently described simplified 

method of measuring aortic sodium [18F]fluoride uptake (Fletcher et al., 2021). 

It is quick to perform and correlates well with clinical outcomes. However, this 

technique has only been applied in the thoracic aorta. 

 

This study’s aim was to assess the AMA method for quantifying sodium 

[18F]fluoride uptake within the infrarenal aorta of patients with abdominal aortic 

aneurysms by comparing it with the established method of tissue to 

background ratio. Specifically, (i) to investigate the comparability of these 

measurements, (ii) to assess modifications to account for spill-over of the 

sodium [18F]fluoride signal from adjacent vertebra and the variable aneurysm 

diameter, and (iii) to determine the within and between observer repeatability 

of the optimised analytical approach. 

 

4.3 Methods 

Further study methodology is outlined in Chapter 2. In brief however, the study 

population comprised 25 consecutive patients recruited into the Sodium 

[18F]Fluoride Imaging in Abdominal Aortic Aneurysms (SoFIA3) study 

(NCT02229006). Participants were aged over 50 years and under routine 

clinical surveillance with an asymptomatic abdominal aortic aneurysm defined 

as ≥40 mm inner-to-inner anteroposterior diameter on ultrasound. 
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4.3.1 Sodium [18F]fluoride PET-CT 

Patients were administered a target dose of 125 MBq of sodium [18F]fluoride 

intravenously and after 60 min were imaged on a hybrid 128–slice PET-CT 

scanner (Biograph mCT, Siemens Healthineers, Erlangen, Germany) (Irkle et 

al., 2015). A low-dose attenuation correction CT scan was performed (120 kV, 

50 mAs, 5/3 mm), followed by acquisition of PET data at 10-min intervals in 

three bed positions to ensure complete coverage of the thoracic and 

abdominal aorta. Contrast-enhanced CT angiography (120 kV, 145 mAs, 3/3 

mm, field of view 400; and 1/1 mm, field of view 300; triggered at 181 

Hounsfield units) was performed on the same scanner immediately after PET 

acquisition. This was centred on the abdominal aortic aneurysm and extended 

to the aortic bifurcation. 

 

Static PET-CT images were reconstructed with correction applied for 

attenuation, deadtime, scatter and random coincidences, using an optimised 

iterative reconstruction algorithm (ultra-High Definition; TrueX + Time-of-Flight, 

2 iterations and 21 subsets, matrix 200, zoom 1; Gaussian filter 5 mm). 

 

4.3.2 Image Analysis 

All PET analysis was performed on FusionQuant, a custom validated tool 

(FusionQuant v1.21.0421, Cedars-Sinai Medical Centre, Los Angeles) 

(Massera et al., 2020) (Figure 8). 
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4.3.3 Background blood pool 

The background blood pool activity was determined by placing two 8-mm 

radius spheres in the centre of the right and left atria. The cumulative standard 

uptake values (SUV) within the spheres were then corrected for the spheres’ 

total volume (2.1 cm3). The mean background pool activity was then used in 

tissue to background ratio (TBR) and aortic microcalcification activity (AMA) 

calculations as well as a minimum visualisation threshold. 

 

4.3.4 Volumes of interest within the aorta 

On the attenuation correction CT, the thoracic aorta was defined as the region 

where the first trans-axial slice of the descending aorta starts until the aortic 

hiatus at the diaphragm (Joshi et al., 2015). Being of normal diameter and non-

aneurysmal, the thoracic aorta was considered as a control. Using the CT 

angiogram, the abdominal aorta was analysed in three separate sections 

described in Section 2.6.2: the ‘suprarenal aorta’, the ‘neck’ and the ‘body of 

the aneurysm’ (Figure 7). 

 

4.3.5 Tissue to background ratio  

Regions of interest with a thickness of 3-mm were drawn around the aorta in 

the trans-axial plane along the entire length of the thoracic aorta and each 

aortic segment in a slice-by-slice fashion (Joshi et al., 2015) (Figure 12). For 

each region, mean and maximum SUVs (SUVmean and SUVmax, respectively) 

were measured. These values were then divided by the background pool 

activity to obtain tissue to background ratios (TBR) for both the mean 
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(TBRmean) and maximum (TBRmax) values. Care was taken to exclude regions 

of overspill from vertebral sodium [18F]fluoride uptake. 

 

4.3.6 Abdominal aortic microcalcification activity  

The image analysis programme has a centreline function in a multiplanar 

reconstruction viewer. This allows the creation of a volume of interest with an 

adjustable radius and length along a centreline which can be adjusted for the 

vessel’s shape and angulation as necessary. Each volume of interest included 

the aortic lumen, any thrombus present and the aortic wall. The diameter for 

each volume of interest matched that of the maximal aortic luminal diameter 

at that point in the centreline. Four different centrelines were drawn for each 

aortic segment: thoracic, suprarenal, neck and body of the aneurysm (Figure 

12). The cumulative SUV (mean) of each volume of interest created is thus 

obtained, along with its volume and maximum SUV. As previously described 

in the AMA method (Fletcher et al., 2021), the cumulative SUV for each of the 

aortic segments was then divided by the volume and the mean background 

pool activity to obtain the mean AMA value.  

 

The method was however further enhanced for the abdominal aorta in two 

ways: 

 

• Maximum Threshold: sodium [18F]fluoride is physiologically taken up by 

the vertebrae. This creates a spill-over effect where there is spill-over 

of the radiotracer signal into the surrounding tissues including the 

aneurysm. This leads to higher measures of radiotracer uptake being 
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Figure 12. Tissue to background ratio and aortic microcalcification activity regions of interest in the abdominal aorta 

 

The abdominal aorta was split into three anatomical regions for analysis demonstrated on the panel on the left. Suprarenal – 

starting from the level of the origin of the coeliac artery till the upper-most renal artery. Neck – starting from the lower-most renal 

artery until where the aorta becomes aneurysmal. Aneurysm body – starting just after the neck region ends until the aortic 
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bifurcation. The second panel from the left shows a graphic representation of the slice-by-slice method where sequential 3-mm 

polygons are taken from the three different aortic regions (suprarenal – blue, neck – green, aneurysm – red). The third panel 

from the left shows a sagittal view of the abdominal aorta. The right panel shows the volumes of interest drawn on the image 

analysis programme. 

 

CT [HU], computed tomography grey scale bar in Hounsfield units; SUV, positron emission tomography colour scale bar in standard uptake values. 
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recorded and is a source of error. For each aortic region, a separate three-

dimensional sphere was drawn in the visually highest uptake area, this had 

to be clearly distinct from the vertebra. The SUVmax within this sphere was 

then applied as an upper voxel intensity threshold for the corresponding 

region’s volume of interest. Any values above this SUV were automatically 

excluded in the cumulative SUV and volume for that region by the analysis 

programme. The values for each region were obtained twice, once with the 

threshold limit applied and once without. This method therefore aims to 

reduce the magnitude of this radiotracer uptake spill-over by applying a 

maximum value threshold. 

• Aneurysm variable radius: Using a uniform centreline function (three-

dimensional cylinder) is sufficient if the volume of interest is of the same 

diameter throughout. Within an abdominal aortic aneurysm, the diameter 

varies along its length and if the centreline shape is kept uniform, this would 

lead to inclusion of extra-aortic tissue or exclusion of aneurysm tissue. A 

varying radius function was therefore introduced to allow the radius of the 

centreline to be varied across different points of the centreline to capture 

the aneurysmal volume of interest more accurately. The aneurysm values 

were obtained twice, with and without a variable radius. 

 

The maximum AMA (AMAmax) was also calculated by dividing the SUVmax by 

the background pool activity. 
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4.3.7 Intra-observer and inter-observer repeatability 

The optimised AMA method as described above was repeated for all 25 

patients by two trained observers. To minimise recall bias, intra-observer 

repeatability was assessed by the same trained researcher using repeated 

assessments performed three months apart and in a random order. Duration 

of analyses were also recorded for each method of assessment. 

 

4.3.8 Ex vivo tissue 

Additionally, aortic aneurysm tissue was obtained from patients who had 

undergone open aortic surgery at the Edinburgh Vascular Service, Royal 

Infirmary of Edinburgh. Control aortic tissue specimens were obtained from 

patients who had died of sudden cardiac death in the community and whose 

tissue had been donated to the Edinburgh BioBank. Full informed consent was 

obtained from the patient or their relatives as appropriate, with ethical approval 

granted by the East of Scotland research ethics committee (15/ES/0094). 

 

Intact aortic tissue underwent micro-positron emission tomography 

(microPET) with sodium [18F]fluoride. After a 30-min incubation with sodium 

[18F]fluoride (target concentration 100 kBq/mL), PET data were acquired using 

a nanoPET/CT scanner (Mediso, Budapest, Hungary) over 30 min, followed 

by an attenuation correction CT. Image analysis on reconstructed three-

dimensional PET data was performed using PMOD 4.2 (PMOD Technologies 

LLC, Zurich, Switzerland). Whole tissue analysis considered the tissue as one 

volume of interest, whilst regional analysis involved drawing three equally 
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sized spherical volumes of interest in the 3 areas of highest and lowest uptake. 

Average radiotracer uptake values (kBq/cm3) across each volume of interest 

were obtained. All values were normalised for the radiotracer incubation 

concentration by dividing by the corrected radiotracer concentration (kBq/mL) 

for each study scan. 

 

Guided by areas of high radiotracer uptake, the tissue was then sectioned at 

4-µm thickness after being embedded in paraffin blocks. Slides were stained 

with Haematoxylin and Eosin, von Kossa, Picrosirius Red, elastic Van 

Giesen’s and Alizarin Red S stains, with images captured using Axioscan slide 

scanner (Zeiss, Jena, Germany). 

 

An experienced pathologist who was blinded to the results of microcalcification 

imaging and patient status, performed histopathologic severity scoring. The 

system used was that adapted from that described by Bruijn and colleagues 

(Bruijn et al., 2021). Samples were scored on the following categories of 

disease activity: mesenchymal cell loss, intimal or medial fibrosis, elastin 

degradation, aorta wall thickness, inflammation measured both as transmural 

lymphoid infiltrates and tertiary lymphoid organs-like structures in the 

adventitia, neovascularisation, atherosclerotic lesion, microcalcification and 

adventitial adipocytic degeneration. The final score represents a sum of each 

category with possible scores ranging from 0 to 30. 
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Dewaxed and rehydrated slides were incubated at room temperature with 100 

kBq/mL of sodium [18F]fluoride in phosphate buffered saline for 60 min and a 

blocking control (10 μmol/L sodium fluoride). This was followed by two 5-min 

washes in phosphate buffered saline and a brief dip in deionised water. 

Autoradiography imaging (Amersham Typhoon IP Biomolecular Imager, 

Cytiva, Amersham, United Kingdom) was performed after the slides were 

exposed to a high-resolution autoradiography plate overnight (BAS-IP-SR 

2040; Cytiva, Amersham, United Kingdom) (Fletcher, Nash, et al., 2022). FIJI 

software (v2.0.0, open source) was used to quantify the radiotracer signal by 

drawing regions of interest around the tissue and the empty glass slide to 

calculate a tissue to background ratio. 

 

4.3.9 Statistical analysis 

Associations between quantification methods were evaluated as a continuous 

variable (Pearson’s correlation coefficient). Quantification methods were 

compared using intraclass correlation coefficient (consistency and 2-way 

random effects model) (Koo & Li, 2016) and Bland-Altman plots (Bland & 

Altman, 1986). Reliability of intraclass correlation coefficient values were 

described as: poor when less than 0.5; moderate when 0.5 to 0.75; good when 

0.75 to 0.9; and excellent when greater than 0.9 (Koo & Li, 2016). Intra- and 

inter-observer repeatability was similarly assessed using mean bias, 95% 

limits of agreement and coefficient of repeatability (Vaz et al., 2013). Statistical 

significance was taken as a two-sided p<0.05. 
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4.4 Results 

Patients had a median age of 72 years and were predominantly male (Table 

4). Sodium [18F]fluoride uptake was present in the thoracic and abdominal 

aorta of all 25 patients, although it varied between the thoracic aorta and the 

three regions of the abdominal aorta for both the TBR and AMA methods 

(Figure 13 and Figure 14).  

 

The AMA method was quicker to perform, with the TBR method taking 

approximately 26 minutes longer (14 [13 to 17] versus 40 [34 to 44] min, 

p<0.001) per patient. 

 

4.4.1 Abdominal aortic aneurysm sodium [18F]fluoride uptake 

4.4.1.1 Maximum Values 

Within the abdominal aorta, TBRmax values ranged from 1.41 to 4.69 with a 

mean of 2.49±0.65, and AMAmax values ranged from 0.68 to 2.12 with a mean 

of 1.2±0.35. While the values were correlated (r=0.79, p<0.001; Figure 15A), 

there was evidence of substantial bias and wide limits of agreement when 

comparing the two approaches (Figure 16). Overall, there was moderate 

agreement between TBRmax and AMAmax (intraclass correlation coefficient 

0.67, 95% confidence interval 0.52-0.78). 

 

4.4.1.2 Mean Values 

TBRmean values ranged from 0.89 to 2.61 with a mean of 1.6±0.42, and 

AMAmean values ranged from 0.75 to 2.73 with a mean of 1.62±0.44. The 
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values were highly correlated (r=0.95, p<0.001; Figure 15B) with lower bias 

and narrower limits of agreement (Figure 17) as well as very good agreement 

(Table 5).  

 

4.4.2 Enhanced image analysis technique 

4.4.2.1 Maximum Threshold 

After applying the maximum threshold technique, there was good to excellent 

agreement between TBRmean and AMAmean (intraclass correlation coefficient 

0.93, 95% confidence interval 0.89-0.95). Similarly, there were marked 

improvements in the mean bias and 95% limits of agreement (Table 5, Figure 

17). 

 

4.4.2.2 Aneurysm variable radius 

There was good to excellent agreement between TBRmean and AMAmean 

without the variable radius approach (intraclass correlation coefficient 0.94, 

95% confidence interval 0.88-0.98). This was further improved with the 

application of a variable radius (intraclass correlation coefficient 0.97, 95% 

confidence interval 0.94-0.99). This approach was also associated with 

improvements in bias and limits of agreement between the two measures 

(Table 5, Figure 18). Finally, applying both these techniques resulted in 

excellent agreement between TBRmean and AMAmean (Table 5, Figure 18). 
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Table 4. Patient characteristics 

 

Characteristics of the twenty-five study patients including their medical history, 

current medication and aortic features. 

 

Characteristic N = 25 

Age (years) 72 [61 to 83] 

Male 21 (84%) 

Female 4 (16%) 

Systolic blood pressure (mmHg) 138 [101 to 180] 

Diastolic blood pressure (mmHg) 81 [56 to 112] 

Heart rate (beats/min) 72 [58 to 86] 

Body Mass Index (kg/m2) 27.0 [20.2 to 36.3] 

Medical History 

Current smoker 8 (33%) 

Hypertension 18 (72%) 

Hypercholesterolaemia 21 (84%) 

Diabetes 5 (20%) 

Ischaemic heart disease 6 (24%) 

Peripheral arterial disease 6 (24%) 

Cerebrovascular disease 3 (12%) 

Family history of aneurysms 4 (16%) 

Medication 

Antiplatelet agents 17 (68%) 

Statins 21 (84%) 

Anticoagulant agents 2 (8.0%) 
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Characteristic N = 25 

Beta-blockers 7 (28%) 

Angiotensin-Converting Enzyme                 

Inhibitors or Angiotensin Receptor Blockers 
13 (52%) 

Aorta 

Aortic diameter (mm) 46 [40 to 85] 

Concurrent iliac aneurysm 6 (24%) 

Subsequent aortic repair 5 (20%) 

 

 

Median [Range]; number (%). 
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Figure 13. Mean radiotracer uptake in different regions of the aorta 

 

Mean tissue to background ratio (red) and aortic microcalcification activity 

(blue) in the regions of the abdominal aorta and the thoracic aorta. 

 

 

AMA, aortic microcalcification activity; TBR, tissue to background ratio. * = p < 0.05, *** = p < 

0.001, **** = p < 0.0001. 
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Figure 14. Maximum radiotracer uptake in different regions of the aorta 

 

Maximum tissue to background ratio (red) and maximum aortic 

microcalcification activity (blue) in the regions of the abdominal aorta and the 

thoracic aorta. 

 

AMA, aortic microcalcification activity; max, maximum; TBR, tissue to background ratio. * = p 

< 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 15. Scatter plots of the different values quantifying sodium 

[18F]fluoride in the abdominal aorta 

 

TBRmax and AMAmax values (a), TBRmean and AMA (b), one observer 

performing the same AMA method twice (c), two observers performing the 

same AMA method (d). 

 

AMA, aortic microcalcification activity; max, maximum; R, Pearson’s correlation coefficient; 

TBR, tissue to background ratio. **** = p < 0.0001. 
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Figure 16. Maximum tissue to background ratio (TBRmax) and maximum 

abdominal aortic microcalcification activity (AMAmax) 

 

Bland-Altmann plots with actual difference (A), and percentage difference (B) 

with mean bias (blue line) and 95% limits of agreement (red lines) for TBRmax 

and AMAmax. Mean bias = -1.3 (70%), 95% limits of agreement = -0.45 to 0.45 

(40%). 

 

 

 

Y-axis limits are set to the mean of the values +2 and -2 and +1% and -1% respectively. AMA, 

aortic microcalcification activity; max, maximum; TBR, tissue to background ratio. 
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Figure 17. Mean tissue to background ratio (TBRmean) and mean abdominal aortic microcalcification activity (AMA) 
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Bland-Altmann plots with actual difference (left, i) and percentage difference (right, ii), mean bias (blue line) and 95% limits of 

agreement (red lines) for: A. All regions without applying threshold: Intraclass correlation coefficient 0.88, mean bias = 0.02 

(0.7%), 95% limits of agreement = -0.44 to 0.44 (24%). B. All regions after applying threshold: Intraclass correlation coefficient 

0.93, mean bias = -0.1 (7%), 95% limits of agreement = -0.22 to 0.22 (14%). C. All regions after applying both threshold and 

variable radius: Intraclass correlation coefficient 0.95, mean bias = -0.08 (5%), 95% limits of agreement = -0.2 to 0.2 (12%). 

 

Y-axis limits in the actual difference plots are set to the mean of the values. AMA, aortic microcalcification activity; TBR, tissue to background ratio. 
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Table 5. Comparison of mean aortic microcalcification activity to mean 

tissue to background ratio 

 

Comparison of mean aortic microcalcification activity to mean tissue to 

background ratio detailing the mean bias and intraclass correlation coefficient 

between the different levels of enhancement. 

 

  Range Mean Mean Bias 

(95% limits of 

agreement) 

Intraclass 

Correlation 

Coefficient 

AMA without 

threshold 

0.75 to 2.73 1.62 ± 0.44 0.02 

(-0.44 to 0.44) 

0.88 

AMA with 

threshold 

0.74 to 2.56 1.5 ± 0.43 -0.1 

(-0.22 to 0.22) 

0.93 

Aneurysm 

AMA without 

variable radius 

0.74 to 2.06 1.25 ± 0.36 0.21 

(-0.47 to 0.47) 

0.94 

Aneurysm 

AMA with 

variable radius 

0.77 to 2.24 1.32 ± 0.39 0.15 

(-0.33 to 0.33) 

0.97 

AMA 0.77 to 2.56 1.53 ± 0.42 -0.08 

(-0.19 to 0.19) 

0.95 

 

AMA, aortic microcalcification activity; Mean ± standard deviation. 
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Figure 18. Aneurysm mean tissue to background ratio (TBRmean) and 

mean aneurysm aortic microcalcification activity (AMA) 

 

Bland-Altmann plots with actual difference (left, i) and percentage difference 

(right, ii), mean bias (blue line) and 95% limits of agreement (red lines) for 

aneurysm region: A. Without variable radius: Intraclass correlation coefficient 

0.94, mean bias = 0.21 (16%), 95% limits of agreement = -0.47 to 0.47 (32%). 

B. With variable radius: Intraclass correlation coefficient 0.97, mean bias = 

0.15 (11%), 95% limits of agreement = -0.33 to 0.33 (22%). 

 

Y-axis limits in the actual difference plots are set to the mean of the values. AMA, aortic 

microcalcification activity; TBR, tissue to background ratio. 
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4.4.3 Intra-observer and inter-observer repeatability 

Intra-observer and inter-observer assessments were highly correlated (Figure 

15) and demonstrated good to excellent repeatability (Figure 19). 

 

4.4.4 Ex vivo tissue 

Nine aortic aneurysm and 7 control tissue specimens were obtained. Whole 

tissue analysis demonstrated a higher mean sodium [18F]fluoride uptake in 

aneurysm specimens (0.07±0.04 versus 0.03±0.01, p<0.01) (Figure 20). This 

was confirmed on regional radiotracer uptake in areas of high uptake (0.83 

[0.62 to 1.27] versus 0.33 [0.24 to 0.39], p<0.0001), and in areas of low uptake 

(0.17 [0.10 to 0.27] versus 0.06 [0.05 to 0.11], p<0.0001) (Figure 20). 

 

Histological examination of the tissue showed a spectrum of morphological 

changes including mesenchymal cell loss accompanied by medial fibrosis and 

marked elastic fibre fragmentation and loss (Figure 21). Microcalcification was 

present and cholesterol crystals were observed in the interface between intima 

and media. Extensive adventitial fibrosis and variable transmural lymphocyte 

infiltration was also present in a proportion of cases. 

 

Aneurysm tissue had higher total aneurysmal histopathological scores (24 [22 

to 26]) when compared to non-aneurysmal tissue (12 [9 to 17]; p<0.05) (Table 

7). Microcalcification was present in 6 out of 7 analysed aneurysm specimens 

but only in 2 out of 7 non-aneurysmal specimens. Sodium [18F]fluoride uptake 

on autoradiography strongly corresponded to areas of microcalcification on  
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Figure 19. Intra-observer and Inter-observer repeatability 

 

Bland-Altmann plots with actual difference (left, i) and percentage difference 

(right, i), mean error (blue line) and 95% limits of agreement (red lines) for: A. 

Intra-observer, coefficient of reproducibility 0.36, intraclass correlation 

coefficient 0.92, mean error = 0.08 (5%), 95% limits of agreement = -0.43 to 

0.43 (26%). B. Inter-observer, coefficient of reproducibility 0.47, intraclass 

correlation coefficient 0.86, mean error = 0.08 (5%), 95% limits of agreement 

= -0.53 to 0.53 (25%). 

 

Y-axis limits in the actual difference plots are set to the mean AMA value. AMA, aortic 

microcalcification activity; TBR, tissue to background ratio. 
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Table 6. Intra-observer and inter-observer repeatability 

 

Mean bias, coefficient of repeatability and intraclass correlation coefficient of intra-observer and inter-observer values. 

 

  Range Mean Mean Bias 

(95% limits of 

agreement) 

Coefficient 

of 

Repeatability 

(% of mean) 

Intraclass 

Correlation 

Coefficient 

Intra-observer 0.77 to 2.64 1.57 ± 0.42 0.08 

(-0.43 to 0.43) 

0.36 (23.0%) 0.92 

Inter-observer 0.77 to 2.85 1.57 ± 0.42 0.08 

(-0.53 to 0.53) 

0.47 (30.0%) 0.86 

 
 
Mean ± standard deviation. 
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Figure 20. Sodium [18F]fluoride uptake in aortic aneurysm tissue and 

control aortic tissue 

 

 

(A) Whole tissue sample, (B) regions of high uptake, and (C) regions of low 

uptake on micro-positron emission tomography, and (D) mean tissue uptake 

to background uptake on autoradiography.  

 

* = p < 0.05, ** = p < 0.01, **** = p < 0.0001. 
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Figure 21. Aortic tissue histology and autoradiography imaging 

 

 

(a) Haematoxylin and Eosin (H&E) stain of a representative section of aneurysm tissue and the corresponding sodium 

[18F]fluoride autoradiography image (b), H&E demonstrated established dense calcified plaque (c), confirmed by von Kossa stain 

(black), (d) and Alizarin Red S stain (red) (e) (20x magnification). Similarly medial and adventitial fibrosis (f), was highlighted by 
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Picrosirius Red stain (g). Cholesterol microcrystals within the atherosclerotic plaque identified on autoradiography were localised 

on H&E, (h), von Kossa (i) and Alizarin Red S (j).  

 

(a) 4x magnification, (c-j) 20x magnification. Red squares indicate which areas are magnified. Colour scale bar in (b) refers to the adjusted mean grey 

intensity. I = Intima, M = Media, A = Adventitia. 
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Table 7. Tissue aneurysmal histology scores  

 

Categories 1 to 5 

 

Sample Tissue type Mesenchymal 

cell loss 

Intimal or 

medial fibrosis 

Elastin 

degradation 

Aorta wall 

thickness 

Transmural 

lymphoid 

infiltrates 

Total score 

Maximum obtainable 

score 

5 5 2 4 2 30 

1 Aneurysm 3 4 1 4 1 20 

2 Aneurysm 3 5 2 3 1 23 

3 Aneurysm 5 5 2 4 2 27 

4 Aneurysm - - - - - - 

5 Aneurysm 2 2 1 1 0 7 

6 Aneurysm - - - - - - 

7 Aneurysm 5 5 1 4 2 27 

8 Aneurysm 5 5 2 3 0 24 

9 Aneurysm 5 5 3 3 2 25 

10 Control 1 1 0 1 0 7 
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11 Control 2 2 1 3 0 13 

12 Control 5 5 1 3 0 20 

13 Control 1 3 0 2 0 12 

14 Control 0 1 0 2 0 3 

15 Control 0 0 1 3 0 11 

16 Control 5 5 2 2 2 21 

 

Categories 6 to10 

 

Sample Tissue 

type 

Tertiary 

lymphoid 

organs-like 

structures 

Neovascularisation Atherosclerotic 

lesions 

Microcalcification Adventitial 

adipocytic 

degeneration 

Total 

score 

Maximum score 

obtainable 

2 3 5 1 1 30 

1 Aneurysm 0 2 4 1 0 20 

2 Aneurysm 0 3 5 1 0 23 

3 Aneurysm 2 3 3 0 1 27 

4 Aneurysm - - - - - - 
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5 Aneurysm 0 0 0 1 0 7 

6 Aneurysm - - - - - - 

7 Aneurysm 1 3 5 1 0 27 

8 Aneurysm 0 3 5 1 0 24 

9 Aneurysm 0 2 4 1 0 25 

10 Control 0 0 4 0 0 7 

11 Control 0 0 5 0 0 13 

12 Control 0 0 5 1 0 20 

13 Control 0 0 5 1 0 12 

14 Control 0 0 0 0 0 3 

15 Control 0 2 5 0 0 11 

16 Control 0 1 4 0 0 21 

 
 
Ten categories were assessed in total. Another described category, intra-luminal thrombus organisation was not assessed as 

there had been no pre-defined sampling protocol and therefore scoring this would have been inaccurate. 

 

Tissue samples 4 and 6 could not be assessed due to technical reasons. 

 



 
 

 124 

Alizarin Red staining (Figure 21). Autoradiography imaging further confirmed 

higher sodium [18F]fluoride in aneurysm tissue when compared to control (13.2 

[2 to 27] versus 1.02 [1.01 to 1.04], p<0.05) (Figure 20). 

 

4.5 Discussion 

This is the first description of applying the AMA method to the abdominal aorta. 

This method has excellent levels of agreement and is substantially quicker 

than previously described conventional PET quantification methods. 

Moreover, it performs much better when incorporating modifications that 

account for the spill-over of sodium [18F]fluoride uptake from the adjacent 

vertebrae and the variable aortic radius of the aneurysm. This quick and highly 

repeatable technique will improve the practical application and analysis of 

sodium [18F]fluoride PET-CT assessments of abdominal aortic aneurysms.  

 

Analysing the entire abdominal aorta as a single region would potentially dilute 

and obscure differences between aneurysmal and non-aneurysmal regions. 

We therefore divided the aorta into three anatomically defined regions that are 

easily identifiable on a CT angiogram and can be easily replicated. We also 

used the thoracic aorta as a non-aneurysmal control segment of aorta. We 

appreciate that thoracic aortic disease may have a different pathophysiology 

to abdominal aortic aneurysm disease, and there may be differences in 

microcalcification activity and radiotracer uptake. However, since the study 

question here was the method of PET quantification, we feel that using the 

thoracic aorta as a control is a valid reference comparison. 
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We have sought to address the problem of signal spillage from the 

physiological uptake of sodium [18F]fluoride within vertebrae. Previous 

methods involved manually excluding obvious areas of activity spill-over from 

the vertebrae, and we applied this method when calculating the TBR values. 

Akerele and colleagues have previously described other methods to correct 

for this problem including iterative reconstructions which incorporate a specific 

background correction that adjusts for this source of error (Akerele et al., 

2019). This is labour-intensive and currently there are no software packages 

to implement this technique. The PET activity spill-over takes place over a 

range of continuous values and its complete exclusion is not technically 

feasible. Our thresholding technique corrects for the abnormally high signal, 

but higher overall values of AMAmean can still occur due to activity spill-over 

below the region’s set threshold. Despite this, we feel that this remains one of 

the more effective methods available to correct for the spill-over effect from 

intense vertebral sodium [18F]fluoride uptake because of its rapidity and 

simplicity as well as the improvement in comparative values with TBRmean. 

 

The obtained AMAmean value is dependent on a calculation involving the 

region’s cumulative SUV, region volume, region threshold and background 

SUV. Disparities between different image analysts could potentially have an 

impact on the measured uptake values. However, both intra-observer and 

inter-observer repeatability were found to be very good if not excellent, 

especially after application of techniques to make the assessments more 

robust. Scan-rescan reproducibility has not been assessed within this method; 
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however, it has already been shown to be very good in the thoracic aorta 

(Fletcher et al., 2021). The dependence on the region’s volume could result in 

larger aneurysm diameters reducing the region’s AMA value. When 

developing this method, we considered using the length of the volume of 

interest rather than its volume, but the values obtained were not comparable 

to TBR values. 

 

Forsythe and colleagues used the “most diseased segment” TBRmax approach 

to measure sodium [18F]fluoride uptake in abdominal aortic aneurysms 

(Forsythe et al., 2018). These values demonstrated higher signal for 

aneurysmal segments compared to non-aneurysmal segments. This is a well-

established approach that has previously been used to quantify 2-[18F]fluoro 

fluoro-2-deoxyglucose uptake in aortic and carotid atheroma and sodium 

[18F]fluoride uptake in the aortic valve (Fayad et al., 2011; Pawade et al., 2016; 

Vesey et al., 2017). The AMAmean method described here is similar to the 

TBRmean value: it calculates the average activity across a region of interest but 

it does not aim to replicate the “most diseased segment” approach which is 

dependent on a single voxel value across a region of interest. This explains 

the lower values in the aneurysmal segments in the present study. AMAmax 

would be more similar to this method, however it compares less well to the 

TBRmax across the region. The “most diseased segment” method is valuable 

when investigating conditions where regions of intense activity are more 

important than mean global activity. For example, this has been used as a 

measure of atherosclerotic disease activity and the risk of plaque rupture in 



 
 

 127 

coronary artery disease (Joshi et al., 2015; Joshi et al., 2014). It is unknown 

whether aneurysm rupture or expansion are dependent on the most intensely 

active degenerative region in the aneurysm (which would correspond to the 

“most diseased segment”) or whether these events may be better reflected 

through a global average measure of the burden of vascular degeneration 

within the whole vessel (AMAmean). Mean radiotracer uptake was the method 

that was optimised here because in the context of endovascular aneurysm 

repair and progressive aneurysm disease burden and overall activity was felt 

to be an important marker to consider. 

 

The histopathological results are unsurprising but important. In the present ex 

vivo study, there is markedly higher sodium [18F]fluoride uptake in aneurysm 

tissue on both microPET and autoradiography, and this corresponded with 

higher histopathological scores in aneurysm tissue. Although some individual 

categories in the scoring system were higher in aneurysm tissue (fibrosis, 

neovascularisation and microcalcification), microcalcification appeared to be a 

dominant feature for the majority of the aneurysmal tissue. 

 

It is important to highlight some limitations to our study. Whilst we have 

introduced enhancements in our technique to deal with the spill-over effect 

from physiological vertebral uptake, this remains a source of error and it is 

unclear whether our method adequately corrects for this. Since it is not 

possible with the current technology to have zero signal spillage with this 

radiotracer, calculating a true mean error is challenging. Some more 
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sophisticated spill-over correction methods could be performed in the future, 

but they may require availability of dynamic imaging. Our study population 

consisted of patients with abdominal aortic aneurysms and we have not 

assessed our technique in a truly healthy population or other diseased states.  

There is also some dependence on the total volume of interest using our 

method. One potential way to improve direct assessment of the aortic 

aneurysm would be to have a hollow cylindrical volume of interest and thereby 

consider only the vessel wall itself. However, this incorporated increased 

complexity, took greater analysis time and performed poorly between different 

observers. We have sought to quantify sodium [18F]fluoride uptake in 

abdominal aortic aneurysms. This radiotracer has not been validated for 

clinical use and future studies are needed to determine if this AMA method can 

serve as a biomarker for aortic disease. We recognise that nuclear medicine 

departments may not routinely perform a contrast-enhanced CT acquisition. 

Hypothetically, a recent contrast-enhanced CT scan could be co-registered to 

a PET acquisition scan to allow more accurate determination of the aortic 

regions, and arterial landmarks. 

 

4.6 Clinical Perspectives 

Aortic microcalcification activity can be quantified across the abdominal aorta 

quickly and accurately and this compares very favourably with standard 

quantification methods. Comparative measures and repeatability are 

enhanced by modifications that include minimising the effect of spill-over from 

vertebral sodium [18F]fluoride uptake and variations in the aneurysm diameter. 
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Future studies could determine whether this sodium [18F]fluoride quantification 

method could serve as a biomarker for aortic disease. 
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Chapter 5: Aortic sodium [18F]fluoride uptake 

following endovascular aneurysm repair 
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5.1 Abstract 

5.1.1 Background 

In patients with abdominal aortic aneurysms, sodium [18F]fluoride positron 

emission tomography identifies aortic microcalcification and disease activity. 

Increased uptake is associated with aneurysm expansion and adverse clinical 

events. The effect of endovascular aneurysm repair (EVAR) on aortic disease 

activity and sodium [18F]fluoride uptake is unknown. This study aimed to 

compare aortic sodium [18F]fluoride uptake before and after treatment with 

EVAR. 

 

5.1.2 Methods 

In a preliminary proof-of-concept cohort study, preoperative and post-

operative sodium [18F] fluoride PET-CT was performed in patients with an 

infrarenal abdominal aortic aneurysm undergoing EVAR according to current 

guideline-directed size treatment thresholds. Regional aortic sodium 

[18F]fluoride uptake was assessed using aortic microcalcification activity 

(AMA): a summary measure of mean aortic sodium [18F]fluoride uptake. 

 

5.1.3 Results 

Ten participants were recruited (76±6 years) with a mean aortic diameter of 

57±2 mm at time of EVAR. Mean time from EVAR to repeat scan was 62±21 

months. Prior to EVAR, there was higher abdominal aortic AMA when 

compared with the thoracic aorta (AMA 1.88 versus 1.2; p<0.001). Following 

EVAR, sodium [18F]fluoride uptake was markedly reduced in the suprarenal 
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(change in AMA 0.62, p=0.03), neck (change in AMA 0.72, p=0.02) and body 

of the aneurysm (change in AMA 0.69, p=0.02) while it remained unchanged 

in the thoracic aorta (change in AMA 0.11, p=0.41). 

 

5.1.4 Conclusion 

EVAR is associated with a reduction in AMA within the stented aortic segment. 

This suggests that EVAR can modify aortic disease activity and aortic sodium 

[18F]fluoride uptake is a promising non-invasive surrogate measure of 

aneurysm disease activity. 

 

5.2 Introduction 

As discussed in Chapter 1, EVAR has changed the elective treatment of 

abdominal aortic aneurysms. Compared to open surgical repair, it is a much 

less invasive procedure and is associated with lower perioperative morbidity 

and mortality and improved short-term outcomes (Greenhalgh, Brown, Powell, 

Thompson, Epstein, et al., 2010). The stent graft provides a physical barrier 

that excludes the aneurysm from the circulation and reduces mortality from 

aneurysm rupture. EVAR use is limited by its durability, including the formation 

of endoleaks and stent migration necessitating life-long post-operative 

surveillance programs (Chaikof et al., 2018). Following EVAR, shrinkage of the 

aneurysm sac can be observed, and this is taken as a positive morphological 

sign of procedural success. 

 



 
 

 133 

Aortic aneurysm formation is characterised by medial wall atrophy and 

degeneration (Chapter 1) (Ladich et al., 2016). This progressive and 

degenerative disease processes triggers a vascular calcific response (M. B. J. 

Syed et al., 2019) which is characterised by deposition of calcium- and 

phosphate-containing hydroxyapatite crystals and is termed microcalcification 

(Aikawa et al., 2007). This is distinct from the end-stage macrocalcification 

which can be readily identified by computed tomography (CT). Sodium 

[18F]fluoride is a PET radiotracer which binds to the deposited hydroxyapatite 

crystals and can detect aortic microcalcification (Chapter 2). 

 

In the Sodium [18F]Fluoride Imaging of Abdominal Aortic Aneurysms (SoFIA3) 

study (NCT02229006), aortic sodium [18F]fluoride uptake specifically localised 

to abdominal aortic aneurysms and was associated with more rapid aneurysm 

expansion and a higher chance of rupture or elective repair secondary to 

aneurysm growth (Forsythe et al., 2018). 

 

The aim of this study was to investigate aortic sodium [18F]fluoride uptake after 

successful EVAR implantation, hypothesising that this would be reduced. In 

an exploratory proof-of-concept study, repeated sodium [18F]fluoride PET-CT 

was performed in participants of the SoFIA3 study who had undergone EVAR. 

  

5.3 Methods 

The study methods are also discussed in further depth in the relevant section 

in Chapter 2. 
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Briefly however, this was a longitudinal observational study (NCT04577716) 

where study participants were studied at baseline and at a minimum of 1 year 

following EVAR. The study population consisted of patients originally recruited 

into the Sodium [18F]Fluoride Imaging in Abdominal Aortic Aneurysms study 

(NCT02229006) who had undergone successful elective EVAR. These 

patients were invited for recruitment into the PET-EVAR Study (Predicting 

Endoleaks Following Endovascular Aortic Aneurysm Repair Using Sodium 

[18F]Fluoride). 

 

5.3.1 Study assessments 

At each of the two study visits, participants underwent a clinical assessment 

prior to imaging. Patients were then administered a target dose of 125 MBq of 

sodium [18F]fluoride intravenously, and 60 min later they were imaged on a 

hybrid 128–slice PET-CT scanner (Biograph mCT, Siemens Healthineers, 

Erlangen, Germany). A low-dose attenuation correction CT scan was 

performed (120 kV, 50 mAs, 5/3 mm), followed by acquisition of PET data at 

10-min intervals in three or four bed positions to cover the thoracic and 

abdominal aorta. A contrast-enhanced aortic CT angiogram (120 kV, 145 mAs, 

3/3 mm, field of view 400; and 1/1 mm, field of view 300; triggered at 181 

Hounsfield units) was performed on the same scanner immediately after PET 

acquisition. This was preceded by a non-contrast CT aortic calcium score at 

the second visit. Static PET-CT images were reconstructed with correction 

applied for attenuation, dead-time, scatter and random coincidences, using an 

optimised iterative reconstruction algorithm (ultra-High Definition; TrueX + 
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Time-of-Flight, 2 iterations and 21 subsets, matrix 200, zoom 1; Gaussian filter 

5 mm). 

 

5.3.2 Image Analysis 

5.3.2.1 Aortic morphology and calcium score 

Aneurysm morphology, including pre-operative and post-operative aortic sac 

size, neck length and length of common iliac arteries, was measured using 

PACS (Carestream Health). Calcium score was measured using dedicated 

software (Vitrea Advanced, Toshiba Systems) and quantified as calcium score 

(AU), calcium volume (mm3) and calcium mass (mg). The threshold for 

calcification was set at a computed tomographic density of 130 Hounsfield 

units having an area 1 mm2 (Agatston et al., 1990). 

 

5.3.2.2 Aortic microcalcification activity 

Sodium [18F]fluoride uptake was measured in four anatomically distinct regions 

of interest: the descending thoracic aorta, the suprarenal region, aneurysm 

neck and body of the aneurysm as described previously (Section 2.6.2.1). The 

four regions were defined as: (i) the descending thoracic aorta; (ii) the 

suprarenal region; (iii) the neck; and (iv) the aneurysm body (Figure 7). 

 

The aortic microcalcification activity (AMA), a summary measure of mean 

aortic sodium [18F]fluoride uptake in a three-dimensional volume, was 

calculated for each region. In brief, AMA is calculated by measuring the mean 

radiotracer uptake value of each region using a custom validated tool (Fusion 
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Quant v1.21.0421, Cedars-Sinai Medical Centre, Los Angeles), and then each 

region is normalised for its volume (cm3) and for the background blood pool 

activity of the right and left atria. The AMA analysis method also includes a 

threshold technique to correct for the spill-over effect created by physiological 

radiotracer uptake in the vertebrae (Chapter 4). 

 

5.3.3 Statistical Analysis 

Apart from the generic statistical analyses as described in Chapter 2, a simple 

main effect one-way model was used to assess regional difference in the AMA. 

A Kruskal-Wallis rank sum test was used to assess regional differences in the 

AMA between the timepoints. Wilcoxon signed-rank test was used to test pre-

operative and post-operative calcium scores. 

 

5.4 Results 

Twelve of 72 participants of the original study population underwent elective 

EVAR. One participant was ineligible due to renal failure and one participant 

declined further participation. Ten patients were successfully recruited (Figure 

22). 

 

Recruited patients were predominantly male and had a mean age of 76 ± 6 

years (Table 8). The mean interval between the pre-operative and post-

operative scans was 78 ± 5 months and the time from EVAR to post-operative 

scan was 62 ± 21 months. 
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Figure 22. Diagrammatical representation of the study population for the 

aortic sodium [18F]fluoride uptake following EVAR study 

 

 

Ten patients were recruited into the Predicting Endoleaks Following 

Endovascular Aortic Aneurysm Repair Using Sodium [18F]Fluoride (PET-

EVAR) study from the 12 patients who underwent EVAR after being recruited 

into the Sodium [18F]Fluoride Imaging in Abdominal Aortic Aneurysms (SoFIA3) 

study and having a pre-operative positron emission tomography (PET) scan. 
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5.4.1 Aortic morphology 

All treated aneurysms were infrarenal and had a mean aortic diameter of 57 ± 

2 mm at time of EVAR. Six patients had a concurrent iliac aneurysm. All stent 

grafts were inserted according to manufacturers’ instructions for use (Table 9). 

 

In eight patients (80%), there was no change, or there was a reduction in the 

aneurysm sac size following EVAR (mean change -6 ± 12 mm). In the 

remaining two patients, there was an increase in sac size at follow up. In one 

patient, there was a 14-mm increase due to a type II endoleak. This was being 

actively managed and there had been multiple endovascular attempts to treat 

it (by embolisation and by CT-guided Onyx infiltration to the sac). In the second 

patient, there was a 6-mm increase. This patient had the shortest follow-up 

period of the cohort (13 months) and had previously demonstrated a type II 

endoleak at 8 months after EVAR. 

 

The median post-operative thoracic calcium score was increased in all three 

measures when compared to the pre-operative score (1924 versus 686 AU, 

p=0.02), but there were no differences in the suprarenal aorta (525 versus 232 

AU, p=0.32) (Table 10). 

 

5.4.2 Aortic microcalcification activity 

The AMA at baseline was twice as high in all three abdominal aortic regions 

when compared with the thoracic aorta. Following EVAR, AMA was reduced  
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Table 8. Patient characteristics at post-operative scan 

 

Characteristic N = 10 

Age (years) 76 ± 6 

Male 9 (90%) 

Female 1 (10%) 

Systolic blood pressure (mmHg) 156 ± 15 

Diastolic blood pressure (mmHg) 83 ± 8 

Heart rate (beats/min) 68 ± 15 

Body mass index (kg/m2) 27.1 ± 3.2 

Medical History 

Current or ex-smoker 10 (100%) 

Hypertension 8 (80%) 

Hypercholesterolemia 9 (90%) 

Diabetes 2 (20%) 

Ischemic heart disease 4 (40%) 

Peripheral arterial disease 2 (20%) 

Cerebrovascular accident 3 (30%) 

Chronic obstructive pulmonary disease 3 (30%) 

No family history of aneurysm disease 10 (100%) 

Medications 

Antiplatelet agents 7 (70%) 

Anticoagulant agents 2 (20%) 

Statins 9 (90%) 

Beta-blockers 5 (50%) 
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Characteristic N = 10 

Angiotensin-converting enzyme or 

angiotensin receptor blockers 
4 (40%) 

Calcium channel antagonist 3 (30%) 

 

Mean ± standard deviation; number (%) 
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Table 9. Aortic morphology and stent graft details 

 

 N = 10 

Pre-operative aortic size (mm) 57 ± 2 

Post-operative aortic size (mm) 51 ± 12 

Concurrent iliac aneurysm 6 (60%) 

Iliac aneurysm size (mm) 21 ± 3 

Morphology  

Length of neck (mm) 16 (15 to 26) 

Neck angulation (°) 31 (29 to 44) 

Left iliac length (mm) 54 ± 24 

Right iliac length (mm) 55 ± 23 

Stent graft repair type 

Cook 3 (30%) 

Gore C3 Excluder 3 (30%) 

Medtronic Endurant 4 (40%) 

 

Mean ± standard deviation; Median (interquartile range); number (%). 
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Table 10. Pre-operative and post-operative aortic calcium scores 

 

 Pre-operative Post-operative p value 

Thoracic Agatston 

score, AU 

686 (35 to 1528) 1924 (557 to 4698) 0.002  

Thoracic calcium 

volume, mm3 

718 (28 to 1323) 1638 (550 to 3838) 0.002  

Thoracic calcium 

mass, mg 

165 (8 to 383) 489 (132 to 1260) 0.002  

 

Suprarenal 

Agatston score, 

AU 

232 (58 to 797) 524 (170 to 1138) 0.32 

Suprarenal 

calcium volume, 

mm3 

220 (58 to 764) 510 (211 to 926) 0.43 

Suprarenal 

calcium mass, mg 

58 (14 to 197) 129 (42 to 275) 0.19 

 

Median (interquartile range). AU, Agatston units 
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in all abdominal aortic regions but not in the thoracic aorta (Figure 23). The 

change in AMA was present in the suprarenal (0.62, p=0.03), neck (0.72, 

p=0.02) and aneurysm body (0.69, p=0.02) but not in the thoracic aorta (0.11, 

p=0.41; Figure 24, Table 11). 

 

A positive correlation was observed between the change in thoracic calcium 

score and the pre-operative AMA (R=0.33, p=0.04). However, no relationships 

were observed between the pre-operative, post-operative and change in AMA, 

and the aortic sac size or the change in aortic sac size. 

 

The patient with an active endoleak during the post-operative visit had the 

highest AMA in the suprarenal and neck regions and the second highest AMA 

in the thoracic and aneurysm region on the pre-operative PET-CT. Despite 

also demonstrating a reduction, this patient’s post-operative AMA was the 

highest of the cohort in all four aortic regions. 

 

5.5 Discussion 

EVAR is associated with shrinkage of the abdominal aortic aneurysm sac: a 

key morphological indicator of procedural success (Wanhainen et al., 2019). 

For the first time, we have shown that EVAR is also associated with a reduction 

in sodium [18F]fluoride uptake within the abdominal aorta. This reduction was 

prominent in the regions of the abdominal aorta covered by the stent graft and  
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Figure 23. Representative patient with a pre-operative and a post-operative sodium [18F]fluoride positron emission 

tomography and computed tomography angiogram 

 

The computed tomography (CT) angiogram is performed immediately after acquisition of positron emission tomography (PET) 

data. A visual reduction in sodium [18F]fluoride uptake can be observed when comparing (A) the pre-operative PET-CT and (B) 

the post-operative PET-CT in the same patient. 

 
Standard uptake values (SUV) represented in the colour scale bar. 
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Figure 24. Regional aortic sodium [18F]fluoride uptake and aortic 

microcalcification activity in positron emission tomography and 

computed tomography 

 

Radiotracer uptake in the four aortic regions (descending thoracic, suprarenal, 

neck and aneurysm body) before (pre) after (post) endovascular aneurysm 

repair. 

 

AMA, aortic microcalcification activity. * = p < 0.05; ns = not significant. 
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Table 11. Pre-operative and post-operative aortic microcalcification 

activity 

 

Mean aortic microcalcification activity (AMA) values across each aortic region, 

and change in AMA following endovascular aneurysm repair (EVAR). 

 

Aortic region Pre-operative 

mean 

(min - max) 

Post-

operative 

mean 

(min - max) 

Change in 

AMA 

P value 

Thoracic 1.20 

(0.99 - 1.69) 

1.09 

(0.85 - 1.47) 

-0.11 0.41 

Suprarenal 1.98 

(1.12 - 3.6) 

1.36 

(1.08 - 1.85) 

-0.62 0.03  

Neck 1.93 

(0.96 - 3.54) 

1.21 

(0.82 - 1.63) 

-0.72 0.02  

Aneurysm 

body 

1.74 

(0.6 - 3.24) 

1.05 

(0.61 - 1.43) 

-0.69 0.02  
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was not apparent in the thoracic aorta. This suggests that EVAR protects the 

aortic aneurysm from rupture not only by providing a physical barrier but also 

by reducing aortic aneurysm disease activity within the wall itself. 

 

Calcification is a marker of disease burden and disease progression in 

coronary artery disease. Coronary sodium [18F]fluoride uptake correlates with 

progression of coronary calcification (Doris et al., 2020; Youn et al., 2020) and 

is a marker of coronary atherosclerotic disease activity (Creager et al., 2019; 

Moss et al., 2020; Wen et al., 2022). It is  also associated with  ischaemic 

stroke (Fletcher, Tew, et al., 2022; Irkle et al., 2015) and the future risk of 

myocardial infarction (Kwiecinski et al., 2020). The significance of aortic 

macrocalcification and the associated aortic Agatston calcium score is not well 

documented for aortic aneurysm disease. In a retrospective study of patients 

undergoing CT angiography as part of elective treatment work-up of abdominal 

aortic aneurysm disease, Chowdhury and colleagues observed that higher 

aortic calcium scores are associated with poorer outcomes (Chowdhury et al., 

2018). Conversely, in sub-threshold abdominal aortic aneurysms, Klopf and 

colleagues observed an inverse relationship between increased abdominal 

aortic calcification and aneurysm disease progression over a six-month period 

(Klopf et al., 2022). Here, we observed an association between the change in 

thoracic calcium score and the pre-operative AMA suggesting that a generally 

higher aortic disease activity correlates with increasing macrocalcification 

within the aorta. This could underline the relationship between vascular sodium 

[18F]fluoride uptake and aneurysm disease activity. Alternatively, the change 
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in calcium score could merely reflect the processes of calcification as a result 

of ageing. One way of testing this would be to further perform PET-CT on the 

SoFIA3 patients who had open repair as controls and to assess whether such 

a relationship also exists. 

 

An increase in aneurysm diameter and a change in radiotracer uptake over 

time has previously been observed using 2-[18F]fluoro-2-deoxyglucose 

([18F]FDG), where patients whose aneurysm diameter increased, had 

demonstrated lower radiotracer uptake on baseline PET-CT 9 months 

previously (Morel et al., 2015). This observation was attributed to cyclical 

periods of inflammation within the aneurysm wall and periods of aneurysm 

expansion. Rather than inflammation, sodium [18F]fluoride, detects 

microcalcification, which is increasingly becoming a specific and reliable 

marker of disease activity within the aorta. Sodium [18F]fluoride uptake 

quantifies microcalcification within the aortic media of patients with thoracic 

aortopathy (Fletcher, Nash, et al., 2022) and is associated with greater aortic 

growth after acute aortic syndrome (Syed et al., 2022). In the present study, 

AMA was highest in the baseline PET-CT of the abdominal aorta where there 

is active abdominal aortic aneurysm disease. It is also noteworthy that one of 

the highest sodium [18F]fluoride uptakes in the cohort occurred in a patient with 

a type II endoleak and sac enlargement. Although the small cohort size is 

insufficient to draw definitive conclusions, it does provide promising preliminary 

data to suggest that high aortic sodium [18F]fluoride uptake may reflect disease 

activity. As an indicator of reduced aneurysm metabolic activity, suppression 
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of uptake could confirm or predict treatment efficacy of EVAR, and may have 

a role in a select group of patients who demonstrate sac expansion on routine 

screening. 

 

The reduction in AMA we observed following EVAR suggests that insertion of 

the stent graft can decrease aneurysm disease activity or that it somehow 

alters the aneurysm biology. The mechanism of such reduced disease activity 

has not been addressed by our study, but this could plausibly include reducing 

biomechanical stress within the aortic wall, preventing the build-up of further 

luminal thrombus or inflammatory mediators, or providing a physical barrier to 

luminal blood pressure which could otherwise exacerbate aneurysmal 

dilatation. In turn, these processes could lead to a reduction or cessation in 

further degeneration in the aortic media which leads to reduced deposition of 

hydroxyapatite crystals and a reduction in surface area for sodium [18F]fluoride 

binding. Irrespective of the mechanism, our findings highlight the potential of 

positron emission tomography to provide an imaging biomarker of treatment 

efficacy in abdominal aortic aneurysm disease, especially for EVAR but 

potentially also for other future treatment interventions. Conversely, failure to 

suppress aortic sodium [18F]fluoride uptake may herald the development of 

complications and endoleaks not yet visible on CT. Speculatively, it could 

guide baseline patient selection for EVAR if intense uptake at baseline heralds 

likely future treatment failure. 
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Although not the specific aim of this study, in a prospective fashion, EVAR 

treatment with stent insertion should result in a reduction in aneurysm activity. 

This would then be observed as a rapid reduction in microcalcification activity 

following EVAR on serial PET-CT imaging. 

 

This is a small single centre proof-of-concept study, with the small sample size 

a result of recruitment of only those patients from the original SoFIA3 study 

who underwent EVAR. As such, our findings are preliminary and require 

further external validation. We should also acknowledge several other 

limitations of this pilot study. First, scan analysis was performed without 

blinding to the timing of the scans and clearly the aortic stent graft is readily 

visible on the attenuation correction CT. Second, although the AMA method 

used to quantify sodium [18F]fluoride uptake has shown excellent levels of 

agreement with conventional PET quantification methods as demonstrated in 

Chapter 4, it has not been externally validated. Third, survival bias may play a 

role, although the majority (83%) of patients who underwent an EVAR 

operation from the original cohort were recruited into the study. Fourth, since 

the patients recruited in the study underwent their baseline scan at different 

timepoints in the natural history of their disease, their baseline radiotracer 

uptake, time to EVAR and follow up time differed across the cohort. However, 

this does not preclude a comparison of uptake before and after EVAR. Fifth, 

the PET reconstruction algorithm uses the attenuation correction CT which is 

not specifically designed to account for the presence of a stent graft. However, 

in coronary studies, the presence of a stent usually results in overestimation 
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of the PET signal rather than a reduction in signal (Cheng et al., 2012). Finally, 

it was not possible to calculate the calcium score for all abdominal aortic 

regions due to the presence of the stent graft. 

 

5.6 Clinical Perspectives 

This study demonstrates that EVAR leads to a reduction in microcalcification 

activity in the abdominal aorta, detected as a reduction in aortic sodium 

[18F]fluoride uptake on PET-CT. This suggests that apart from the commonly 

observed change in aneurysm sac size, EVAR is also associated with a 

biological change within the aorta. This technique holds promise as a non-

invasive marker of aneurysm disease activity and treatment efficacy following 

EVAR treatment. 
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Chapter 6: Aortic disease activity in patients with 

endoleak after endovascular aneurysm repair 
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6.1 Abstract 

6.1.1 Background 

Aortic aneurysm disease activity can be assessed using sodium [18F]fluoride 

positron emission tomography and increased aortic sodium [18F]fluoride 

uptake is associated with higher rates of abdominal aortic aneurysm expansion 

and adverse clinical events. The study objective was to establish whether 

increased aortic disease activity is associated with patients who have 

developed an endoleak after endovascular aneurysm repair (EVAR). 

 

6.1.2 Methods 

Patients whose abdominal aortic aneurysm had been treated with EVAR 

underwent sodium [18F]fluoride positron emission tomography and computed 

tomography angiography. Regional aortic radiotracer uptake was assessed by 

measuring the aortic microcalcification activity (AMA): a summary measure of 

mean sodium [18F]fluoride uptake. 

 

6.1.3 Results 

Thirty-seven, predominantly male (97%) patients, with a mean age of 76±6 

years were recruited (15 with an endoleak and 22 without an endoleak). 

Median aortic diameter at treatment was 58 [interquartile range 56 to 63] mm. 

There was no difference in the mean interval from EVAR to imaging between 

the groups (49±24 versus 50±19 months respectively, p=0.9). When compared 

to those without an endoleak, patients with an endoleak had higher AMA in the 

thoracic (1.22±0.2 versus 1.07±0.2, p<0.01), suprarenal (1.58±0.3 versus 
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1.36±0.2, p<0.01) and neck (1.40±0.3 versus 1.14±0.3, p<0.05) regions of the 

aorta but not within the aneurysm body (0.94±0.3 versus 1.08±0.3, p=0.10). 

 

6.1.4 Conclusion 

Active endoleaks after EVAR are associated with higher aortic 

microcalcification activity in aortic regions outwith the aneurysm. This suggests 

that EVAR protects against further aortic degeneration in the aneurysm body, 

but ongoing aortic degeneration continues beyond the aneurysm and is 

associated with the presence of endoleaks. 

 

6.2 Introduction 

Chapter 1 discussed that the initial mortality benefit for endovascular 

aneurysm repair (EVAR) when compared to open surgical repair is diminished 

when longer-term complications such as endoleaks occur. Since endoleaks 

can occur in up to a third of EVAR cases, and result in higher re-intervention 

rates, they mandate the use of post-operative surveillance programmes. A 

shrunken aneurysm sac over time is considered a sign of successful EVAR 

with a lower risk of late post-operative complications. Conversely, endoleaks 

are associated with reduced sac shrinkage and worse outcomes (Bastos 

Gonçalves et al., 2014; Lal et al., 2015). 

 

Implantation of the stent graft causes an alteration in the biomechanical 

characteristics of the abdominal aortic aneurysm wall (Georgakarakos et al., 

2012). Positron emission tomography combined with computed tomography 
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(PET-CT) angiography is a potential method of tracking this aortic aneurysm 

disease activity. The sodium [18F]fluoride PET radiotracer can quantify aortic 

microcalcification activity as an indirect measure of aortic aneurysm disease 

activity by binding to hydroxyapatite crystals in the aortic media. The proof-of-

concept study in Chapter 5 shows a reduction of aortic sodium [18F]fluoride 

uptake following EVAR. This reduction was particularly striking in regions of 

the abdominal aorta covered by the EVAR stent graft. 

 

In this case-control study, sodium [18F]fluoride PET-CT was used to quantify 

radiotracer uptake in patients with or without an active endoleak. We 

hypothesised that patients with an endoleak will have higher sodium 

[18F]fluoride uptake as a result of unsuccessful suppression of aortic aneurysm 

disease activity. 

 

6.3 Methods 

The study methods are also discussed in further depth in the relevant section 

in Chapter 2. 

 

This was a case-control observational study, conducted with the written 

informed consent of all subjects, in accordance with the declaration of Helsinki, 

with approval by the South-East Scotland Research Ethics Committee 

(20/SS/0119), and registered with National Institutes of Health ClinicalTrial.gov 

(NCT04577716). All study visits were conducted at the Centre for 
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Cardiovascular Science and the Queen’s Medical Research Institute, 

University of Edinburgh, United Kingdom. 

 

6.3.1 Study population 

Study participants with an endoleak were identified by clinicians through 

outcomes obtained at multidisciplinary vascular team meetings within four 

Scottish regional health boards: National Health Service (NHS) Lothian, NHS 

Greater Glasgow & Clyde, NHS Lanarkshire and NHS Tayside health boards. 

Separately, EVAR implant databases kept by the health boards were screened 

to identify control patients. The main inclusion criteria were age of 50 years or 

above, no contraindications to performing PET-CT scans, previous EVAR 

performed within manufacturers’ instructions for use and the presence of any 

active type of endoleak (as defined by European Society for Vascular Surgery 

guidelines) (Wanhainen et al., 2019). Patients were excluded if they had 

known severe chronic kidney disease (defined as estimated glomerular 

filtration rate of ≤ 30 mL/min/1.73 m2), major or untreated cancer reducing life 

expectancy to below 2 years and a known history of connective tissue disease. 

Control subjects were selected using the same criteria except that they had no 

known current endoleaks. 

 

6.3.2 Positron emission tomography and computed tomography 

Study imaging was performed on a hybrid 128–slice PET-CT scanner 

(Biograph mCT, Siemens Healthineers, Erlangen, Germany). Patients were 

administered a target dose of 125 MBq of sodium [18F]fluoride intravenously 
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and imaged after 60 min of uptake time. A low-dose attenuation correction CT 

scan was performed (120 kV, 50 mAs, 5-mm thickness, 3-mm increments), 

followed by acquisition of PET data at 10-min intervals in four bed positions to 

cover the thoracic and abdominal aorta. Static PET-CT images were 

reconstructed as described in Section 2.6. Immediately after PET acquisition, 

an arterial and delayed-phase contrast-enhanced aortic CT angiogram (120 

kV, 145 mAs, 3-mm thickness, 3-mm increments, field of view 400; and 1/1 

mm, field of view 300; triggered at 181 Hounsfield units) was performed. 

 

6.3.3 Image analysis 

Sodium [18F]fluoride uptake was quantified using a custom validated tool 

(FusionQuant v1.21.0421, Cedars-Sinai Medical Centre, Los Angeles, USA) 

by measuring the aortic microcalcification activity (AMA), a summary measure 

of mean aortic sodium [18F]fluoride uptake in a three-dimensional volume as 

described in Chapters 2 and 4. Uptake was measured in the four previously 

described anatomically distinct regions of interest: the descending thoracic 

aorta, the suprarenal region, the aneurysm neck and the body of the 

aneurysm. 

 

Pre-operative CT angiograms were accessed through a national Picture 

Archiving and Communications System (PACS, Carestream Health, 

Rochester, USA). This allowed pre-operative measurements of aneurysm 

morphology, aortic sac size, neck length and length of common iliac arteries. 

CT angiograms performed at the study visit confirmed the presence of an 
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active endoleak and sac diameter through an independent vascular 

multidisciplinary team meeting process. 

 

6.3.4 Statistical analysis 

Apart from the generic statistical analyses as described in Chapter 2, 

radiotracer uptake was expressed as aortic microcalcification activity (AMA) 

(unitless) for each region and as a ratio of aneurysm AMA. A two-way repeated 

measures ANOVA was used to assess regional differences in the AMA 

between the two groups. P-values were adjusted using the Bonferroni multiple 

testing correction method. Change in aneurysm sac size was corrected for the 

interval distance between the pre-operative and post-operative scan 

(mm/year). Pearson’s correlation coefficient was used to assess the 

association between change in aneurysm sac size and AMA ratio. 

 

6.4 Results 

From 491 screened patients, 63 patients with no endoleak met the inclusion 

criteria and 22 consented to participate. Separately, 46 patients with an 

endoleak were referred. Of these, 28 patients were suitable and 15 agreed to 

participate. Patients had a mean age of 76±6 years and were predominantly 

male (97%) (Table 12). All abdominal aortic aneurysms were infrarenal and all 

stent grafts were inserted according to the manufacturers’ instructions for use 

(Table 13). 
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Table 12. Patient characteristics 

 

Characteristic Overall Endoleak No endoleak p-value2 

 N = 371 N = 151 N = 221  

Age (years) 76 ± 6 77 ± 7 75 ± 6 0.4 

Male 36 (97%) 15 (100%) 21 (95%) >0.9 

Systolic blood pressure 

(mmHg) 
150 ± 20 148 ± 24 151 ± 17 0.5 

Diastolic blood pressure 

(mmHg) 
81 ± 9 82 ± 11 81 ± 7 0.4 

Heart rate (beats/min) 71 ± 16 75 ± 16 68 ± 15 0.095 

Body mass index (kg/m2) 29.9 ± 5.1 29.1 ± 5.8 30.4 ± 4.7 0.3 

Medical History 

Current or ex-smoker 28 (76%) 8 (53%) 20 (91%) 0.017 

Hypertension 27 (73%) 12 (80%) 15 (68%) 0.5 

Hypercholesterolemia 33 (89%) 12 (80%) 21 (95%) 0.3 

Diabetes 5 (14%) 2 (13%) 3 (14%) >0.9 

Ischaemic heart disease 13 (35%) 4 (27%) 9 (41%) 0.4 

Peripheral arterial disease 5 (14%) 1 (6.7%) 4 (18%) 0.6 

Cerebrovascular disease 6 (16%) 3 (20%) 3 (14%) 0.7 

Chronic obstructive pulmonary 

disease 
5 (14%) 1 (6.7%) 4 (18%) 0.6 

Positive aneurysm family 4 (11%) 1 (6.7%) 3 (14%) 0.6 
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Characteristic Overall Endoleak No endoleak p-value2 

 N = 371 N = 151 N = 221  

history 

Medication 

Antiplatelet agents 23 (62%) 10 (67%) 13 (59%) 0.6 

Anticoagulant agents 9 (24%) 2 (13%) 7 (32%) 0.3 

Statins 32 (86%) 11 (73%) 21 (95%) 0.14 

Beta-blocker 15 (41%) 7 (47%) 8 (36%) 0.5 

Angiotensin-converting 

enzyme inhibitors or 

angiotensin receptor blockers 

16 (43%) 8 (53%) 8 (36%) 0.3 

Calcium channel antagonist 12 (32%) 6 (40%) 6 (27%) 0.5 

Diuretic 3 (8.1%) 1 (6.7%) 2 (9.1%) >0.9 

Nitrate 1 (2.7%) 0 (0%) 1 (4.5%) >0.9 

Aorta 

Time from EVAR to PET 

(months) 
50 ± 21 49 ± 24 50 ± 19 >0.9 

Aortic diameter at treatment, 

mm 
58 [56 to 63] 60 [58 to 65] 57 [56 to 61] 0.10 

Concurrent iliac aneurysm 14 (38%) 4 (27%) 10 (45%) 0.2 

 

1Mean ± standard deviation; n (%); Median [25% to 75%] 

2Wilcoxon rank sum test; Fisher's exact test; Wilcoxon rank sum exact test; Pearson's Chi-squared 

test 

 

EVAR, endovascular aneurysm repair; PET, positron emission tomography. 

 

 



 
 

 161 

Table 13. Aortic morphology and stent graft details 

 

Characteristic Overall Endoleak No endoleak p-value2 

 N = 371 N = 151 N = 221  

Pre-operative aortic diameter 

(mm) 
58 [56 to 63] 

60 [58 to 

65] 
57 [56 to 61] 0.10 

Aortic diameter at follow-up 

(mm) 
57 ± 17 74 ± 8 45 ± 11 <0.001 

Concurrent iliac aneurysm 14 (38%) 4 (27%) 10 (45%) 0.2 

Iliac aneurysm diameter (mm) 21 [20 to 25] 
20 [20 to 

26] 
22 [20 to 25] 0.7 

Morphology 

Length of healthy neck (mm) 23 [16 to 29] 
24 [22 to 

27] 
20 [16 to 30] 0.4 

Neck angulation (°) 29 [15 to 40] 
25 [15 to 

42] 
30 [20 to 33] 0.7 

Left iliac length (mm) 56 ± 18 55 ± 20 57 ± 16 0.8 

Right iliac length (mm) 55 ± 17 53 ± 14 58 ± 19 0.5 

 

1Median [25% to 75%]; Mean ± standard deviation; n (%) 

2Wilcoxon rank sum test; Pearson's Chi-squared test; Fisher's exact test 
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Most endoleaks were type II endoleaks (11 (73%)). One was diagnosed as 

type I at explant, one was diagnosed as type III following treatment of a type 

II, one had stent graft migration and the remaining patient had no visible 

endoleak but significant sac expansion (Table 14). The majority of patients in 

the endoleak group demonstrated sac expansion (14 (93%)), one had shown 

no sign of sac regression after EVAR treatment (Table 14). As expected, 

patients in the endoleak group had a mean increase in aortic diameter of 12±7 

mm (Table 13). 

 

6.4.1 Aortic microcalcification activity 

The region with the highest mean aortic sodium [18F]fluoride uptake (AMA) was 

the suprarenal aorta, and the lowest was the body of the aortic aneurysm:  

Thoracic 1.13±0.16 (p=0.021), suprarenal 1.45±0.24 (p<0.0001), neck 

1.25±0.31 (p=0.003) and aneurysm 1.02±0.27 (P-values refer to comparison 

with the aneurysm AMA). 

 

Compared to those without an endoleak, patients with an endoleak had higher 

AMA in the thoracic, suprarenal and neck regions (Figure 25), but there were 

no differences in AMA within the body of the aneurysm itself (Table 15, Figure 

26). A moderate correlation was observed between the change in aneurysm 

sac size and AMA ratios (R=0.42, p<0.0001). 
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Table 14. Individual endoleak and aneurysm sac size changes 

 

 Type Diagnosis Treatment Pre-

operative 

sac size 

(mm) 

Post-

operative 

sac size 

(mm) 

Sac expansion 

1 Type II. 

Changed to 

Type IA at 

explant 

Lumbar type II and sac expansion 

on CT 

Lumbar embolisation and Onyx 

injection to sac. Explant performed 

61 88 Yes 

2 Type II Lumbar type II on CT Surveillance only 58 60 Yes, had reduced 

to 54 mm post-

operatively 

3 Type II Lumbar type II on CT Surveillance only 65 70 Yes 

4 Type II Sac expansion, iliolumbar type II 

on CT & DSA 

Failed embolisation, open artery 

ligation performed 

67 77 Yes 

5 Type II Lumbar type II (present since 

insertion) and sac expansion 

Embolisation but persistent on CT, 

further embolisation performed 

60 73 Yes 
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6 Type II Sac expansion on USS, lumbar 

type II on CT 

Failed embolisation attempt, Onyx 

infiltration performed 

58 72 Yes 

7 Type II Sac expansion on USS, lumbar 

type II on CT 

Failed embolisation attempt, Onyx 

infiltration performed  

55 65 Yes 

8 Unknown Sac expansion on USS, no 

endoleak on multiple CTs but stent 

graft migration noted 

Conservative, patient unfit for 

explant. Aortic cuff with EndoAnchors 

performed 

65 78 Yes 

9 Type II Mesenteric & lumbar on post-

operative CT 

Surveillance only 69 69 No, but 

demonstrated no 

sac size 

reduction in 14 

months 

10 Type II 

(treated), type 

III 

Sac expansion on USS, 

mesenteric type II on CT 

IMA embolisation but had continued 

sac expansion and further CT 

showed type III from right limb 

55 70 Yes 
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11 Type II Sac expansion on USS, iliolumbar 

type II on CT 

Previous IMA embolisation. Had 

continued sac expansion, 

unsuccessful attempts at iliolumbar 

embolisation. Surveillance stopped 

due to patient frailty 

58 76 Yes 

12 Unknown Sac expansion on USS, no 

endoleak on CT 

Negative DSA. Patient unfit for 

explant, surveillance only 

77 88 Yes 

13 Type II Sac expansion on CT and 

iliolumbar endoleak, expansion 

weakened top seal and right limb 

seal 

Aortic cuff and EndoAnchors and 

right limb extension 

63 73 Yes 

14 Type II Sac expansion on CT, IMA and 

iliolumbar endoleak. Impending 

type IB due to sac expansion 

Direct Onyx injection to lumbar 

vessel, persistent IMA endoleak. 

Ongoing sac expansion and 

confirmation of lumbar endoleak on 

DSA. Onyx sac injection but 

continued sac expansion. Patient 

declined laparoscopic IMA ligation 

and bilateral limb extensions 

57 78 Yes 



 
 

 166 

15 Type II Sac expansion on CT and type II 

endoleak 

Embolisation to iliolumbar but still 

present therefore planned for direct 

sac embolisation with IIA 

embolisation and right limb extension 

60 74 Yes 

 

Where patients had definitive endoleak treatment, the majority had their positron emission tomography scan performed before 

treatment. In patients 6 and 10, this was performed after, but within 1 month from endoleak treatment. 

 

CT, computed tomography; USS, ultrasound scan; DSA, digital subtraction angiography; IMA, inferior mesenteric artery; IIA, internal iliac artery. 
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Figure 25. Sagittal images of positron emission tomography and 

computed tomography angiogram of three representative cases 

 

 

Sagittal images of positron emission tomography and computed tomography 

angiogram of three representative cases. 

A. Radiotracer uptake around the aneurysm sac with a visible endoleak 

(short white arrow); thoracic AMA 1.06, suprarenal AMA 1.27. 

B. Patient with an endoleak (not visible here) with areas of high uptake 

visible mid-way along the thoracic aorta and just inferior to the superior 

mesenteric artery (long white arrows); thoracic AMA 1.25, suprarenal 

AMA 1.69. 

C. Minimal areas of radiotracer uptake visible in a patient without an 

endoleak and a visible stent graft; thoracic AMA 1.03, suprarenal AMA 

1.08. 

 

Standard uptake values (SUV) represented in the colour scale bar; AMA, aortic 

microcalcification activity. 
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Table 15. Mean aortic microcalcification activity in the four analysed 

regions of the aorta 

 

 

The microcalcification activity in the thoracic, suprarenal and neck regions was 

also expressed as a ratio of the aneurysm aortic microcalcification activity. 

 

Mean ± standard deviation; Median [25% to 75%] 

P-values were adjusted using the Bonferroni multiple testing correction method. 

 

  

Region Endoleak No 

endoleak 

Difference P-value Adjusted 

p-value 

Thoracic 1.22±0.15 1.07±0.15 0.15 0.006 0.02 

Thoracic ratio 1.25 

[1 to 1.7] 

1.08 

[0.8 to 1.2] 

0.17 0.015 0.02 

Suprarenal 1.58±0.25 1.36±0.19 0.22 0.005 0.02 

Suprarenal ratio 1.72 

[1.5 to 2.2] 

1.24 

[1.1 to 1.6] 

0.48 0.001 0.003 

Neck 1.40±0.32 1.14±0.27 0.26 0.012 0.048 

Neck ratio 1.53 

[1.3 to 1.8] 

1.03 

[0.9 to 1.2] 

0.50 <0.001 0.001 

Aneurysm 0.94±0.29 1.08±0.25 -0.14 0.119 0.48 
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Figure 26. Sodium [18F]fluoride uptake in endoleak and no endoleak 

patients 

 

 
Sodium [18F]fluoride uptake (expressed as aortic microcalcification activity 

(AMA)) in the four analysed aortic regions (descending thoracic, suprarenal, 

neck and aneurysm body) in patients with or without an endoleak. 

 

A two-way repeated measures ANOVA was performed to evaluate the effect 

of being in the endoleak group on regional AMA. Three degrees of freedom 

were present in the numerator and 139 in the denominator. F refers to the 

obtained F-statistic value. P-values were adjusted using the Bonferroni 

multiple testing correction method. 

 

AMA, aortic microcalcification activity. ANOVA, analysis of variance. * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, ns = not significant. 
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6.5 Discussion 

This is the first prospective case-control study of patients with abdominal aortic 

aneurysms which has explored the influence of EVAR and endoleaks on aortic 

sodium [18F]fluoride uptake. This study has shown that patients with an active 

endoleak after EVAR have higher AMA suggesting ongoing aneurysm disease 

activity which may be driving the development of endoleaks. These findings 

also confirm some of the findings in Chapter 5, a reduction in AMA in the 

treated aneurysm segment of patients who undergo EVAR, suggesting a 

reduction in aneurysm disease activity. In contrast to the study hypothesis 

however, the increased disease activity, was predominantly seen in non-

stented regions of the aorta, away from the aneurysm itself, suggesting that 

the development of endoleaks reflects generalised aortic disease activity 

rather than local focal areas of disease activity. 

 

In all patients within this study, the aneurysmal segment of the aorta had lower 

sodium [18F]fluoride uptake when compared to the rest of the aorta. In the 

serial study described in Chapter 5, there was a marked reduction in AMA of 

the abdominal aorta following EVAR stent implantation. This appears to be 

consistent with the findings in this study, and although PET imaging prior to 

EVAR implantation was not available, the stented segment had a lower and a 

suppressed AMA compared to the non-stented regions of the abdominal aorta. 

This indicates that EVAR implantation protects the aortic wall from further 

disease progression, and perhaps provides some explanation for the 

mechanism of benefit of this therapeutic intervention. 
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The study hypothesis centred around persistent AMA within the aneurysm 

being correlated to, or predicting the development of endoleaks. However, this 

study did not show this. The AMA within the stented segment was similar in 

both study groups and was low irrespective of the development of an endoleak. 

This suggests that the development of an endoleak is not caused by persistent 

microcalcification activity within this segment of the aorta and that EVAR has 

resulted in suppressed aneurysm activity. Alternatively, the reduced AMA in 

the stented segment could reflect end-stage disease. In thoracic aortopathy, a 

progressive increase in sodium [18F]fluoride uptake with disease severity was 

observed except in those with the most advanced disease, where sodium 

[18F]fluoride uptake suddenly and rapidly declined (Fletcher, Nash, et al., 

2022). In this context, the loss of sodium [18F]fluoride uptake appeared to be 

linked to the loss of aortic elastin content since sodium [18F]fluoride uptake 

requires the presence of microcalcific nodules that bind to fragmented elastin 

fibres. In the absence of elastin, no binding occurred. In our histology of 

excised abdominal aortic aneurysm tissue (Chapter 4), we observed depletion 

of elastin fibres suggesting again, that sodium [18F]fluoride uptake may be lost 

in end-stage disease. 

 

Perhaps unexpectedly, patients with an endoleak had higher AMA values 

within the untreated aortic segments. These differences were most marked in 

the adjacent neck and the suprarenal segments of the abdominal aorta but 

were also present in the thoracic aorta. This suggests that aortic regions 

adjacent to the aneurysm play a bigger role in the presence of endoleaks or 
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their formation, and that this ongoing disease activity in the aorta can lead to 

endoleak development and EVAR failure. Intuitively, one would have 

anticipated the development of type I endoleaks if the neck regions continued 

to expand and caused a loss of proximal EVAR seal. However, whilst some 

patients did experience a type I endoleak, the majority were type II endoleaks 

with sac expansion. 

 

It is not entirely clear if higher radiotracer uptake in the context of an endoleak 

means that they have active aneurysm disease. However, a globally higher 

AMA in the aorta could suggest that aortic degeneration continues to progress 

despite treating the aneurysm segment with EVAR. This degeneration leaves 

an aneurysm sac that is more vulnerable to expansion even if this is through 

low-pressure retrograde blood flow such as in a type II endoleak. This “global” 

radiotracer uptake phenomenon resonates with the findings that overall 

sodium [18F]fluoride uptake in the coronary arteries and the thoracic aorta are 

associated with an increased risk of future myocardial infarction and ischaemic 

stroke respectively (Fletcher, Tew, et al., 2022; Kwiecinski et al., 2020). 

Perhaps assessing radiotracer uptake in other visceral branches such as the 

renal arteries may help explain this association. Alternatively, a re-pressurised 

aneurysm sac secondary to endoleak could re-activate the aneurysm disease 

process and lead to an increase in distant AMA activity. Whatever the cause 

or mechanism, sac expansion would then lead to loss of EVAR seal resulting 

in a pressurised sac and potentially aortic rupture. Testing these differing 

hypotheses would require further studies with repeated serial PET imaging. 
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It is important to recognise some limitations of this study. The image analysis 

method, whose development has been described in Chapter 4 has not been 

externally validated. However, as discussed in Chapter 4 it has shown good 

intra- and inter-observer repeatability and provides comparable measures of 

sodium [18F]fluoride uptake with established measures, such as tissue-to-

background ratio, while also correcting for radiotracer overspill from the 

vertebrae. Just over a third of study patients also had iliac aneurysms but 

radiotracer uptake could not be easily quantified here and we are unable to 

comment on whether concurrent iliac aneurysm disease has an effect on 

abdominal aortic aneurysm disease. Attempts at minimising case selection 

bias sought to approach patients from different vascular centres around 

Scotland, and only included patients who had standard EVAR treatment 

inserted within manufacturers’ instructions for use. However, enrolled patients 

had undergone EVAR on average 4 years previously. There is therefore the 

potential for both survival and case-selection bias, where patients who had 

immediate endoleaks which required treatment, those who ruptured as a result 

of leak formation, and those who were too frail, could not be recruited. It is 

therefore possible that patients with rapidly progressive disease after EVAR 

did not have higher AMA values within the stented segment. Finally, whilst the 

analytical approach was robust and repeatable, a degree of observer bias 

cannot be excluded since a large aneurysm sac size and endoleaks are visible 

on the CT angiogram performed as part of the PET-CT examination. 
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6.6 Clinical Perspectives 

This study suggests that the development of endoleaks could be related to 

more than just failure of the EVAR stent graft, but appears to be related to the 

extent of generalised and active aortic degeneration. Ensuring optimal aortic 

morphology and the appropriate stent graft to achieve an adequate seal may 

not be the only technical considerations in the endovascular treatment of 

abdominal aortic aneurysms. 

 

Sodium [18F]fluoride PET-CT is a promising imaging biomarker that can track 

abdominal aortic aneurysm disease activity and could be used to better 

understand the presence of endoleaks after EVAR which can in turn improve 

patient outcomes. 
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Chapter 7: Conclusions and Future Directions 
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7.1 Main findings 

This thesis considered two non-invasive imaging methods to follow abdominal 

aortic aneurysm disease activity and to contextualise these findings to 

endovascular repair of an abdominal aortic aneurysm. 

 

CT imaging was first used to assess the periaortic adipose tissue attenuation 

in different abdominal aortic aneurysm disease states. Three disease states 

were considered: symptomatic abdominal aortic aneurysm disease which 

included rupture, asymptomatic disease and control subjects (absence of 

aneurysm). The perivascular adipose tissue attenuation was assessed in both 

aneurysmal and non-aneurysmal segments. 

 

Sodium [18F]fluoride PET-CT, as a molecular imaging modality, was then used 

to assess radiotracer uptake as a measure of aortic aneurysm disease activity 

in patients treated with EVAR. We first developed an analysis method, adapted 

from colleagues’ previous work in quantifying microcalcification activity in the 

ascending aorta, to assess the sodium [18F]fluoride uptake in the aneurysmal 

abdominal aorta. This included obtaining a cumulative standard uptake value 

(SUV) in three-dimensional segments of the aorta and then correcting the 

measures obtained for the segment’s volume and the blood pool. The analysis 

was specifically adapted to the aneurysmal aorta and to the use of sodium 

[18F]fluoride radiotracer. 
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We also wanted to correlate sodium [18F]fluoride uptake with tissue 

characteristics as defined by histology. We therefore compared the sodium 

[18F]fluoride uptake in ex vivo tissue using microPET and autoradiography in 

advanced aneurysm tissue obtained during open abdominal aortic aneurysm 

repair and non-aneurysmal tissue from controls. 

 

Following this, we looked at an initial cohort of patients who had previously had 

sodium [18F]fluoride PET-CT imaging of their aneurysmal aorta. We followed 

up patients who had undergone EVAR as part of routine treatment and 

obtained post-operative PET-CT imaging. This allowed us to compare the 

radiotracer uptake in each individual patient’s two disease states – untreated 

and treated abdominal aortic aneurysm. 

 

Endoleak development diminishes the benefits of EVAR, so we also wanted 

to investigate this diseased state. In a cross-sectional case control fashion, we 

therefore examined patients with an endoleak after EVAR and patients without 

an endoleak. Due to the unclear significance of certain types of endoleak, we 

restricted recruitment to patients with an endoleak who also demonstrated 

aneurysm sac expansion. We then compared the sodium [18F]fluoride uptake 

on PET-CT between these two groups. 

 

7.1.1 Periaortic adipose tissue 

In Chapter 3, the periaortic adipose tissue attenuation of patients with an 

asymptomatic abdominal aortic aneurysm did not differ from that of control 
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patients without an abdominal aortic aneurysm. On the other hand, patients 

with a symptomatic abdominal aortic aneurysm demonstrated an increase in 

the periaortic adipose tissue attenuation from these other two groups of 

patients. This difference was not just localised to the abdominal aortic 

aneurysm but also to the non-aneurysmal aorta. This suggests that the change 

in periaortic adipose tissue attenuation is likely to be driven by an acute but 

non-specific systemic effect of abdominal aortic aneurysm disease or 

aneurysm rupture. 

 

Periaortic adipose tissue attenuation is ideally placed as a biomarker or risk 

stratification tool for the prediction of disease progression because as 

demonstrated in this study it can be obtained from routinely acquired CT 

imaging. However, it appears to be of limited clinical value in abdominal aortic 

aneurysm disease. The changes in perivascular adipose tissue attenuation, as 

observed in pericoronary adipose tissue (Oikonomou et al., 2018; Tzolos et 

al., 2022), do not appear to be generalisable to all vascular beds or 

cardiovascular diseases. Large systemic differences in attenuation have been 

observed in patients with symptomatic abdominal aortic aneurysm disease 

when compared to asymptomatic patients and control subjects, but these are 

not localised to the diseased or ruptured segment itself. 

 

7.1.2 Sodium [18F]fluoride PET-CT 

Chapter 4 was focused on developing a method of quantifying sodium 

[18F]fluoride uptake on PET-CT. This was termed aortic microcalcification 
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activity (AMA). This method was then used for the analysis in Chapters 5 and 

6. AMA is quicker and less-labour intensive whilst being simpler to apply and 

demonstrated good intra-observer and inter-observer repeatability. More 

importantly, it showed that the measures of radiotracer uptake provided were 

comparable to the more established measures of SUV in a slice-by-slice 

method. The method was further enhanced by modifications that include 

minimising the effect of spill-over from vertebral sodium [18F]fluoride uptake 

and variations in the aneurysm diameter along its length. 

 

The ex vivo tissue analysis confirmed that advanced aneurysm disease has 

higher sodium [18F]fluoride uptake than non-aneurysmal control tissue. 

Radiotracer uptake on autoradiography also highly corresponded to areas of 

established aneurysm disease activity within the aortic media on histology. 

 

Chapter 5 demonstrated the proof-of-concept that the change in aneurysm 

disease activity following EVAR can be followed by exploring the aortic 

microcalcification activity within the aorta. EVAR was associated with a 

reduction in aortic sodium [18F]fluoride uptake on PET-CT. This reduction was 

most prominent in the stented regions of the aorta. Apart from the commonly 

observed change in aneurysm sac size (which can be noted on routine 

imaging), EVAR is also associated with a biological change within the aorta 

and this can be detected as a change in microcalcification activity. 

Furthermore, we observed an association between the change in the thoracic 

calcium score and the preoperative AMA, suggesting that generally higher 
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aortic disease activity correlated with increasing macrocalcification within the 

aorta. This underlines the relationship between sodium [18F]fluoride uptake in 

the aorta and aneurysm disease activity. 

 

The cross-sectional case control study in Chapter 6 showed increased AMA in 

patients with an endoleak after EVAR when compared to control patients. 

Higher AMA was observed in aortic regions away from the aneurysm but not 

in the body of the aneurysm itself. This region had the lowest uptake from the 

aortic regions. This suggests that whilst EVAR protects against further aortic 

degeneration in the aneurysm body, ongoing aortic degeneration can continue 

beyond the aneurysm and this may potentially contribute to the formation of 

endoleaks. The study also suggests that sodium [18F]fluoride can describe 

aneurysm disease activity because it can distinguish between patients who 

have failure of their EVAR (i.e., an active endoleak with sac expansion). 

 

Sodium [18F]fluoride PET-CT is a promising imaging biomarker in treated 

abdominal aortic aneurysm disease. This technique holds promise as a non-

invasive marker of aortic aneurysm disease activity and treatment efficacy 

following EVAR treatment. 

 

7.2 Future directions 

This thesis has explored the use of two potential imaging biomarkers for 

abdominal aortic aneurysm disease, periaortic adipose tissue and PET-CT 

with sodium [18F]fluoride. It is important to appreciate this work did not occur 
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in isolation but that it has continued to build on previous research and it has 

provided a basis for further future research. 

 

7.2.1 Perivascular adipose tissue in patients with peripheral arterial disease 

We had attempted to emulate the success observed in assessment of 

perivascular adipose tissue in atherosclerotic disease such as the coronary 

circulation. However, these findings do not appear to be generalisable to 

abdominal aortic aneurysm disease, which is perhaps unsurprising since whilst 

overlapping, atherosclerosis is a different disease process to aneurysm 

disease. 

 

In the peripheral circulation, atherosclerotic disease drives peripheral arterial 

disease. To address whether our findings reflect the differing disease 

processes of atheroma and aneurysm, a further proof-of-concept study is 

required and we are currently exploring CT angiography in patients with 

peripheral arterial disease. Along with perivascular adipose tissue attenuation, 

it will analyse arterial plaque features such as composition, volume, burden 

and calcification of this peripheral plaque. These data will then be correlated 

to adverse clinical outcomes such as mortality and major adverse limb events. 

This has the potential of informing a larger prospective study in patients with 

peripheral arterial disease. 
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7.2.2 Aortic radiotracer quantification 

The image analysis methodology in Chapter 4 was an essential component of 

this thesis by demonstrating that sodium [18F]fluoride uptake can be quantified 

in the descending thoracic and abdominal aorta in a repeatable fashion. 

 

Since the quantification method has yielded important results (as 

demonstrated in Chapters 5 and 6), it would perhaps be prudent to apply this 

analysis method to previously obtained PET imaging in patients under 

surveillance with an abdominal aortic aneurysm (The SoFIA3 Study). This 

could result in more exciting findings in relation to abdominal aortic aneurysm 

disease expansion. Similarly, technological improvements such as artificial 

intelligence and the use of radiomics could see the research data obtained as 

part of this thesis further re-analysed to provide different insights and perhaps 

discover new patterns of radiotracer uptake quantification and how these relate 

to aneurysm disease. 

 

Along with previous methodology developed by colleagues in the ascending 

thoracic aorta and aortic arch (Fletcher et al., 2021), this method has been 

further taken forward in a collaborative manner. We are working with 

colleagues at the Department of Imaging and Division of Cardiology, 

Massachusetts General Hospital and Harvard Medical School, Boston, 

Massachusetts in the United States to expand this technique for use in 

[18F]FDG PET imaging. 
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Our simple and rapid AMA technique will be validated alongside clinical 

outcomes in a cohort of around 500 patients. Using routinely-performed 

[18F]FDG PET, the collaboration will assess whether uptake would allow the 

prediction of the risk of future cardiovascular risk as had been previously 

performed in this same cohort using the substantially slower, more subjective 

and expert-driven SUV techniques of quantification (Figueroa et al., 2013). 

 

Should these efforts prove fruitful, the AMA technique would be taken forward 

from a software-design perspective. It can be added as an adjunctive tool to 

clinical PET viewers. With the use of artificial-intelligence, the software adjunct 

tool would be able to quantify radiotracer uptake in the aorta at the click of a 

button and alert clinicians to commence risk-factor modifying medication in 

patients deemed to be at higher risks of future cardiovascular events. 

 

7.2.3 Predicting endoleaks following EVAR using sodium [18F]fluoride 

The findings in Chapter 5 and 6 are very promising. They demonstrated that 

quantifying sodium [18F]fluoride uptake on PET-CT in patients before and after 

EVAR can serve as an imaging biomarker of abdominal aortic aneurysm 

disease activity. 

 

The next research step is a prospective clinical outcome study. A prospective 

longitudinal observational cohort study was set up along with the work as 

described in this thesis. The aim of this study is to determine whether sodium 

[18F]fluoride uptake, as a measure of aortic degeneration, can predict the 
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development of endoleaks post-operatively. The study hypothesis will test 

whether individuals who develop an endoleak after EVAR have higher sodium 

[18F]fluoride uptake on their pre-operative PET-CT. Sixty-five patients 

undergoing endovascular treatment of their abdominal aortic aneurysm have 

been recruited. These patients attended for a pre-operative PET-CT scan and 

will undergo CT angiography at twelve months from their treatment and will 

complete a total of two years of clinical follow up (Figure 27). 

 

It will be important to determine whether this prospective longitudinal cohort 

study confirms our preliminary cross-sectional case-control study. In addition, 

we will need to establish whether, and where, the AMA can predict endoleak 

development as this will be critical for determining its clinical utility. Although 

we await the results of this study, if positive, they could lead to a clinical trial 

of sodium [18F]fluoride PET-CT as a pre-operative clinical tool to predict EVAR 

stent graft failure, to provide a means of personalising EVAR surveillance, or 

even to select patients who will benefit most from EVAR. In a clinical pathway, 

if we could predict stent graft failure pre-operatively using PET-CT, then these 

patients would perhaps undergo an open surgical repair rather than EVAR. On 

the other hand, if we could identify patients with lower risk of endoleak 

development by performing a post-operative PET-CT, then perhaps these 

patients need not to be enrolled into frequent post-operative EVAR 

surveillance with ultrasound. 
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Figure 27. Study flow chart for the predicting endoleaks following EVAR 

using sodium [18F]fluoride study 

 

 

This study recruited patients being considered for standard endovascular 

aneurysm repair (EVAR) or fenestrated endovascular aneurysm repair who 

underwent a sodium [18F]fluoride positron emission tomography-computed 

tomography (PET-CT) pre-operatively. Patients then went on to have their 
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procedure as planned by their clinical teams. Follow up at 12 months from the 

procedure using computed tomography in arterial and delayed phases will 

identify patients with an endoleak (primary outcome) and will be able to record 

patient’s post-operative aneurysm sac size (secondary outcome). Further 

follow up at 24 months will interrogate the patient’s electronic health records 

to see which patients required re-intervention (secondary outcome) as part of 

their follow up. Changes in health circumstances will also be confirmed with 

patients by phone call. The findings on the pre-operative PET-CT will be 

compared between the outcome groups. 
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Chapter 1 (Section 1.5) has alluded to the importance of a way of measuring 

aneurysm disease activity and the lack of medical treatment available. This 

has been hindered by the lack of a biomarker to measure aneurysm disease 

activity. The establishment of PET-CT as a measure of aneurysm disease 

activity could also serve this purpose. It could be used as an imaging 

biomarker in future research work in aneurysm development including drug 

development. Here, a reduction in radiotracer uptake could serve as a study 

endpoint which could be used to quantify and measure a change brought about 

by the investigational medicinal product.  

 

7.2.4 Other radiotracers 

The majority of the work performed in this thesis focused on the utility of 

molecular PET imaging. The successes of the studies support the use of 

further PET imaging within vascular surgery. In particular, future PET studies 

will be needed to investigate other cardiovascular disease processes, and this 

will increase our understanding of novel biological pathways that are critically 

involved in the aetiology and pathogenesis of a range of vascular diseases. 

 

One such pathway is tissue fibrosis. Novel radiotracers which can target the 

fibroblast activation protein and provide a measure of fibrosis occurring in 

vascular tissue is emerging. These can be labelled with either Fluorine-18 or 

Gallium-68 (Barton et al., 2023). Several PET studies using these radiotracers 

are now running in the department. The current studies are investigating 

myocardial and endocardial injury states including acute infarction, chronic 
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and delayed valvular disease (particularly aortic valve stenosis), 

chemotherapy-induced cardiotoxicity and carcinoid heart disease. Tracking of 

the fibrotic disease process would be useful in other cardiovascular diseases 

such as in renal artery stenosis and central venous stenosis as they could 

increase our understanding of these poorly understood diseases. When renal 

artery stenosis is caused by fibromuscular dysplasia, recognition of the 

pathology is only possible when this manifests as uncontrolled hypertension. 

Here, the process of loss of nephrons and kidney atrophy has already started. 

Earlier recognition could identify treatment strategies which can alter the 

course of the disease. In dialysis-dependent patients who have previously had 

central venous canulation, central venous stenosis could result in early failure 

of access for future dialysis. Understanding the disease process could allow 

development of therapeutic strategies to treat or reduce the process of central 

venous stenosis. 

 

A further pathway of interest is the detection of activated platelets as a method 

of detecting thrombus formation. When elarofiban, which specifically binds to 

the glycoprotein IIb/IIIa receptors on activated platelets, is bound to Fluorine-

18 as [18F]GP1, it provides a highly sensitive marker for thrombus formation. 

This radiotracer is able to detect thrombus in the coronary vessels in patients 

with acute myocardial infarction (Tzolos et al., 2023; Tzolos, Bing, et al., 2021) 

and on bioprosthetic aortic valves which regresses with anticoagulation (Bing 

et al., 2022). In carotid artery disease, using this radiotracer in patients who 

have had a thrombo-embolic stroke can help confirm if the carotid plaque is 
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the culprit-plaque by demonstrating uptake within the plaque (Whittington et 

al., 2023).  Carotid endarterectomy for symptomatic carotid artery disease is a 

recognised surgical treatment which reduces the long-term risk of future 

stroke. Plaque rupture with thrombus formation and embolisation can lead to 

a cerebrovascular event in the form of stroke or a transient ischaemic attack. 

Cross-sectional imaging (e.g., CT angiography) and dynamic imaging (duplex 

ultrasound) can grade the level of carotid artery stenosis but cannot always 

comment on the acuteness of the event. Being able to detect radiotracer 

uptake both within the carotid plaque and the cerebral circulation would reduce 

this diagnostic uncertainty and avoid exposing patients with non-culprit plaque 

but significant carotid stenosis to the unnecessary risk of carotid 

endarterectomy. 

 

[18F]GP1 could have a role in mesenteric atherosclerotic disease.  

Atherosclerosis in the mesenteric circulation can result in acute or chronic 

mesenteric ischaemia, which are sometimes challenging to diagnose. 

Macrocalcification within the vessels may lead to even more diagnostic 

uncertainty as contrast-enhanced CT angiography of the mesenteric vessels 

cannot easily differentiate between an acute thrombotic occlusion and long-

standing occlusive disease. [18F]GP1 could identify thrombus within the small 

mesenteric vessels and be used as an adjunctive tool in clinical management. 

A further pathway being studied is macrophage-driven inflammation through 

the 18-kDa translocator protein which is highly expressed on mitochondrial 

outer membrane of macrophages. The pathway has until recently been 
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hampered by genetic polymorphisms present in up to 60% of human 

populations. A new ligand, termed LW223 (and also bound to Fluorine-18), 

appears to have overcome this challenge (MacAskill et al., 2021). It has shown 

promise in rat myocardial infarction models and will now be taken forward in 

human research and will be used in healthy volunteers and patients who have 

had a myocardial infarction. In the future, this radiotracer could be used in 

cardiovascular inflammatory conditions such as inflammatory aortitis or giant 

cell arteritis. Here, such a specific radiotracer could have use in tracking the 

disease process and the response to anti-inflammatory treatments. 

 

7.3 Conclusion 

Across the United Kingdom, around 8 patients undergo treatment for their 

abdominal aortic aneurysms every day (Waton et al., 2022). Treatment with 

open surgical repair is associated with a 3% post-operative mortality, whilst 

EVAR mandates enrolment in a resource-heavy post-operative surveillance 

programme. 

 

The use of molecular imaging can help bridge the gaps in our knowledge of 

aneurysm disease and provide us with the tools to personalise abdominal 

aortic aneurysm treatment and post-operative EVAR surveillance. This thesis 

has further advanced the use of sodium [18F]fluoride PET-CT as one of the 

tools which can lead this progress, by showing an association between higher 

aortic microcalcification activity and failing EVAR treatment. 
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