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PREFACE 
 

This thesis is be submitted in the alternative format as a series of journal papers.  This 

is because the programme of research was designed to produce a number of 

publications around a common theme.  Due to the nature of the work planned, the 

objective on registering for the degree was to publish papers early in the programme.  

It was agreed by the supervisory team that the alternative format would be 

appropriate for this programme of research and this has been approved by the 

University 

 

The research is, by nature, multi-disciplinary and collaborative as the clinical and 

technical skills needed for the various projects are not possessed by one single person.  

Collaborators, therefore, include clinical vascular scientists, vascular surgeons, 

radiologists and specialists in medical imaging processing.  In addition, to complete 

work relating to finite element analysis and computational fluid dynamics, 

collaboration with those in the mechanical and bio-engineering field was required. 
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ABSTRACT 
Christopher Lowe 

The University of Manchester 

Degree Title: Doctor of Medicine (MD) 

Thesis Title: Three-dimensional ultrasound in the management of abdominal aortic 

aneurysm 

Date: June 2016 

 

Objectives: Clinical implementation of 3D ultrasound (3D-US) in vascular surgery is 

in its infancy.  The aim of this thesis was to develop novel clinical applications for 3D-

US in the diagnosis and management abdominal aortic aneurysm (AAA). 

Methods:  Four principle clinical applications were investigated.  1) Intraoperative 

imaging – The ability of 3D-US to detect and classify endoleaks was compared with 

digital subtraction angiography in patients undergoing EVAR.  2) Detection and 

classification of endoleaks following endovascular aneurysm repair (EVAR) – The ability 

of 3D-US to accurately detect and classify endoleaks following EVAR was compared to 

CTA and the final multi-disciplinary team decision.  3) AAA volume measurement –
measurements using magnetic and optically-tracked 3D-US were compared to CTA. 4) 

Biomechanical analysis – the challenges of using 3D-US to generate surface models for 

biomechanical simulation was explored by development of an interactive 

segmentation technique and comparison of paired CT and 3D-US datasets.  Optimal 

results were used in finite element analysis (FEA) and computational fluid dynamic 

(CFD) simulations. 

Results:  3D-US out-performed uniplanar angiography for the detection of endoleaks 

during EVAR.  This approach allowed contrast-free EVAR to be performed in patients 

with poor renal function.  3D contrast-enhanced ultrasound was superior to CTA for 

endoleak detection and classification when compared with the final decision of the 

multi-disciplinary team.  Optimal results for AAA volume measurements were gained 

using an optically tracked 3D-US system in EVAR surveillance.  However, there 

remained a significant mean difference of 13.6ml between CT and 3D-US.  Complete 

technical success of generating geometries for use in biomechanical analysis using 3D-

US was only 5%.  When the optimal results were used, a comparable CFD analysis 

under the conditions of steady, laminar and Newtonian flow was achieved.  Using basic 

modelling assumptions in FEA, peak von Mises and principle wall stress was found to 

be at the same anatomical location on both the CT and 3D-US models but the 3D-US 

model overestimated the wall stress values by 41% and 51% respectively.     

Conclusions:  3D-US could be clinically implemented for intra-operative imaging and 

EVAR surveillance in specific cases.  3D-US volume measurement is feasible but future 

work should aim to improve accuracy and inter-observer reliability.  Although the 

results of biomechanical analysis using the optimal results was encouraging and 

provided a proof-of-principal, there are a number of technical developments required 

to make this approach feasible in a larger number of patients.         
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CHAPTER 1: ABDOMINAL AORTIC ANEURYSM  

 

1.1 Background 

 

The teƌŵ ͚aŶeuƌǇsŵ͛ is derived from the Ancient Greek word aneurysma, meaning 

͚dilatioŶ.͛1
  Any artery in the body may develop an aneurysm; however, in the 

peripheral circulation they are most common in the abdominal aorta and popliteal 

arteries.  They are classified by anatomical location, shape (e.g. saccular or fusiform) 

and type (true or false).  An artery is constituted from three layers – the intima, media 

aŶd adǀeŶtitia.  A ͚tƌue aŶeuƌǇsŵ͛ iŶǀolǀes all thƌee laǇeƌs of the aƌteƌǇ ǁall, while a 

false aneurysm, or pseudo-aneurysm  is a leakage of arterial blood from an artery into 

the surrounding tissue with a persistent communication between the originating artery 

and the resultant adjacent cavity.  

 

Abdominal aortic aneurysm (AAA) refers to a dilatation of the aorta between the 

diaphragm and the aortic bifurcation and by convention can be defined as an 

abdominal aortic diameter of 30mm or more in either anterior-posterior or transverse 

planes.
1
 This threshold was established by the work of Steinberg and Stein who 

measured aortic diameter on angiograms and found that aortas measuring 30mm at 

any of four locations were greater than two standard deviations above the mean and 

therefore considered aneurysmal.
2
 

 

AAAs can occur in differing anatomical locations and are defined by their relation to 

the renal arteries.  Infra-renal aneurysms are most common and involve the aorta 

below the level of the renal arteries with a variable length of non-aneurysmal infra-

ƌeŶal aoƌta ƌefeƌƌed to as the ͚ŶeĐk͛ of the aŶeuƌǇsŵ.  Juxta-renal abdominal aortic 

aneurysms are those involving the infra-renal abdominal aorta adjacent to or including 

the lower margin of renal artery origins.
3
  More complex AAAs can involve the renal or 

visceral arteries or extend into the thoracic cavity as thoraco-abdominal aneurysms.  
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1.2 Incidence and Prevalence 

 

Data on AAA prevalence is dated, however, quite robust as most has been collected as 

part of randomised controlled trials (RCTs) to investigate the effects of screening.  

From the UK-based MASS trial,
4
 aneurysm prevalence in men aged 65-75 years was 

found to be 4.9%, however the latest results from the National AAA Screening 

programme in the UK suggest the current incidence is 1.8%.
5
 The prevalence is women 

is three to four times less at 0.5-1.3%.
6
 

 

1.3 Pathophysiology 

 

AAAs can develop due to  

i) connective tissue disorders such as Marfan͛s sǇŶdƌoŵe aŶd type 4 Ehlers-

Danlos syndrome  

ii) inflammation due to infection such as syphilis (now rare) 

iii) ͚late oŶset͛ aneurysms – by far the most common.  

 

Risk factors for AAA for both men and women are well established: advanced age, 

smoking and a family history in first-degree male relatives.
7-10

 Evidence suggests that 

the association between smoking and AAA is stronger in women than men.
11

  A 

number of pathophysiological mechanisms in AAA development have been implicated. 

 

1.3.1 Inflammation and Proteolysis 

 

Late onset aneurysm formation is characterised by degradation of the extracellular 

ŵatƌiǆ, iŶflaŵŵatoƌǇ iŶfiltƌate, aŶd pƌoteolǇsis.  Loss of elastiŶ fƌoŵ the aƌteƌial ŵedia 

occurs early in aneurysm formation, with a consequent inability to resist the tensile 

stress of the circulation and subsequent compensatory collagen deposition. The loss of 
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elastin is mediated by excessive secretion of proteases, particularly matrix 

ŵetallopƌoteiŶases ;MMPsͿ, fƌoŵ the aĐtiǀated iŶflaŵŵatoƌǇ iŶfiltƌate. The 

iŶflaŵŵatoƌǇ aŶd pƌoteolǇtiĐ pƌoĐesses appeaƌ to ďe the doŵiŶant mechanisms 

controlling aneurysm expansion, acting in conjunction with other less well 

characterised mechanisms, including haemodynamic stress, infection and 

autoimmunity.
12

   

 

1.3.2 Genetics 

 

Given the proteolytic and inflammatory mechanisms outlined above, genetic research 

has focused on genes governing these mechanisms, in particular those encoding 

MMPs, human leukocyte antigens (HLAs), interleukins and other inflammatory 

mediators.
13

  Despite over 100 candidate gene association studies, only a small 

minority of these have been of sufficient power to draw any firm conclusions and few 

results have been replicated in different sample sets.  When coupled with four 

different genome-wide association studies, six genetic loci have been found to be 

potentially important.  However, no studies have reported results that are consistent 

with the strong patterns of inheritance in all epidemiological studies. These results also 

emphasise the importance of environmental factors.  

 

1.3.3 Family history 

 

The familial clustering of abdominal aortic aneurysms (AAA) was reported more than 

35 years ago.
14

  Although genetic susceptibility is established, it is also well known that 

individuals with first-degree relatives with AAA have common environmental 

exposures and cultural habits that may also cause the association.
15

   Both the 

European Society of Vascular Surgery (ESVS)
1
 and the Society of Vascular Surgery 

(SVS)
16

 practice guidelines suggest screening of first-degree relatives of patients with 

an AAA at a younger age than in the standard screening programme.  The SVS suggest 

this should ďe doŶe ͚as eaƌlǇ as age ϱϱ͛.  The recommendation of the ESVS is based 
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mainly on a single population-based case-control study from Sweden where first-

degree relatives of AAA cases (1,932) and matched controls (15,943) were analysed.
7
  

The overall risk of AAA in individuals with a family history was approximately double 

that of those with no family history (RR 1.9 CI 1.6-2.2). 

  

There have been a total of 20 studies examining US screening in first-degree relatives 

of AAA patients.
17-36

  These trials are generally small with less than 300 participants in 

each and differ methodologically, though the majority screen both men and women.   

The two most contemporary studies are those by Linne
33

 and Sakalihasan.
34

  Linne 

screened 150 siblings of AAA patients.  AAAs were found in eleven (11%) brothers and 

five sisters (6%).  One of these patients was aged <65 years. Six AAAs were >5cm in 

diameter, none were >5.5cm. 

More recently, Sakalihasan screened 186 first-degree relatives aged >50 years.  The 

overall prevalence of AAA (>3.0cms) was 13% (22% in males).  When these results 

were pooled with those from the previous 19 trials, prevalence in first-degree relatives 

was 12% overall - 20% in males and 5.6% in females.
34

 

There are likely to be regional variations in the prevalence of AAAs in relatives as 

highlighted by the trial from Belfast.  They screened 300 relatives > 50 years old and 

found a prevalence of only 3.3% in their population.  This rose to 5% when patients 

aged <60 were excluded.
32

  Brothers of female patients appeared to be at the greatest 

risk with AAA found in 12.5%.  

 

1.3.3 Differences between men and women 

 

The difference between AAA prevalence in men and women may be attributed to the 

protective immunomodulative effects of oestrogen, which reduces macrophage MMP 

production as well as cytokine production, growth factor expression and chronic 

inflammation.
37

 However, once this protective mechanism is removed the growth rate 

of AAAs in women is more rapid, rupture in surveillance is more likely and the chances 

of fatal rupture are three times higher than in men.  The observation that rupture 

occurs at smaller diameters in women is likely due to the smaller original diameter in 
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women.  Although intuitive, lowering the treatment threshold for women is 

contentious as any excess rupture risk in women appears to be offset by increased 

operative mortality.
38

     

 

1.4 AAA presentation and rupture 

 

Most AAAs are asymptomatic and detected incidentally or more recently, through 

screening (see 2.1).  Back paiŶ is the ŵost ĐoŵŵoŶ featuƌe of ͚sǇŵptoŵatiĐ͛ 

aneurysms, however, this is not consistent and any new abdominal or back pain in a 

patient with an AAA should be attributed to the aneurysm unless another cause is 

obvious or ruled out by imaging.  Embolism from an AAA is a rare event as, although 

thrombus is almost universally present in AAAs, it is usually highly organised and 

stable. If there are symptoms of lower limb emboli in a patient with an AAA the most 

likely source is an associated aneurysm in the iliac, femoral or popliteal arteries. 

When an AAA ruptures, the majority of patients die immediately without reaching 

hospital.  The early survivors may present with severe back or abdominal pain, collapse 

and hypotension. Those whose bleeding is retroperitoneal may have a better chance of 

reaching hospital alive due to the tamponading effect of surrounding tissues, however, 

the majority of patients still die before reaching hospital.
39, 40

 The definitive 

investigation of a CT angiogram should be performed as soon as is practically possible 

after initial resuscitation measures have been undertaken.  This will confirm or refute 

the diagnosis of a rupture and aid in decision making regarding the suitability of open 

or endovascular repair.  If in symptomatic patients the aneurysm is not ruptured there 

may be other reasons that urgent repair is indicated such as rapid expansion or 

inflammatory change around the aneurysm.  Despite modern levels of care, the 

operative mortality of ruptured AAAs has remained unchanged in recent years with 

mortality rates ranging from 32-80%.
1
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CHAPTER 2: INDICATIONS FOR AAA SURGERY  

 

2.1 AAA growth, Screening and Surveillance  

 

The growth rate of AAAs between 3cm and 5.4cm is 0.2 to 0.3cm per year.
1
 Larger 

diameters are associated with higher growth rates. Until recently, the majority of AAAs 

were found incidentally during physical examination or investigation for other illness.  

The Multicentre Aneurysm Screening Study (MASS)
4
 was the pivotal trial in the UK, 

randomising over 67,000 male patients aged 65-74 years to screening or not.  The 

finding of a risk reduction of over 50% in AAA related death was instrumental in the 

development of the UK National Abdominal Aortic Aneurysm Screening Programme 

(NAAASP). Further studies have strengthened the view that screening is valuable in 

preventing death due to rupture. Screening remains cost-effective in the UK, despite 

incidence in screening being lower than expected.
5, 41-43

 This is probably explained by 

reducing smoking rates and improved primary prevention of cardiovascular disease as 

a whole.   The UK screening programme invites all men aged 65 for an ultrasound scan.  

If the aoƌtiĐ diaŵeteƌ is чϮ.ϵĐŵ, the patient is discharged.  If the diaŵeteƌ is ш3cm, the 

patient is scanned at regular intervals to monitor progression.  This is termed 

͚aneurysm surveillance.͛ 

 

2.2 Medical management of AAA 

 

Patients with an AAA are at cardiovascular risk,
44, 45

 with at least a twofold increase in 

five year mortality compared with matched controls.
46

   Control of cardiovascular risk 

factors is therefore the mainstay of management for patients in AAA surveillance.  The 

surveillance peƌiod pƌoǀides aŶ ideal oppoƌtuŶitǇ to estaďlish ͚ďest ŵediĐal theƌapǇ.͛  

There is evidence that smoking cessation may reduce AAA growth by up to 20%
47-49

 

and minimise post-operative complications.
50

 Aspirin has been found to significantly 

reduce coronary events in this cohort, leading to the recommendation that 75mg of 

aspirin should be taken daily from the time of diagnosis and continued indefinitely.
1
 

Despite a number of trials of antibiotics, statins
51

 and beta-blockers, there is no 
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convincing evidence that any of these drugs can significantly retard the growth of 

AAAs.
12, 51, 52

 

 

2.3 Surgical Treatment of AAAs 

 

2.3.1 Open Repair 

 

In the 2
nd

 century Galen, physician to the roman gladiators, gave the first true 

desĐƌiptioŶ of aŶ aŶeuƌǇsŵ ǁƌitiŶg ͞ǁheŶ the aƌteƌies aƌe eŶlaƌged, the disease is 

Đalled aŶ aŶeuƌǇsŵ … If the aŶeuƌǇsŵ is iŶjuƌed, the ďlood gushes foƌth, aŶd it is 

diffiĐult to stauŶĐh it.͟53, 54
  The Greek surgeon Antyllus described treatment of 

aneurysms with proximal and distal ligation of the vessel above and below followed by 

evacuation of the aneurysm sac.   The ͚AŶtǇllus ŵethod͛ foƌŵed the mainstay of 

treatment until the 19
th

 Century.   A major advance in treatment came in 1888 with 

Rudolf Matas' concept of endoaneurysmorrhaphy.
 
 After obtaining proximal and distal 

control, he obliterated the aneurysm sac, oversewing collaterals yet preserving a 

lumen for blood flow.
55, 56

 It was not until 1951 that the first successful AAA resection 

and allograft reconstruction was reported by Dubost in Paris.
57

  The synthetic material 

Dacron (woven polyethylene terephthalate) was subsequently introduced by DeBakey 

in 1955 and became the preferred conduit for repair, avoiding problems with 

aneurysmal deterioration of allografts.  

 

The method of interposition grafting using Dacron was described by Creech in 1966
58

 

and remains largely unchanged today.  The aorta is exposed via a trans-abdominal or 

less often via a retroperitoneal approach.  Specific consideration is given to the 

anatomy of the aneurysm and the underlying cause to allow adequate exposure and 

control of the vessels.  The retro-peritoneum is opened and the aorta dissected and 

controlled with clamps above and below the aneurysm.  The aneurysm sac is opened 

and thrombus evacuated.  Back-bleeding from lumbar arteries is controlled by 

suturing.  The gƌaft ĐaŶ eitheƌ ďe a ͚tuďe gƌaft͛ that is aŶastoŵosed to the iŶfƌa-renal 

aorta proximally and the aortic bifurcation distally or a bifurcated graft can be used if 

there is iliac disease or associated iliac aneurysms (Figure 1).  A tube graft is preferred 
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if possible as it is associated with shorter aortic cross-clamping time and less dissection 

in the region of the ureters, iliac veins and parasympathetic nerves. The abdomen is 

closed with a non-absorbable monofilament suture in an attempt to avoid incisional 

hernia.  The large majority of patients will require close observation in a level II care 

environment for the first 48 hours.  Contemporary studies from the UK report a 30 day 

mortality rate for elective open repair of 4-5%.
59, 60

   

 

 

Figure 1: Open repair of a infra-renal abdominal aortic aneurysm using a bifurcated 

dacron graft. 

 

2.3.2 Endovascular Aneurysm Repair (EVAR) 

 

EVA‘ ǁas pioŶeeƌed iŶ ϭϵϵϭ ďǇ Paƌodi iŶ his seŵiŶal papeƌ ͚TƌaŶs-femoral Intraluminal  

Gƌaft IŵplaŶtatioŶ foƌ AďdoŵiŶal AoƌtiĐ AŶeuƌǇsŵ.͛61
  Metal stents were attached to 

Dacron grafts proximally and distally and mounted on delivery catheters.  Balloon 

inflation provided a friction seal that excluded the aneurysm from the circulation.  The 

advent of EVAR has revolutionised management of AAA and the pace of technological 

development of EVAR stent-grafts has expanded the number of patients who are 

anatomically suitable for this method of treatment.  EVAR has been the subject of 

many trials, the most pivotal of which compare EVAR to open repair.  The EVAR 1 

trial
62

 randomised 1082 patients assessed as anatomically suitable for EVAR and fit for 

open repair to either EVAR or open repair.  The initial results found EVAR reduced the 
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30-day operative mortality by two-thirds in comparison to open repair.  However, after 

long term follow up, no differences were seen in total mortality or aneurysm-related 

mortality.
60

 Similar findings were produced in the United States.
63

 Endovascular repair 

was also associated with increased rates of stent-graft related complications and re-

interventions.   The EVAR trial II
59

 randomised patients not fit for open surgery (i.e. 

excluded from the EVAR trial I) to EVAR or no intervention.  They found that EVAR did 

not improve survival over no intervention and again was associated with higher rates 

of re-intervention and increased cost.  

It has become clear from the major randomised controlled trials that there remains a 

significant complication and re-intervention rate associated with EVAR and problems 

have been reported more than 8 years following stent-graft implantation.
60, 64

 The risk 

of a complication requiring a re-intervention is in the region of 20% with the majority 

occurring in the first 4 years.    This is in contrast to a re-intervention rate of 8% for 

open repair with the significant majority of these occurring in the first 6 months.
60

  For 

this reason, life long surveillance is recommended to detect stent-graft related 

complications.
1, 65

 

 

An EVAR device can fail in a number of ways: 

1. Stent-Graft Migration 

Device migration after EVAR is defined as a movement of >10 mm relative to anatomic 

landmark with the use of three-dimensional CT reconstruction using a centre-line of 

flow or any migration leading to symptoms or requiring intervention.
65, 66

  It has been 

observed in all stent-graft designs including those with supra-renal fixation and is more 

likely to occur more than 24 months after implantation.
66, 67

 The underlying cause is 

multifactorial including aortic neck dilatation after EVAR, accuracy of deployment and 

initial AAA anatomy (e.g neck angulation, neck length, non-parallel (conical) necks, 

neck thrombus).  The influence of anatomical factors highlights the importance of 

appropriate patient and stent selection.  Stent-graft migration is usually asymptomatic 

and can dispose to type I endoleaks (see below) with a resultant risk of aneurysm 

growth and rupture.  For the purposes of surveillance, it is vital that plain x-rays are 
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performed as this complication cannot be reliably detected or measured by ultrasound 

alone.  

 

2. Component Separation 

See type III endoleak, below. 

 

3. Limb kinking and occlusion 

Occlusion of stent-graft limbs is more common than open repair.
68

  The underlying 

cause is a stenotic segment of artery distal to the iliac landing zone or a kink in the limb 

of the stent--. It has been reported to occur in 3.7% of cases.
69

  The kink may be 

symptomatic (e.g. causing claudication) but may also present suddenly as acute limb 

ischaemia due to occlusion. If detected due to symptoms, it can be treated by balloon 

dilatation and re-stenting.  Detection of asymptomatic kinks that may result in limb 

occlusion relies on effective surveillance – a kink may be seen directly on CTA or 

suggested by raised peak systolic velocity on duplex scanning.  

 

4. Endoleak 

͚EŶdoleak͛ is the persistent blood flow within the aneurysm sac but outside the stent- 

graft
70

 and is seen in almost one in four cases following EVAR.
71

  As more modern 

stent-grafts have developed, migration, component separation and stent fracture have 

become rare and detection of endoleak is now the primary purpose of surveillance. A 

set of standard definitions has been developed to describe types of endoleak (Figure 

2).
65, 70, 72
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Figure 2:  Types of Endoleak. Reproduced with permission from.
73

 Copyright 

Massachusetts Medical Society. 

 

i) Type I endoleak 

Type I endoleak is characterised by persistent peri-graft blood flow through the 

aneurysm due to an inadequate seal at the proximal (type Ia) or distal (Ib) end of the 

stent-graft.  This allows on-going pressurisation of the aneurysm and can lead to 

expansion and rupture.
74

  Type I endoleaks are more common in the presence of 

͚hostile͛ aŶatoŵǇ suĐh as shoƌt, ĐoŶiĐal oƌ aŶgulated aŶeuƌǇsŵ ͚ŶeĐks͛ - the normal 

diameter infra-renal portion of the aorta proximal to the aneurysm - or calcified 

landing zones in the common or external iliac arteries.  For the majority of EVAR 

deǀiĐes ͚seal͛ is oďtaiŶed ďǇ the ƌadial foƌĐe of the self-expanding stents in the main 

body of the graft as they expand against the neck of the aneurysm. The development 

of a type Ia endoleak in the surveillance period is caused by either a failure to seal due 

to loss of fixation or dilatation of the aneurysm neck.  As the aneurysm contracts 

following endovascular repair, the morphology of the aneurysm can re-configure and 

may also dispose to loss of seal. 
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There is consensus that type I endoleaks should be treated to mitigate the risk of 

rupture.  In type Ia endoleaks without stent-graft migration, it may be possible to re-

establish a seal using a moulding balloon or deploy an extension cuff to seal in a more 

proximal portion of the neck, provided there is adequate infra-renal neck length.  If the 

device has migrated or there is no suitable neck, then conversion to open repair may 

be needed or complex endovascular revision with a fenestrated or branched stent-

graft may be considered.   

 

ii) Type II endoleak 

These endoleaks are caused by retrograde perfusion of the aneurysm by aortic 

branches.  A type IIa endoleak has inflow from a single branch vessel and a type IIb 

endoleak from two or more.  The most common sources are the IMA, lumbar and 

internal iliac arteries.  There can also be persistent inflow or outflow from smaller, un-

named aortic side branches.  Type II endoleaks are common, and seen in 7.5-44% of 

patients.
75-78

  A large, recent study has shown that spontaneous resolution of type II 

endoleaks can be anticipated in 35% of patients over a period of 3 months to 4 years.
77

 

 As type II endoleaks are thought to be low pressure, they may be difficult to detect on 

imaging and there can also be difficulties differentiating type II endoleaks from other 

types such as type I and type III.  For example, what appears to be a type II endoleak 

may be the outflow vessel from a type I endoleak and hence multi-modality imaging is 

often indicated in such cases.  

The management of type II endoleaks is also debated as there is insufficient evidence 

to support any one threshold or indication for intervention.
79

  The majority of opinion 

would suggest that provided the aneurysm size is stable or shrinking no treatment is 

indicated.
1
  The presence of a type II endoleak and increasing aneurysm size is usually 

an indication for treatment
1, 76, 80

as  AAA rupture due to isolated type II endoleaks has 

been reported.
81

  Although increasing size in the presence of a type II endoleak is 

thought to lead to an increased rupture risk, the recent analysis of 1515 type II 

endoleaks by Sidloff
77

 noted that in 14 ruptures, rupture was preceded by sac 

expansion in only six patients.  This may suggest that aneurysm sac diameter is not a 
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completely reliable surrogate marker for rupture risk and other parameters, for 

example, aneurysm volume may be important.
82-84

   

If the decision to treat is made, endovascular treatment with embolisation of the 

inflow and outflow vessels is often first line either via a trans-femoral or trans-brachial 

approach.  Alternatively, a trans-lumbar approach can be used.  Both of these 

procedures are often technically challenging with a 37.5% and 19% failure rate 

respectively. The trans-lumbar route may have a lower complication rate.
77

  Some 

series have suggested that intervention for type II endoleak does not appear to 

diminish aneurysm growth, regardless of the approach.
85

  Other options such as open 

or laparoscopic surgery are reserved for when endovascular options have failed and 

continued sac growth is considered unacceptable.  

 

iii) Type III endoleak 

Type III endoleak is due to separation of stent-graft components (IIIa) or tear in the 

graft fabric (IIIb). They are rare with a reported incidence 0.3-7%.
86, 87

 The majority of 

EVAR devices are modular and rely on a seal formed by the overlap of stent-graft 

components between the main body and limbs and also between limb components.  

Type IIIa endoleaks can be due to errors in deployment, however, device migration, 

stent fracture and aneurysm reconfiguration may also be underlying causes.  

Treatment is advised due to the high-pressure nature of type III leaks and cases may be 

managed by balloon moulding of the causative overlap zone, placement of further 

components
88

 or conversion to aorto uni-iliac repair and femoro-femoral crossover.
89, 

90
  If the cause is due to stent-graft migration, conversion to open repair may be 

required.
1
   

 

iv) Type IV endoleak 

This is due to porosity of intact stent-graft fabric in the first 30 days after 

implantation
65, 70, 72

 and no treatment is recommended
1
.  Past 30 days, these should be 

considered a type IIIb leak and treated accordingly.
1
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v) Type V endoleak 

This is the continued enlargement of the aneurysm without a detectable endoleak.  If 

the aneurysm grows more than 10mm following an EVAR and an endoleak cannot be 

detected, it is recommended that the stent-graft be replaced either with open repair 

or by re-lining with another stent-graft.
1
 

 

2.4  When to operate 

 

2.4.1 Rupture risk based on maximal diameter 

 

The aim of elective AAA repair is prevention of premature death due to aneurysm 

rupture.  The adoption of maximum diameter as a measure of rupture risk was based, 

in part, on a retrospective review by Darling
91

 of 24,000 consecutive, non-specific 

autopsies performed over a 23-year period. 40% of AAAs greater than 5 cm in 

diameter ruptured. Nonetheless, this same report highlights the limitation of 

aneurysm diameter as a predictor of rupture risk since 40% of AAA between 7 cm and 

10 cm had not ruptured, while nearly 13% of patients with aneurysms smaller than 5 

cm had ruptured.  Nonetheless, it is clear that the risk of rupture increases 

exponentially with diameter with the risk dramatically increasing at around 6.5cm 

(Figure 3).
48
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Figure 3: Association between maximal aortic diameter and risk of rupture.
48

 

Reproduced with permission of BMJ publishing 

Currently the maximum aortic diameter is used as the threshold for repair with a 

diameter of 5.5cm an indication for consideration for surgery.  Trials examining the 

benefits of repairing smaller aneurysms both from the UK
92, 93

 and United States
94

 have 

shown no survival benefit on a population basis for the elective repair of aneurysms 

smaller than 5.5cm.  This also applies to patients thought to be fittest for surgery.
94

  

However, consisteŶt ǁith DaƌliŶg͛s ǁoƌk theƌe ƌeŵaiŶs the oďseƌǀatioŶ that sŵall 

aneurysms can rupture and larger aneurysms may remain non-ruptured. This has 

sparked and maintained interest in other methods of rupture risk assessment such as 

peak wall stress estimation.
95, 96

 Assessment for repair includes imaging to determine 

the suitability for open repair or EVAR, and functional physiological testing such cardio-

pulŵoŶaƌǇ eǆeƌĐise testiŶg ;CPEXͿ to assess ͚fitŶess͛ foƌ suƌgeƌǇ.  

 

2.4.2 Rupture risk based on biomechanical analysis – Peak wall stress estimated by 

finite element analysis 

 

It has been observed that there may be a number of factors other than maximum 

diameter that may predict the rupture risk of AAA rupture (Figure 4).  The applicability 

of estimates of AAA tensile stress and wall strength or derived parameters to identify 

patients at risk for rapid growth or rupture, has been identified as a research priority 

by the American Society of Vascular Surgery.
65
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Figure 4: CTA of a ruptured 8.3cm AAA (left) and a ruptured 5.7cm AAA (right), both in 

men 

  

The law of Laplace, which gives a value for circumferential tension in thinned wall 

structures and forms the basis of diameter-based rupture risk estimations, is 

inadequate to explain the forces contributing to AAA rupture as AAAs are not a simple 

cylindrical or spherical shape of uniform radius or curvature: 

   

Law of Laplace:  ܶ =  ��2�  

Where T = wall tension,  P = intraluminal pressure, D = diameter, t = wall thickness 

From a biomechanical perspective, AAA formation causes an increase in wall stress and 

a decreasing ability of the AAA wall to withstand such stress.  Rupture therefore occurs 

when wall stress exceeds wall strength. 

Finite element analysis (FEA) is a numerical method of solving the differential 

equations of physics and engineering that was developed in the 1950s. FEA involves 

breaking down the geometry of the ͚pƌoďleŵ͛ ;e.g. aŶ AAAͿ iŶto a fiŶite Ŷuŵďeƌ of 

individual regions –͚eleŵeŶts͛ – that are connected at their corners – ͚Ŷodes.͛  The 

behaviour of these individual elements is expressed mathematically and combined to 

give the behaviour of the whole geometry, from which the stress distribution 

throughout the geometry can be determined.  A high degree of accuracy can be 

achieved if the initial geometry is modelled accurately using a sufficient number of 
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elements, and the properties of the AAA, such as how the wall responds to stress, are 

correctly simulated. 

 

Stress analysis for AAAs requires:
97

 

I. The geometry of the AAA under evaluation 

II. A model that explains how the tissue in question behaves (so-Đalled ͚ŵateƌial 

model͛) 

III. boundary conditions,  e.g. blood pressure and points of fixation of the aorta 

and AAA 

 

In 1987 Stringfellow
98

 was the first to employ basic FEA modelling to three theoretical 

aneurysm geometries.  Their FEA demonstrated that cylindrically shaped constant 

thickness model aneurysms had a higher circumferential stress and comparable 

maximum longitudinal wall stress when compared with spherical model aneurysms of 

the same diameter.  Further studies in the same era assumed AAAs obeyed the Law of 

Laplace
99

 or assumed axisymmetric geometry
100

 though the work by Inzoli was the first 

to consider the role of intra-luminal thrombus (ILT), reporting that it may reduce wall 

stress by up to 30%.
100

   

 

The study by Vorp in 1998 was the first to demonstrate the importance of AAA 

geometry on wall stress estimation.
101

  They created 10 hypothetical AAA models with 

uniform wall strength, uniform peak systolic load of 120mmHg and an elastic modulus 

that was based on previous ex-vivo tensile tests of AAA tissue. Their key finding was 

that peak wall stress values in five theoretical AAAs with the same maximal diameter 

could be up to twice as high due to differences is geometry.  This suggested that not all 

AAAs of the same diameter have the same rupture risk. 

 

Further work ďǇ ‘aghaǀaŶ͛s group
102

 was the first to perform wall stress analysis using 

FEA on models derived directly from individual computed tomography (CT) scans.  For 

six patients with AAAs and one control patient, CT scan data with 3-5mm slices was 

obtained and segmented with a smoothing algorithm applied to smooth surface 

contours without significantly altering the geometry.  The model was pressurised using 
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the patieŶt͛s sǇstoliĐ ďlood pƌessuƌe ǁith aŶ assuŵed uŶifoƌŵ ǁall thiĐkŶess of ϭ.ϵŵŵ 

with the AAA constrained proximally and distally.  A nonlinear mathematical model 

developed specifically for AAA tissue was used.
103

   They showed that wall stress within 

AAAs had large regional variations compared to the control aorta, and that peak wall 

stress differed by as much as 13% between two patients with the same maximal aortic 

diameter. 

 

Subsequently, a study by Fillinger was the first to examine the implication of wall stress 

analysis in 48 patients with electively repaired (n = 30), symptomatic (n= 8) and 

ruptured (n=10) aneurysms.
104

 The creation of the FEA mesh was semi-automated and 

the updated model accounted for vessel branch points that has previously lead to 

computational errors.  They reported that peak wall stress (PWS – maximal stress in 

the AAA wall at systolic blood pressure) was significantly different between groups 

(ruptured, 47.7 ±  6 N/cm2; symptomatic, 47.5 ± 4 N/cm2; elective repair, 36.9 ± 

2N/cm2; P = 0.03), with no significant differences in AAA diameter between groups.  

They included a sub-group analysis of AAAs with identical mean diameters and found 

again that the ruptured and symptomatic AAAs had significantly higher PWS.   In the 

three rupture cases where the site of rupture was known, the rupture site 

corresponded to the area of PWS.  They were the first to propose the novel idea of 

͚eƋuiǀaleŶt stƌess͛ ǁith the aiŵ of pƌoduĐiŶg a ĐliŶiĐallǇ useaďle paƌaŵeteƌ.  BǇ usiŶg a 

regression analysis correlating diameter and stress the PWS could be translated into 

the equivalent diameter of a typical AAA undergoing elective repair.  Interestingly, 

using this method the smallest ruptured AAA in the study of 4.8cm had an equivalent 

stress to the average electively repaired 6.3cm AAA.  The authors acknowledge that at 

this stage, a number of possible modelling parameters were not accounted for, 

including wall strength, non-uniform wall thickness, the influence of ILT, and 

anisotropic wall conditions.   

 

FilliŶgeƌ͛s gƌoup eǆpaŶded their analysis in a second study that investigated if PWS was 

able to more accurately predict rupture than maximal diameter.
97

  Using a refined FEA 

model, they followed up 42 patients with recent CT scans of asymptomatic AAAs for a 

mean of 28 months.  Findings supported the conclusion that PWS in the asymptomatic 
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period out-performed maximum diameter for predicting AAAs that would require 

emergent repair for symptoms or rupture.  In a striking comparison, 2 patients had 

asymptomatic AAAs with identical maximal diameters (5.5cm) but with markedly 

different PWS – 77 N/cm
2 

vs 33 N/cm
2
.  Both patients refused surgery due to operative 

risk and were observed.  The high PWS AAA ruptured at 18 months post analysis and 

the lower PWS AAA remained under observation for more than 3 years.  Receiver 

operator characteristic (ROC) curve analysis demonstrated that PWS performed better 

than diameter in predicting freedom from rupture, and in Kaplan-Meier analysis PWS 

better predicted freedom from emergency surgery (for rupture or symptoms).   These 

early results indicate that PWS may identify aneurysms that can be safely observed for 

long periods or those that may need repair to prevent rupture in a relatively short 

time. 

 

A study lead by McCollum was the first from a UK surgical unit and compared PWS in 

12 ruptured and 15 non-ruptured AAAs.
105

  They used a crude and time-consuming 

manual method of segmenting AAAs from CT scan data with a uniform wall thickness 

of 2.0mm.  Material properties were implied from previous studies.
103

  They found a 

significantly higher peak stress in AAAs that had ruptured or went on to rupture.  PWS 

was also related to systolic blood pressure; however when blood pressure was 

standardised at 120mmHg there remained a significant difference in wall stress 

between the groups highlighting the importance of aneurysm geometry to rupture 

risk.  Additionally the point of rupture, when known, correlated with the area of peak 

wall stress in each case.  A subsequent study from the same centre 
106

 using an 

identical modelling approach analysed 70 patients with infra-renal AAAs (30 acute and 

40 elective) to assess the inter- and intra-operator reliability of FEA predictions of peak 

wall stress as well as the variation in PWS stress between elective and acute cases.  

Four raters of different experience performed manual image segmentation of the 

same 10 randomly selected CT scans.  They found again that there was no significant 

diffeƌeŶĐe iŶ the ŵaǆiŵal diaŵeteƌ of ͚eleĐtiǀe͛ aŶd ͚aĐute͛ AAAs, hoǁeǀeƌ, PW“ ǁas 

sigŶifiĐaŶtlǇ higheƌ iŶ ͚aĐute͛ AAAs.   
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As few would debate the indication to repair large aneurysms, the paper by Truijers
107

 

examined the impact of biomechanical analysis of small asymptomatic, symptomatic 

and ruptured AAAs.  Again, an isotropic hyper-elastic non-liner model was employed 

aŶd the ŵodels ǁeƌe pƌessuƌised to the patieŶt͛s sǇstoliĐ ďlood pƌessuƌe. ILT ǁas Ŷot 

considered. Again, PWS was significantly higher in ruptured than symptomatic 

aneurysms.  Interestingly, and contrary to other studies, standardisation of blood 

pressure across the groups to 120mmHg eliminated significant differences in PWS.  As 

the influence of geometry has previously been seen to be the dominant factor, it may 

be the study of a small group of small aneurysms with comparable geometries failed to 

produce differences in PWS based on AAA geometry alone. 

 

 

Influence of AAA wall characteristics and ILT 

 

As alluded to, other than the initial work of Stringfellow,
98

 FEA models in the above 

studies do not consider the influence of ILT due to controversial effects on PWS and 

AAA growth and rupture.  ILT is a complex three dimensional fibrin structure present in  

75% of all AAAs.
108

  As the ILT is constantly re-modelled it may have a wall-thinning 

effect do due a local proteolytic action on the AAA wall.
109

  As the intima and media of 

the AAA wall do not receive a blood supply from the vasa-vasorum, the shielding of the 

AAA wall from blood flow by ILT may also cause a hypoxic effect.
110

  Its mechanical 

properties have been widely debated, with some authors suggesting that it has no 

effect on PWS.
99, 111

 Hoǁeǀeƌ ǁoƌk ďǇ Voƌp͛s gƌoup has shoǁŶ usiŶg ŵeĐhaŶiĐal 

testing that ILT is a nonlinearly elastic material with significant mechanical properties 

aŶd has a sigŶifiĐaŶt ͚ĐushioŶiŶg͛ effeĐt oŶ the AAA112, 113
 though this is still 

disputed.
114

 More recent work using biaxial mechanical testing has demonstrated 

further the complexity of ILT which may have three distinct types of morphologies, 

each with different mechanical properties. However ILT was found to be mostly 

isotropic, supporting the current methods of modelling in FEA.
115

  

 

More recent work using refined FEA models now include ILT
96, 114, 116, 117

 and a number 

of studies have focused on the development of clinical indices incorporating 
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biomechanical parameters in order to improve clinical applicability.  This approach was 

fiƌst ĐoŶsideƌed ďǇ Voƌp͛s gƌoup iŶ ϮϬϬϲ117
 who acknowledged that the risk of rupture 

was dependant on both wall stress distribution and also wall strength distribution.  

Wall strength was estimated by a previously developed mathematical model using 

linear regression techniques accounting for local influences of ILT as well as gender and 

family history.
118

  TheǇ pƌoposed the ͚ƌuptuƌe poteŶtial iŶdeǆ͛: 

 ܴ�� =  ℎ�݊�ݎݐܵݏݏ�ݎݐܵ 

 

In the 13 AAAs studied (maximum diameter 5.23cm), they found no differences in PWS 

or maximal diameter between ruptured and non-ruptured AAAs.  Although not 

statistically significant, perhaps due to small sample size, the P value of the peak RPI 

(0.10) was lower for than the comparisons using PWS (0.62) and maximal diameter 

(0.26) suggesting the RPI may be better able to identify those AAAs at increased risk of 

rupture. 

 

More recently, Doyle has proposed the Finite Element Analysis Rupture Index 

(FEARI).
119, 120

 Rather than a statistical model of wall strength, the wall strength data in 

the FEARI is derived from bench-top mechanical testing of AAA tissue.  By combining 

the results of previous studies,
121-123

 ͚populatioŶ ŵeaŶ͛ ǁall stƌeŶgth ǀalues ǁeƌe 

derived and divided into eight region-speĐifiĐ ǀalues teƌŵed ͚ultimate teŶsile stƌeŶgth͛ 

(UTS) (Figure 5).  For example, the anterior region was given UTS of 0.7744 MPa 

compared to the posterior at 0.8658 MPa.  Therefore: 

�ܴ�ܧܨ  = ܷܹܵܶܵ� ��݊݋���ܴ   
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Figure 5: FEARI methodology
119

 demonstrating PWS in the anterior aspect of an AAA. 

The AAA is divided into eight regions, each of which has been assigned an individual 

tensile strength.  Reproduced with permission. 

 

They compared groups of ruptured and asymptomatic AAAs using the FEARI and 

included a subgroup analysis of patients with the same maximal diameter.  FEARI was 

higher in the ruptured/symptomatic group and a poor relationship was seen between 

FEARI and maximal diameter.  Asymmetric AAAs with smaller amount of thrombus 

were found to have a higher FEARI than fusiform AAAs with larger percentages of 

thrombus. 

 

The ͚Peak Wall ‘uptuƌe ‘isk͛ ;PW‘‘Ϳ aŶd ͚Peak Wall ‘uptuƌe IŶdeǆ͛ ;PW‘IͿ pƌoposed 

by Gasser
114

 again accounts for both PWS and differences in wall strength based on ILT 

thickness, ratio of luminal diameter and healthy infra-renal aortic diameter, gender 

and family history for rupture.  In a recent study, they examined the ability of PWS and 

PWRR to discriminate between ruptured and non-ruptured AAAs using four different 

FEA models.  Only the most sophisticated model incorporating the effects of ILT, 

differences in wall thickness and mean arterial pressure (MAP) was able to produce a 

statistically significant difference in PWS/PWRR to discriminate between ruptured and 

non-ruptured aneurysms.  They reported a 43% better predictive value in identifying 

ruptures amongst diameter-matched aneurysms for the PWT model, highlighting the 

importance of ILT and changes in wall thickness.  Interestingly, a positive correlation 
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was seen with both PWS and PWRR with increasing ILT volume suggesting an absence 

of the protective effects proposed by other authors.
112, 113

  

 

Although the above studies clearly support that FEA modelling may predict AAAs at 

higher risk of rupture, until the recent work by Gasser and colleagues
95

 no clinical trial 

has investigated threshold values of these parameters for AAA repair and 

consequently they have limited clinical relevance and impact.   Translation of 

biomechanical criteria to routine clinical practice is problematic as it is perceived as 

complex and time consuming. Indeed, it has been reported that more than 20% of 

European vascular surgeons have never come across them.
124

  The project by Gasser 

eǆploƌes the ĐoŶĐept of ͚ƌisk-eƋuiǀaleŶt͛ AAA diaŵeteƌ, ǁheƌe folloǁiŶg ďioŵeĐhaŶiĐal 

analysis the rupture risk values are translated to equivalent diameters of the average 

aŶeuƌǇsŵ patieŶt suĐh that aŶ AAA is esseŶtiallǇ ͚up-staged͛ oƌ ͚doǁŶ-staged͛ (Figure 

6).    Using the PWT model previously described,
114

 they retrospectively analysed CT 

scans from 229 patients (40 ruptures and 203 non-ruptured). They reported that in 

ruptured aneurysms the risk-equivalent diameter (DPWRI) was elevated by 14mm (P 

чϬ.ϬϬϭͿ aŶd ƌeŵaiŶed statistiĐallǇ sigŶifiĐant in males and females. 

 

 

Figure 6: Concept of ͚ƌisk-eƋuiǀaleŶt diaŵeteƌ͛95
 demonstrating an AAA with a 

diameter of ϰ.ϱĐŵ has a ͚ƌisk-eƋuiǀaleŶt͛ diaŵeteƌ of ϲ.2Đŵ afteƌ ďioŵeĐhaŶiĐal 

analysis and should be considered for early repair rather than surveillance. Reproduced 

with permission. 

 

The concept proposed by Gasser has been incorporated into semi-automatic 

commercial software that is able to perform FEA analysis with minimal user 
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interaction.  It is the first of its type and available as a service on case-by-case basis or 

as a software package.
125

 A recently published meta-analysis highlights that there is 

continued interest in PWS as a marker for AAA rupture risk.  However, there is 

significant heterogeneity in modelling approaches and software use that makes 

pooling of results difficult.  This remains a challenge to widespread clinical 

implementation of biomechanical analysis.
126

  The influence of ILT, material properties 

of the diseased tissue wall e.g. anisotropy vs isotropy, wall thickness i.e. uniform vs 

non-uniform and the effects of wall calcification are all matters of continued debate 

that require further study.  Refinement of these parameters, however, may not 

significantly affect results or make clinically meaningful differences.   

 

 

 

2.4.3 Rupture risk based on biomechanical analysis: wall sheer stress (WSS) estimated 

by computational fluid dynamics (CFD). 

 

While FEA considers the physical characteristics of the aortic wall aŶd otheƌ ͚solid͛ 

elements, relatively little attention has been paid to the influence of haemodynamic 

factors on AAA growth and risk of rupture.    ͚“tƌess͛ is a ŵeasuƌe of the foƌĐes iŶduĐed 

in a vessel wall due to blood pƌessuƌe aŶd ďlood floǁ.  ͚“heeƌ stƌess͛ is the stƌess 

induced on the vessel intima by the shaving force of blood flow. Stresses in the aorta 

cannot be directly measured but can be computed if the geometry is known. For 

simple geometries, e.g  a cylinder,  the calculation of sheer stress is straight-forward: 

 

��ℎ��� = ݎܸ�4   

 

where σ is stress, μ is viscosity of flowing blood, V is the average velocity of flow and ݎ 

is the radius of the cylinder.
127
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 When the luminal geometry becomes more complex, computational methods such as 

computational fluid dynamics are required.  Similar to the finite element method 

described above, CFD analysis requires the geometry of the lumen, the material and 

mechanical properties and appropriate boundary conditions.  

Under normal conditions, the shear stress placed on the vessel wall stimulates vascular 

endothelial cells to produce directly or in directly acting anti-thrombotic mediators 

such as prostacyclin,
128

 nitric oxide,
129

 calcium
130

 and thrombomodulin.
131

 Within aortic 

aneurysms, altered haemodynamics such as recirculating flow leads to oscillating WSS 

which may create endothelial injury or lead to inflammatory infiltration.  Low WSS has 

been implicated in processes that degenerates the AAA wall.  A wall sheer stress (WSS) 

of <0.4 Pa appears a critical point that leads to inflammatory cell infiltration and 

endothelial injury.
132

 

The exact mechanisms by which changes in WSS may contribute to aneurysm growth 

and rupture risk is poorly characterised.  One possible mechanism is in the relationship 

of WSS to the formation of ILT.  A number of studies have demonstrated a relationship 

between areas of low WSS and thrombus formation.
133, 134

  Studies have suggested 

that ILT has a protective effect against peak wall stress,
113, 135

 however, there is 

evidence to suggest that ILT has a wall weakening effect due to the local action of 

proteolytic enzymes and arterial wall hypoxia.
109, 110

  There is evidence that the 

presence of ILT is associated with an increased growth rate
136, 137

 however, the overall 

influence of ILT on AAA growth and rupture risk remains somewhat conflicted.  

 

Clinical use of CFD 

The study by Doyle
134

 was the first serial computational study to investigate the 

development of an AAA over time by using patient specific geometries taken from four 

CT scans over a 29 month period from a patient who subsequently suffered AAA 

rupture.  Their modelling approach was similar to previous authors using Mimics 

software (Materialise, Leuven, Belgium) for segmentation and assumptions of 

Newtonian fluid, ridged walls and laminar flow.  A pulsatile inlet boundary condition 

was applied based on a waveform averaged from AAA patients
138

 rather than constant 
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flow.   They found that maximal intra-luminal thrombus accumulated at the region 

with the lowest time-averaged wall sheer stress (TAWSS) and this region corresponded 

with the site of rupture at open surgery (Figure 7). 

The AAA studied in this paper was over 7cm in maximal diameter when rupture 

occurred and emergency open repair was performed.  It is not clear why this patient 

did not undergo earlier elective repair.  Such an approach using multiple CT scans to 

study the influence of WSS in larger numbers of patient is clearly unfeasible. 

 

 

Figure 7: Region of low WSS (dark blue) in an AAA, corresponding with the site of 

rupture on open repair.
134

 

Most recently, work by Boyd described CFD simulations in seven ruptured AAAs.
139

 The 

modelling approach was similar to previous studies assuming rigid walls, blood as a 

Newtonian fluid and constant laminar flow.  In six of the seven cases, the clinical site of 

rupture corresponded to regions of low WSS and a larger amount of thrombus 

deposition.  Only three of these seven cases ruptured in the region of maximal aortic 

diameter (Figure 8). 
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Figure 8: Velocity streamlines in a ruptured AAA.
139

  Low velocity values are in blue with 

higher values in red.  Black arrow shows the site of rupture in a zone of low flow 

velocity and WSS. Red arrow shows the dominant flow channel. Reproduced with 

permission. 

 

Low WSS is unlikely to cause rupture directly, however, the way in which it appears to 

promote the formation of ILT and lead to inflammatory infiltration likely increases 

susceptibility to rupture by causing wall-weakening.  In truth, the optimal 

computational model would couple both FEA and CFD approaches to explore the 

interaction between the fluid and solid components.  This approach, termed fluid-

structure interaction (FSI), is likely to be the most sophisticated method of 

biomechanical analysis. 

 

2.4.4 Current clinical implementation of biomechanical analysis and potential role of 3D 

US 

 

As detailed above, current techniques for biomechanical analysis of AAAs rely on CT to 

provide the geometry of the aneurysm, with the material properties of the AAA wall 

defined by bench-top mechanical testing of explanted aortic tissue or mathematical 

models.
121
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Since the aim of biomechanical analysis is to identify firstly, small aneurysms that are 

at higher risk of rupture and secondly, large aneurysms that are at lower risk, any 

analysis needs to be applicable to the population of patients on AAA surveillance – that 

is, a cohort of patients with AAAs <5.5cm in diameter.  As the only indication for CT in a 

patient with an asymptomatic AAA is planning for repair, CT scans are not available for 

the target population.  As a result, despite the recent availability of commercial FEA 

software for AAA (http://www.vascops.com/en/vascops-home.html) the approach is 

not in routine clinical use.  Routine use of CT for biomechanical analysis of small AAAs 

is not feasible due to the number of patients, radiation exposure and cost.  Nor would 

CT be suitable as a research tool to investigate how PWS and WSS evolve in large 

numbers of patients.   

 

The key data supplied by CT scanning is the geometry of the AAA.  Three-dimensional 

ultrasound (3D-US) has the potential to provide 3D AAA geometries for use in 

biomechanical analysis.  This is a unique application of 3D-US and when compared to 

CT, is inexpensive and does not involve radiation.  If accurate AAA geometries can be 

produced using 3D-US they may be used in FEA in the same way as CT, widening the 

applicability of this technique. 

 

Given that 10 AAA repairs are performed to prevent one rupture, more accurate 

rupture risk data, in the form of peak wall stress derived from widely available 

modality such as 3D US, would help individualise indications for AAA repair when taken 

in context with other factors such age, co-morbidity and physiological status. 

Integration of peak wall stress estimation could be integrated into existing clinical 

decision aids.     

 

By identifying smaller AAAs at high risk of rupture earlier surgery may be 

recommended.  Smaller aneurysms are more likely to be suitable for EVAR with its 

associated reduction in mortality.  Patients with large AAAs (>5.5cm/>5cm) with 

significant co-morbidity may be found to be at lower risk of rupture than anticipated, 

allowing surgery to be safely deferred to allow optimization of co-morbidities or 

support a decision not to operate.  Some patients who are at high surgical risk may 

http://www.vascops.com/en/vascops-home.html
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deĐide Ŷot to uŶdeƌgo suƌgeƌǇ if theǇ haǀe a ͚loǁeƌ ƌisk AAA͛.  AAA suƌgeƌǇ is 

expensive – open repair incurs its costs from the need for post-operative critical care 

and length of hospital stay and EVAR from the cost of the stent-graft, post-operative 

surveillance and re-intervention.  More individualised indications for AAA repair has 

the potential to make AAA surgery more cost effective
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CHAPTER 3:  CURRENT USES OF ULTRASOUND IN THE MANAGEMENT OF AAA 

 

3.1 Ultrasound modalities for EVAR surveillance 

 

3.1.1 Background 

 

Surveillance aims to assess the structural integrity and position of the endograft, 

presence of endoleaks, and stenosis or occlusions in stent-graft limbs and related 

vessels.
140

 Historically, computed tomographic angiography (CTA) has been considered 

the ͚gold staŶdaƌd͛ foƌ post-EVAR surveillance and formed the basis of follow-up 

programmes.   However, CTA is expensive, delivers a significant radiation dose to 

patients (as much as 400 chest x-rays)
141

 and requires the use of nephrotoxic iodinated 

contrast media.  Duplex ultrasound imaging has been identified as a possible non-

invasive, non-toxic and inexpensive modality for detecting complications following 

EVAR, therefore mitigating the undesirable aspects of CTA. 

 

3.1.2 Endoleak detection 

 

The use of Duplex ultrasound (DUS) in various forms for EVAR surveillance developed 

quickly after the advent of EVAR and has been described in number of studies 

summarised in Table 1.  Generally, the studies are difficult to compare as a group due 

to the clear learning curve demonstrated in the earlier studies, development of 

ultrasound technology, changes in EVAR stent-graft design, and changes in CT scanning 

protocols (introduction of dual phase/triple phase protocols.) However, a number of 

good quality reviews and meta-analysis have been completed.  
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Table 1: Summary of studies of duplex modalities for endoleak detection following EVAR 

Author Year Type of study Number of 

patient/images 

Imaging Modalities 

compared 

Findings/Conclusion 

Heilberger
142

 1997 Prospective  113 patients CEUS/CTA CEU“ deteĐted all ďut oŶe ͚ŵajoƌ 
leak.͛ Useful for detecting type II 

endoleaks. 

 Sato
143

 1998 Retrospective 117 patients CEUS/CTA CEUS 97% sensitive. Duplex data on 

flow valuable. 

McWilliams
144

 1999 Prospective 20 paired scans CEUS/CTA CEUS sensitivity 100%,  Specificity 

65%. 

Wolf
145

 2000 Prospective 76 patients, 166 

paired scans 

DUS/CTA DUS 81% sensitive, 95% specific.  

Pages
146

 2001 Prospective 120 paired scans DUS/CTA DUS 48% sensitive 

Raman
147

 2003 Retrospective 281 patients, 495 

paired scans 

DUS/CTA DUS sensitivity 49%. PPV 53.9% 

Bendick
148

 2003 Prospective 20 patients DUS/CEUS/CTA CEUS detected all endoleaks seen 

on CTA and out-performed DUS 

Bendick
149

 2003 Prospective 40 patients CEUS/CTA CEUS detected all but one 

endoleak.  CEUS-based surveillance 

is feasible. 

AbuRhama
150

 2005 Prospective 367 paired scans DUS/CTA 68% sensitivity of DUS.  DUS not 

recommended as primary 

surveillance modality for EVAR.  

Ashoke
151

 2005 Systematic 

Review and 

Meta analysis 

711 patients, 1335 

paired scans 

DUS/CTA Sensitivity of DUS 69%. DUS not 

accurate enough to use routinely. 

Iezzi
152

 2009 Prospective 84 paired scans DUS/CEUS/CTA Sensitivity of duplex much 
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improved by addition of contrast 

(97.5 vs 67.5%). 

Mirza
153

 2010 Systematic 

review and 

Meta analysis 

DUS vs. CT: 2601 pts 

CEUS vs. CT: 285 pts 

 

- 

Standard duplex has poor 

sensitivity. 

Ten Bosch
154

 2010 Prospective 127 paired scans CEUS vs. CT CEUS has better sensitivity for all 

endoleak than CTA, particularly 

type II.  

Perini
155

 2011 Prospective 395 paired scans CEUS vs. CT CEUS and CT are equivalent for 

endoleak detection. 

Cantisani
156

 2011 Prospective 108 patients DUC/CEUS/CT/MRI CEUS is markedly better for 

endoleak detection than DUS and 

similar to CT and MRI. CEUS 

classified endoleaks more 

accurately. 

Karthikesalingham
157

 2012 Systematic 

review and 

Meta analysis 

DUS vs. CTA: 3975 

paired scans 

CEUS vs CTA: 961 

 

 DUS is adequate for detection of 

clinically important endoleaks that 

is not improved by routine use of 

CEUS. 

Grey
158

 2012 Retrospective 145 patients DUS/CTA 100% sensitivity of DUS compared 

to CTA.  Significant financial savings 

by moving to DUS surveillance 

Gurtler
159

 2013 Retrospective 200 paired scans CEUS/CTA CEUS is at least equivalent to CTA 

for endoleak detection 

Millen
160

 2013 Retrospective 33 patients with 

diagnostic 

uncertainty on DUS 

or CTA 

DUS/CEUS/CTA CEUS clarified endoleak type in 

difficult cases, including type I 

leaks. Reserve CEUS for cases of 

diagnostic uncertainty  
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The study by Heilberger in 1997 
142

 was the first to describe the use of DUS for EVAR 

surveillance. Interestingly, each DUS scan was performed using an intravenous 

contrast agent (now termed contrast enhanced duplex ultrasound (CEUS)).  As the 

study pre-dated any consensus on the definition of endoleak types, they examined for 

the presence of any leak as the main outcome with a descriptive analysis.  Even in this 

this early experience, CEUS detected all ďut oŶe of the ͚ŵajoƌ leaks͛ ǁheŶ Đoŵpaƌed 

with CTA.  In this one case, the distal leak from an iliac landing zone (i.e. type Ib) was 

thought to be obscured due to overlying bowel gas.  From a technical standpoint, the 

authors found analysis of some scans difficult due to the extensive artefact produced 

by the combination of contrast and colour Doppler.  This study lacked blinding, and any 

measurement of reproducibility of results.  The small sample size restricted it to a 

descriptive analysis. 

The Sato paper included blinded assessment of paired images in a core lab, though 

again lacked any assessment of inter-observer reproducibility.
143

  Only 19% of DUS 

scans performed were felt to be of adequate quality for endoleak detection, which 

related to the lack of a standardised scanning protocol specific to surveillance and 

experience with EVAR.  The authors noted that the additional information regarding 

directionality of flow within the AAA sac could help in determining the type of 

endoleak and that this was data that could not be gained from CTA.  McWilliams et 

al.
144

 reported a pilot study of 20 patients revealing a 100% sensitivity of CEUS and 

ƌeiŶfoƌĐed the ĐoŶĐept that ͚false positiǀes͛ seeŶ oŶ CEU“ aƌe likelǇ to ďe ͚tƌue 

positiǀes͛ due to the iŶĐƌeased seŶsitiǀitǇ of CEU“.    

Wolf͛s studǇ145
 had a more robust methodology including large numbers, blinding and 

an accredited vascular technologists scanning to a standardised protocol.  A smaller 

proportion of DUS scans were unsuitable for analysis (7%) mainly due to patient 

factors including obesity and bowel gas. This demonstrates a refinement in technique 

and development of expertise in DUS for EVAR surveillance.  A potential confounder in 

the analysis was the change in CTA protocol in 1998 to include delayed-phase imaging 

(57% of cases) that likely improved the sensitivity of the CTA to detect small endoleaks. 

They noted that the endoleaks ŵissed ďǇ DU“ ǁeƌe ͚sŵall posteƌioƌ leaks͛ ;likelǇ to 

represent type II leaks) and probably clinically benign.  The small proportion of 
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eŶdoleaks seeŶ oŶ DU“ aŶd Ŷot CT ǁeƌe deeŵed ͚false positiǀes͛ ďut ŵaǇ have been 

tƌue ͚positiǀes͛ as some of the CTA did not have delayed phase imaging. 

Despite initial promising results in these early papers, other authors failed to 

reproduce such encouraging results.  A large study from a group in the USA analysed 

494 same-day CTA and DUS images of post-EVAR patients.
147

  They reported a 

sensitivity of only 43% for detection of all endoleaks.  However, as CTA ǁas the ͚gold 

staŶdaƌd͛ aŶǇ endoleaks seen on DUS but not CTA were considered false positives, a 

potentially inaccurate interpretation as the CTA images only included a non-contrast 

and arterial phase.  Further studies between 2000 and 2009 also reported mixed 

results with some demonstrating poor sensitivity.
146, 150

 The view that DUS was not 

sensitive enough to use in routine follow up after EVAR was supported by a well-

conducted systematic review by Ashoke in 2005, although this included unpublished 

data.
151

 However, some reports were more promising and continued to advocate the 

use of duplex imaging, particularly with the use of intra-venous contrast.
148, 149, 152

  

The paper by Bendick
148

 is important to consider from a technical aspect.  They were 

the fiƌst to desĐƌiďe the use aŶd adǀaŶtages of ͚tissue haƌŵoŶiĐ iŵagiŶg͛ during CEUS.  

This reduces artefact from surrounding structures and enhances the blood flow signal 

in the ultrasound image. This has been an important step in the evolution of CEUS and 

has been employed in each of the more contemporary CEUS studies.
154-156, 160

       

A further meta-analysis on this subject was published by Mirza in 2010.
153

 They 

reported that unenhanced DUS had a pooled sensitivity of 0.77 compared to CTA on 

bivariate analysis for detection of all endoleaks.  CEUS performed better with a 

sensitivity of 0.98 and specificity of 0.88.  However, these results were difficult to 

interpret due to significant heterogeneity in studies including expertise in scanning, 

scanning protocol, CTA protocol and instrument quality.  There was little consideration 

of inter-observer variability or the diagnostic accuracy of ultrasound images and no 

trial directly compared DUS to CEUS.  They acknowledged that the high false-positive 

rate of CEUS compared to CTA in some studies may in fact represent its higher 

sensitivity in detection of true low-flow endoleaks.  This will always prove to be an un-

aǀoidaďle issue iŶ Đoŵpaƌatiǀe studies ĐoŵpaƌiŶg ŵodalities ǁheƌe Ŷo tƌue ͚gold-

staŶdaƌd͛ eǆists.   
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The authors comment that ultrasound modalities do not provide enough information 

to be used as the sole method of EVAR follow-up as they are not able to detect stent-

graft migration, stent fracture and limb kinking.  This is certainly true regarding device 

migration and stent fracture, through both of these can be easily and reliably assessed 

with plain abdominal x-rays
1
 and stent fracture is not thought to be clinically 

significant.
161

  Significant limb kinking should be detected by increased peak systolic 

velocity in the limb of the EVAR stent-graft or poor flow distal to the stenosis.  

Therefore, although ultrasound modalities may not be the sole follow up tool it does 

not necessarily mean a fall-back to CTA.     The included studies and the meta-analysis 

did not include any sub-group analysis based on the detection of types of endoleak.  

This is important given the different management strategies pertaining to different 

types.  They concluded that the promising results of CEUS warranted further 

prospective study. 

Between 2010 and 2011, the results from two further prospective studies comparing 

CEUS with CTA
154, 155

 and another comparing DUS, CEUS, CTA and magnetic resonance 

angiography (MRA)
156

 were reported.  The study by Ten Bosch
154

 failed to include an 

assessment of inter-observer variability for the CEUS performed by three different 

vascular technologists but was otherwise well designed.  Significantly more endoleaks 

were detected by CEUS than CTA (in 53% vs 22% of cases respectively) representing an 

oǀeƌall pooƌ agƌeeŵeŶt foƌ eŶdoleak deteĐtioŶ ďetǁeeŶ the tǁo ŵodalities ;κ = 

0.237). The majority of these were type II endoleaks, however, CEUS also found 2 type 

I endoleaks not seen on CTA.  Both of these type I endoleaks seen on CEUS but not CTA 

ƌeƋuiƌed tƌeatŵeŶt.   The authoƌ͛s ƌeluĐtaŶĐe to ĐalĐulate seŶsitiǀitǇ aŶd speĐifiĐitǇ iŶ 

this study highlights the lack of a gold standard and they suggest that an endoleak seen 

on either modality should be considered as genuine.  They concluded that CEUS can 

replace CTA as the primary imaging modality for EVAR follow-up in conjunction with x-

ray. 

The study from Lille
155

 represents the largest prospective series comparing CTA and 

CEUS including 395 paired examinations.  They highlight the radiation exposure of one 

CTA as 20 milliGreys (mGy), and that CTA-only follow up after EVAR equates to a total 

effective radiation dose of around 145-205 millisieverts (mSV) over 5 years
162

 with a 
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risk of cancer induction.
163

   This is contrasted with the 1mSV exposure required for the 

abdominal x-rays needed to assess for stent migration, kinking and fracture.  The 

authors emphasise that the increased number of endoleaks detected by CEUS 

represent higher sensitivity, rather than false positives and CEUS has the advantages of 

detecting the direction of flow of endoleaks which may be valuable information when 

planning re-intervention.  CEUS has all but replaced CTA at their institution for EVAR 

surveillance. 

These more contemporary studies were combined in a further meta-analysis in 

2012.
157

 The pooled sensitivity of CEUS compared with CTA was 0·96 for all endoleaks 

with a specificity of 0·85.  This reduction in specificity may be in some part due to a 

higher sensitivity of CEUS than CTA.  Their secondary analysis was unique in comparing 

CTA with CEUS as the gold standard finding a pooled sensitivity of CTA as 0.70 with a 

specificity of 0.98.  As there are clear economic considerations in performing CEUS in 

routine surveillance (e.g. material cost of contrast agent, further scanning time) a 

further analysis comparing the ability of DUS and CEUS to detect type I and type III 

endoleaks showed no statistical difference in the sensitivity of CEUS and DUS.  As the 

ability of DUS to detect type I and III endoleaks currently seems non-inferior to CEUS, 

the extra cost of CEUS was not be supported for routine use in EVAR surveillance.  This 

was subsequently supported by another large retrospective series that compared CTA 

to DUS in 242 cases and found DUS 100% sensitive and 85% specific for all endoleaks 

when compared to CT, questioning the role of CEUS in routine EVAR follow up.
158

 They 

estimated over £60,000 per year in cost savings to the hospital by switching to a 

duplex- based surveillance programme. 

It is clear from the literature that some centres favour routine use of CEUS
155, 156, 159

 

over DUS despite the added cost of a  contrast agent and a meta-analysis suggesting 

that CEUS is no better than DUS in detecting clinically important endoleaks.
157

  A more 

pragmatic approach to the use of CEUS has been suggested in a study by Millen who 

investigated the introduction of CEUS into their surveillance programme between April 

2011 and July 2012.
160

  They proposed three indications for CEUS: 
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1. Endoleak classification:  CEUS should be used pragmatically to clarify endoleaks 

that are indeterminate on other modalities 

2. Cases of endotension. 

3. Target vessel patency after fenestrated endovascular repair in patients with 

CKD IV and in whom DUS was non-diagnostic. 

 

An almost ubiquitous criticism of duplex ultrasound as a surveillance tool following 

EVAR is operator dependency, and it is surprising how infrequently this is assessed in 

the literature.  Indeed, 2D ultrasound requires the clinician to sweep the probe back 

and forth across the subject while mentally visualizing the anatomy from multiple 2D 

images in 3D, which is likely to produce variability in results.  This may be mitigated to 

some extent by operator experience and scanning to a specific protocol, though it is 

not always possible to have such expertise readily available.   

There is clearly a need for a technique of detecting endoleaks that is sensitive, specific 

and avoids the drawbacks of CTA imaging as well as minimising operator dependence.  

3D ultrasound has the potential to fulfil this role and warrants detailed examination 

against the ĐuƌƌeŶt ͚gold staŶdaƌd͛ of CTA.     

 

3.1.3 Volume measurements 

 

Aneurysm shrinkage, based on maximal diameter is thought to be predictive of 

freedom from complications after EVAR.  Intuitively, as AAAs are 3D structures, 

measurement of the aneurysm volume should be more sensitive than crude diameter 

in detecting more subtle changes.  Changes in aneurysm morphology are known to 

alter dimensions at multiple levels and these could clearly be missed by measurement 

of a single cross section, regardless of whether they are standard transverse 

measurements or orthogonal to the central luminal line.   

 

The potential value of volume measurements after EVAR was first elucidated by Wever 

some 14 years ago.
164

  They compared CT diameter measurements with volume 
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measurements after EVAR and found that aneurysm size changes after EVAR were not 

seen when using maximal diameter measurements in over one-third of cases.  This was 

supported by work by Prinssen
82

 in 2003 who studied 347 CT images from 82 patients 

in an EVAR surveillance programme.  They found that measurement of aneurysm sac 

volume provided earlier evidence of sac shrinkage after EVAR than diameter alone.  

Significant decreases in sac volume were seen in more than 60% of patients in 6 

months compared with diameter measurements that only reached a comparable rate 

after 2 years. They recommended volume measurements for all patients.   

Van Keulen compared CT measurements of maximum diameter, orthogonal diameter 

and volume measurements in 56 patients following EVAR.
83

  Volume measurements 

were taken using a validated, semi-automated technique.  Increases in transverse and 

orthogonal diameters were associated with an increase in volume in only 38% and 44% 

of cases.  They also demonstrated that diameter measurements increased without an 

increase in volume in small proportion of patients.  Importantly, 63% of volume 

increases in the presence of type II endoleak were missed by diameter measurements 

alone.  As increase in sac size is generally considered an indication for re-intervention, 

there may be a group of patients who require treatment for endoleaks that are not 

detected by simple diameter measurements.       The findings of a more recent study 

by Hahne
84

 are contradictory to those outlined above.  A retrospective analysis of 220 

CT scans from 73 patients after EVAR found a high correlation of volume and diameter 

(r = 0.813–0.905; < 0.01).  Additionally, there were associated increases in sac 

diameter and volume in the presence of endoleaks.   

With adoption of ultrasound-based EVAR surveillance, volume measurement using CT 

is no longer a feasible option for most patients and a number of studies have explored 

the possibility of AAA volume measurements using 3D-US.  A proof of principle was 

established in 2001 by a group from the USA, where 3D volume meshes of a normal, 

aneurysmal and stent-grafted aorta were generated using an electromagnetically 

tracked freehand system (“oŶos ϱϱϬϬ ultƌasouŶd + ͚FloĐk of Biƌds™͛; 

AscensionTechnology, Burlington, Vt).
165

   Generation of the 3D meshes required 

manual outlining on each individual image before processing with a separate software 

package.  The purpose of the paper was to demonstrate that such a technique was 
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possible, rather than assess its accuracy or reproducibility and despite the subsequent 

interest in volume measurements as outlined above, very little work on volume 

measurement using 3D-US was published for a number of years, though a number of 

authors used 3D-US to study AAA diameters.
166, 167

  

Some 12 years later, another group from the same institution presented results of 

seven patients with paired data from 3D US and CT angiography.
168

  They utilised the 

same approach as previously described, though this was refined by ECG gating of the 

image capture to reduce variations in vessel size with the cardiac cycle, though this 

extended image acquisition time up to 5 minutes.  Again, manual outlining of the 

aneurysm was required on each modality and took up to 43 minutes for each case.  CT 

and ultrasound data was measured by two independent observers on two separate 

occasions.  Although clearly limited by small numbers, they reported a correlation co-

efficient for volume measurement of 0.93 and good inter-rater reliability.  The time 

taken for processing each case limits the routine utility of this approach for routine 

cases in busy vascular surgery departments. 

Another approach to volume measurement is detailed by Long and colleagues.
169

 They 

defiŶed a ͚paƌtial ǀoluŵe͛ that Đould ďe ŵeasuƌed iŶ the aďseŶĐe of staŶdaƌd ǀisiďle 

landmarks (such as the renal arteries and aortic bifurcation) as the full AAA anatomy 

was not within the field of view of the mechanical 3D transducer.  In 42 patients, they 

demonstrated impressive inter-observer reproducibility with an intra-class correlation 

coefficient of 0.99 when AAA volumes were measured with 3D-US by two blinded 

raters.  Their approach was limited in a number of ways. Firstly, although a high degree 

of reproducibility was achieved, the volume measurements using 3D-US were not 

Đoŵpaƌed ǁith a ͚gold staŶdaƌd͛ ;e.g. CT) or validated against a known volume (e.g. 

using a phantom)  and may therefore not be accurate.  Secondly, the mechanical probe 

used had a limited field of view, allowing assessment of a volume only 15mm proximal 

and distal to the maximal aortic diameter.  It is possible therefore that volume changes 

outside this area may not have been detected. 
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Bredahl and colleagues subsequently addressed the issue of comparison to CT 

scanning by using the same scanning protocol, probe and processing software as the 

Long group to measure AAA volume in 93 patients after EVAR.
170

  They found that 

volume measurements using their 3D US method were within +/- 12ml of CT 

measurements with a mean difference of 1ml.   CT measurements were more 

reproducible than 3D US measurements (mean of difference for 3D US 2ml) mainly due 

to the image quality limitations inherent to ultrasound and that the 3D-CT inter-

operator variability included only the reading process, whereas the 3D-US inter-

operator variability included both a new acquisition and a reading.  Despite this, 

reproducibility of 3D-US volume measurements was still within the current expected 

variability of diameter measurements using 2D-US.  

More recent work by Arsicot failed to produce such accurate results.  They again used 

a mechanical 3D-US probe to measure AAA size following EVAR.  Their method for 

defining the measured volume on CT scan was by loss of the parallelism of the aortic 

walls and an external diameter greater than 30 mm, but the method for 3D-US 

measurements was not given.  The mean difference between CT and 3D-US 

measurements was 12.75ml with wide limits of agreement between - 58.43 and 

32.91ml.  The inter-operator reproducibility calculated on a sample of 45 pairs of 

examinations was r = 0.949 (p < 0.0001) with the mean of the differences between two 

operators of 3.31ml.  This study suffers from methodological limitations including a 

poor explanation of how the proximal and distal extent of the aneurysm was defined 

on 3D-US and the use of different software packages to analyse the CT and ultrasound 

data.  It is unclear if the ultrasound system or software used is calibrated or designed 

for vascular applications.   Additionally, the interval between 3D-US and CT scans was 

often long with the mean interval between 3D-US and CT examinations of 48.18 ± 

36.52 days which may have accounted in part for the difference between CT and 

ultrasound measurements. 

The advantage of a freehand tracked 3D-US system for volume measurement would be 

its ability to image most of the infra-renal aorta, rather than a partial segment that 

would be hoped to be representative.  Before volume measurements using this 
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systems can used, it requires validation of its accuracy against a gold standard in the 

form of CT scanning, and assessment of inter and intra-observer reliability. 

 

3.2 Ultrasound for rupture risk prediction 

 

Two authors have recently used 3D-US for estimation of rupture risk, taking very 

different approaches.   

The study by Bihari
171

 is the only study to derive physiological parameters from AAAs 

using a 3D US modality.   In-vitro validation of the system using a pulsatile AAA model 

with both laser-scan micrometer and video photogrammetry showed that the 

measured mean differences between 3D-US speckle tracking and the reference 

methods were under 0.76 mm.  They therefore subsequently used 3D-US speckle 

tracking to investigate strain parameters in 5 patients with AAAs.  They were able to 

demonstrate strong local differences in the biomechanical properties of AAAs, and that 

the strain response of individual AAAs to similar blood pressures was heterogeneous.  

Although the paper is the first to describe strain parameters from 3D-US, aside from 

the small sample size there are a number of criticisms that can be made.  Firstly, the 

3D system used has been developed and optimised for echocardiography and data 

required exporting to another system for further processing and analysis.  Secondly, 

͚“tƌaiŶ͛ is a measure of physical distortion (i.e. stretch) and does not translate to 

͚stƌess͛ ;i.e. loadͿ ǁhiĐh is thought to ďe the ŵost iŵpoƌtaŶt ďioŵeĐhaŶiĐal paƌaŵeteƌ. 

 

A recent study by from the Netherlands has been the first to explore this approach,
172

 

analysing paired 3D ultrasound and CT images from 15 patients.  3D-US was performed 

using a mechanical array.  Due to the limited sweep range of the mechanical 

transducer, multiple acquisitions were performed to image the AAA in each patient.  

The US data was then manually segmented before assembling the acquisitions into a 

single geometry in post-processing.  The 3D-US and CT based models were then 

objectively compared using a similarity index and their performance assessed in finite 

element analysis.   
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They experienced difficulties with poor image quality and limited field of view making 

three patients unsuitable for analysis.  Four FEA simulations failed.  The geometrical 

comparisons had a positive trend with a similarity index of at least 0.74.  However, 

when 8 paired geometries were compared in FEA, the 3D-US models over-estimated 

stress by 23% in high stress regions.  One of the main limiting factors was the need to 

fuse multiple acquisitions together to produce a single geometry, leading to artefacts 

causing regions of high stress in FEA.  This will be difficult to overcome and is a 

limitation of using a mechanical array, though development of an automated 

segmentation and fusion process may improve this and enhance clinical applicability.  

An alternative approach would be to acquire 3D-US data using a freehand system, as 

this would allow imaging of the aorta in a single acquisition.  This would remove the 

need for such extensive post-processing and may avoid the stress artefact caused by 

registration of multiple volumes.
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OVERVIEW OF THESIS AIMS 
 

3D-US has a number of emerging applications across different medical specialities.  

The ability to provide non-invasive, relatively inexpensive and radiation free 3D 

imaging provides scope for use in a number of different areas of AAA diagnosis and 

treatment outlined in the above review.  The main aim of this thesis is to develop 

novel clinical applications for 3D-US in the diagnosis and management of AAA.  This 

can be divided into four specific research questions:  

 

Can 3D-US: 

1. Provide completion imaging following EVAR that is non-inferior to uniplanar 

angiography?  If so, will it prove to be a clinical tool that could reduce contrast 

burden in patients with severe chronic kidney disease undergoing EVAR? 

 

2. Improve the detection and classification of endoleaks for patients in EVAR 

surveillance when compared to CT angiography and 2D contrast-enhanced 

ultrasound?  Does it have the potential to reduce the number of CT scans or 

catheter angiograms required in EVAR follow-up? 

 

3. Measure AAA volume in an accurate and reproducible fashion when compared to 

volume measurement using CT angiography? 

 

4. Provide AAA geometries that be used in biomechanical analysis to estimate peak 

wall stress and wall sheer stress?  What are the technical challenges in developing 

this as a useable clinical tool? 
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SECTION 2: METHODS 



 

 

66 

 

CHAPTER 4: METHODS FOR PROGRAMME OF RESEARCH 

 

4.1 Duplex ultrasound and three-dimensional ultrasound 

 

4.1.1 Ultrasound Generation 

 

Ultrasound (US) is part of the spectrum of mechanical waves of a typical frequency of 

>20,000Hz and is generated by passage of an alternating electrical current through 

piezoelectric crystals.   The piezoelectric effect is a reversible process such that 

materials exhibiting the direct piezoelectric effect (the internal generation of electrical 

charge resulting from an applied mechanical force) also exhibit the reverse 

piezoelectric effect (the internal generation of a mechanical strain resulting from an 

applied electrical field). 

In an US transducer, application of an electrical voltage causes the crystals to expand 

and contract to produce mechanical oscillations that are transmitted as longitudinal 

waves of compression and refraction until an interface is encountered.  Reflected 

waves from interfaces travel back through the medium to piezo-electric crystals which 

then convert the mechanical oscillations to electrical impulses.  The time taken for the 

reflection to travel back to the probe is used to calculate the depth of the tissue 

causing reflection. 

 

4.1.2 Three-dimensional ultrasound (3D-US) 

 

Three dimensional ultrasound is an evolution of standard US that overcomes a number 

of limitations of 2D-US imaging.
173

   

1. Conventional use of US is very operator dependant as it involves the mental 

transformation of multiple 2D images into a subjective 3D impression of anatomy 

and pathology.  This is universally considered time consuming, inefficient and a 

source of significant inter-observer variability.  In contrast, 3D images can be 

reconstructed from data obtained from a single sweep of the probe across the 

http://en.wikipedia.org/wiki/Reversible_process_(thermodynamics)
http://en.wikipedia.org/wiki/Force
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region of interest.  Each ultrasound image and its relative position are known and 

therefore the exact location between anatomical structures is recorded.
174, 175

    

 

2. With 2D-US, the displayed images are displayed as a ͚flat͛ aŶatoŵiĐal seĐtioŶ. With 

3D-US the data can be presented in a number of ways including multiplaner 

reconstructions (MPRs), volume rendering and surface rendering.
173-175

    

 

3. Conventional 2D-US is not accurate for monitoring disease progression or for 

conducting quantative prospective or follow-up studies due to difficulty in 

replicating the transducer position so the 2D plane is in the same anatomical site 

and orientation as the previous study.
173, 175

 

 

4. Volume estimations made using 2D-US are based on measurements that are 

approximately orthogonal to each other which may lead to inaccurate and variable 

results.  
176-178

 

 

4.1.3 Types of 3D-US 

 

There are three main approaches to the acquisition of 3D-US data; mechanical, matrix 

and freehand. 

Mechanical 3D-US transducers consist of a motor contained within the transducer that 

moves a single array of up to 512 piezoelectric crystals acquiring a series of two-

dimensional (2D) images. These 2D images are then placed sequentially into a 3D 

volume reconstruction. The volume that can be imaged is relatively small compared to 

a matrix transducer. Hence, only small sections of anatomy can be imaged using this 

technology.  

A typical commercially available matrix 3D-US transducer is composed of grids up to 

9000 piezoelectric crystals. The imaging volume is larger than mechanical transducers 

and image acquisition at around one second is much faster.   Due to the grid of crystals 

and electronic sequencing, image acquisition can be performed in all three image 
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planes.  The image resolution is slightly reduced compared with the mechanical 

transducer.  Similar to mechanical scanning, the fixed crystal grid in matrix scanning 

can image limited volumes but over a longer and wider range.    However, for long 

vessels the anatomy cannot always be seen in a single acquisition. 

͚FƌeehaŶd ultƌasouŶd͛ refers to a method of 3D-US that uses positional sensing to 

reconstruct 2D US frames in 3D.  The position sensor is attached to the ultrasound 

probe of a standard system and records the trajectory and position of the ultrasound 

probe as the region of interest is scanned.   The system therefore is made up from a 

standard ultrasound machine, positional sensors and a computer to record and 

combine the ultrasound and positional data.  Most often a magnetic or optical 

positional sensor is used.  Both magnetic and optical tracking are well established 

techniques for multi-modality image registration used in other surgical specialities, 

particularly neurosurgery (e.g the Brainlab™ platform. Brainlab AG, Germany).
179 

In magnetic systems, a magnetic field is transmitted from a generator through the 

volume in which the scan is to be acquired.   Sensors attached to the probe pick up the 

field in three orthogonal directions allowing the position and orientation of the probe 

to be computed (Figures 9 and 10).  

 

 

Figure 9: Schematic of a magnetically tracked freehand ultrasound system.
175

 

Reproduced with permission ©SAGE. 
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Figure 10: Liner US transducer adapted for magnetically tracked freehand 3D-US. An 

electromagnetic sensor is attached in a calibrated position.  

 

The main advantage of magnetic tracking over optical tracking is that a line of sight is 

not required.  However, interference from metal objects can affect tracking accuracy 

and magnetic systems cannot be used in the presence of pacemakers or internal 

cardiac defibrillators.  

The Curefab CS system is a magnetically tracked system.  It uses the 3D guidance 

sǇsteŵ ͞dƌiǀe BAY͟ ;AsĐeŶsioŶ TeĐhŶologǇ Coƌp., BuƌliŶgtoŶ, U“AͿ, ǁhiĐh pƌoǀides 

positional accuracy of 1.4 mm root mean square (RMS) and rotational accuracy of 0.5° 

RMS.  Tracking sensors are mounted on the ultrasound probe in specific calibrated 

positions.  A high precision frame grabber is used to record the ultrasound image 

frames, and can be connected to any conventional ultrasound device that has an 

external analog (VGA) or digital (DVI, HDMI, Display Port) video output (Figure 11).  
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Figure 11: Curefab CS system.
180

Reproduced with permission under CC licencing 

 

In optical tracking (Figure 12), a target is attached to the ultrasound probe.  A 

stereoscopic camera emits infrared light and is able to track the position of the target 

mounted on the surgical instrument or probe.  The Piur Imaging prototype (Piur 

Imaging GmbH, Vienna, Austria) also utilised in this thesis uses a target consisting of 

reflective spheres mounted on a 3D printed jig that is attached to the ultrasound 

transducer.  These are then tracked by an infrared camera (Polaris Vicra, NDI Medical, 

Ontario) (Figures 13-14).  Current evidence suggests that optical systems are superior 

at locating orientations in 3D space and they are not affected by the metallic 

interference seen in magnetic systems.
175

  The main disadvantage is the need for a 

continuous line-of-sight between the target and the camera.  However, this can be 

easily overcome by appropriate positioning of the patient and the camera.   
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Figure 12: Schematic of an optical tracking system.
175

 Reproduced with permission 

©SAGE. 

 

 

 

 

 

 

Figure 13: Tracking camera used in Piur prototype 
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Figure 14: modified US probe with tracking spheres 

 

4.2 Sonovue™ contrast 

 

͚“oŶoǀue͛ (Bracco, Milan) contrast consists of a stable suspension of sulphur 

hexafluoride micro-bubbles surrounded by a phospholipid shell.  It is supplied as a vial 

containing a lyophilised powder and a syringe pre-filled with 0.9% saline.  Once 

manually mixed, it forms a suspension of sulphur hexafluride microbubbles in a 

concentration of 1 to 5 × 10
8
/ml.  It is injected directly through a suitable IV cannula 

;шϮϬ gaugeͿ iŶ a stƌaight path thƌough a thƌee-way stop-cock to avoid destruction of 

the microbubbles.
181

 It is given in bolus doses of 1-2ml followed by a bolus of 5ml of 

0.9% saline.  The maximum dose is 5ml.  Side effects are rare but include headache, 

paraesthesia and dizziness.  Microbubble survival varies between patients – those who 

quickly metabolise contrast may need further bolus or a larger initial bolus.  As the 

microbubbles are broken down, the sulphur hexafluoride gas is exhaled via the lungs 

while the phospholipid component of the microbubble shell enters the endogenous 

phospholipid pathway.  It is contraindicated in patients with right to left shunts, severe 

pulmonary hypertension and adult respiratory distress syndrome.  
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When insonated at a high frequency, the compressible gas in the microbubbles 

oscillate, producing a unique echo that enhances the visualisation of the luminal blood 

flow (Figure 15). 

 

Figure 15: Contrast-enhanced ultrasound following EVAR.  Contrast is seen contained 

within the limbs of the stent-graft and there is no endoleak seen. 

 

4.3 Computed tomographic angiography (CTA) 

 

Each CTA used in this body of work was performed with either a Siemens Sensation 16 

slice helical scanner or Siemens Emotion 128 slice helical scanner. In the study 

involving endoleak detection, both arterial phase and portal-venous phase images 

were acquired using a dose of 100 mL of the iodinated contrast medium ͚Omnipaque 

240͛ (Iohexol,240 mg/mL) administered intravenously at a flow rate of 3 mL/s using a 

pump injector.  Arterial phase-only images are used in the studies of aneurysm volume 

and biomechanical analysis.  

 

4.4 Digital subtraction angiography (DSA) 

 

DSA is a method of fluoroscopy commonly used in interventional radiology and 

vascular surgery.  It allows digital removal of unnecessary structures (e.g bone) to 

allow more detailed visualisation of vessel anatomy.  The acquisition is activated by a 

foot pedal and timed with the intra-arterial injection of a contrast media through a 
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multi-holed catheter either using a pump injector at specified volume and rate, or by 

hand.  This is most often an iodinated contrast media such as iodixanol (e.g. 

Visipaque™).  The primary concern when using iodinated contrast during DSA is 

contrast induced nephropathy (CIN).  The risk of CIN is dose-dependent and the 

minimal amount of contrast should be used in each case.  Particular attention should 

be paid to patients with impaired renal function.  Carbon dioxide (CO2) offers an 

alternative to iodinated contrast, avoiding nephrotoxicity but offering inferior imaging 

quality that is Ŷot adeƋuate foƌ ͚ĐoŵpletioŶ iŵagiŶg͛ following stent-graft 

deployment.
1
       

In EVAR, the primary use of DSA is to defiŶe the loǁest ;͚taƌget͛Ϳ renal artery to guide 

stent-graft deployment, aŶd foƌ ͚ĐoŵpletioŶ͛ iŵagiŶg oŶĐe the steŶt-graft has been 

fully deployed.  The purpose of ĐoŵpletioŶ iŵagiŶg is ͚ƋualitǇ ĐoŶtƌol͛ to assess for 

visceral vessel patency and the presence of endoleaks (Figure 16).  It is usually 

performed in a single antero-posterior imaging plane (uniplanar DSA).  The sensitivity 

of uniplanar DSA for detection of endoleaks following EVAR has been criticised,
182

 

however, additional DSA acquisitions in multiple planes (multiplanar DSA) adds to the 

contrast dose and increases the risk of CIN.
183

 

 

 

Figure 16: Completion uniplanar DSA after EVAR. The left renal artery is not seen in this 

DSA frame but is patent. 
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4.5 Image segmentation for biomechanical analysis 

 

4.5.1 Image segmentation 

 

The purpose of the image processing applications used in this research is to create 3D 

surface models of the AAA that can be exported to engineering software for use in 

biomechanical simulations. 

For use in FEA and CFD, an initial surface mesh model must be generated from both 

the 3D-US and CT data.  This initial step is known as ͚segŵeŶtatioŶ͛.  Segmentation is 

the process of partitioning a digital image into multiple segments to create contours 

that outline a structure, e.g. the AAA wall.  These contours can then be used to create 

3D models with the use of interpolation algorithms.  There are a number of different 

segmentation methods utilised by various software packages. 

 

4.5.2 Development of the ImFusion Suite prototype 

 

The Imfusion Suite (ImFusion GmBH, Germany) software prototype was initially 

developed to improve the accuracy and workflow of carotid plaque volume 

measurements.  Its potential as a tool to provide 3D models of AAAs was recognised by 

the author.  Following collaboration with the software developers, an agreement was 

reached to develop and refine the software to meet the needs of this project.  It had 

the advantage of being able to simultaneously process both CT and 3D-US data.  

Multiple software iterations were trialled by the author and refined in collaboration 

with the software team at ImFusion over approximately six months to produce a 

version that was suitable for use. 

As typical for a number of various segmentation methods
184, 185

 the ImFusion Suite 

uses an interactive image segmentation algorithm that takes as an input two sets of 

points defined by the user: one that is fully inside the target object, and another 

completely outside the object – e.g. inside and outside the AAA wall (Figure 17-18). 

These aƌe kŶoǁŶ as ͚seeds͛.  Both sets of seeds are used as initial clues for the 
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segmentation but also act as hard constraints: whatever is labelled inside (with respect 

to the outside) by the user will stay inside in the final result.  This produces an initial 

result, where the boundaries of the structure (e.g. AAA wall) are defined by the 

software (Figure 19).   Errors can then be manually corrected and refined by the user 

by placing further seeds. The segmentation process is then re-run and the result re-

assessed.  Correction is usually needed when the border between two structures is 

poorly defined.  In the case of AAA segmentation using CT, this occurs most often 

between the right postero-lateral AAA wall and the inferior vena cava as the pixel 

intensity of the blood in the IVC is similar to that of the intraluminal thrombus in the 

AAA (Figure 20). 

To produce the final result, the ͞iŶside͟ aŶd ͞outside͟ ƌegioŶs are then propagated 

and defused in the whole image.
186

  Any unlabelled pixel will be assigned to the 

segŵeŶtatioŶ if ĐaŶ ďe ƌeaĐhed "fasteƌ" fƌoŵ aŶ ͞iŶside͟ piǆel thaŶ fƌoŵ aŶǇ ͞outside͟ 

pixel. Their propagation speed depends on each pixel: if the pixel is on an edge of the 

image, the propagation speed at this pixel will be very slow.  This Đƌeates a ͚ŵask 

iŵage͛ ǁheƌe all of the ͚iŶside͛ piǆels aƌe laďelled gƌeeŶ aŶd the ͚outside͛ piǆels aƌe 

labelled red (Figure 21).  The IŵFusioŶ softǁaƌe theŶ uses theŶ uses a ͚ŵaƌĐhiŶg Đuďe͛ 

algorithm 
187

 to convert the contours generated by the segmentation into a surface 

mesh.   

The final step is to decide on the resolution of the mesh and the degree of smoothing.  

For this work, the mesh resolution was set at maximum.  A number of meshes were 

generated with different levels of smoothing for each case.  The optimal result was 

selected such that anatomical features were retained but extraneous points were 

removed (Figure 22).  Further smoothing may be required when the mesh is prepared 

for biomechanical simulation.   

This process is also summarised in video format at: https://vimeo.com/156845915 

 

 

https://vimeo.com/156845915
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Figure 17: Useƌ defiŶed ͚seeds͛ are placed ͚iŶside͛ ;gƌeeŶͿ aŶd ͚outside͛ ;ƌedͿ the AAA 

wall on CTA MPRs of the AAA 

 

 

 

Figure 18: Useƌ defiŶed ͚seeds͛ are placed ͚iŶside͛ ;gƌeeŶͿ aŶd ͚outside͛ ;ƌedͿ the AAA 

wall on 3D-US MPRs of an AAA 
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Figure 19: Initial segmentation results on CT.  The yellow line defines the boundary of 

the segmentation. 

 

 

 

 

Figure 20: Sequence of correcting an error in segmentation. The yellow line does not 

correspond to the wall of the AAA – left image.  This is due to adjacent inferior vena 

cava – blue arrow. Additional seeds are placed – centre image.  The segmentation is re-

run and the result improved – right image. 
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Figure 21: ͚Mask iŵage͛ oŶ CT.  This is geŶeƌated oŶĐe the useƌ is satisfied ǁith the 

segmentation result.  The pixels inside the structure i.e. AAA wall are labelled green, 

those outside are labelled red. 

 

 

Figure 22: Approach to smoothing.  The maximal resolution with no smoothing was 

selected – left.  The mesh was smoothed in stages to achieve an optimal result. 
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4.6 Biomechanical analysis 

 

Biomechanical analysis (CFD and FEA) was conducted in collaboration with the School 

of Mechanical Aerospace and Civil Engineering (MACE) at the University of 

Manchester.  For final CFD simulation, the commercial software STAR CCM+ Version 

01/15 (CD-adapco Melville, NY, USA) was used. FEA simulation used the commercial 

software Abaqus v6.14 (Dassault Systèmes, Paris, France). 

 

There are a number of common steps to preparing a model for simulation: 

 

1. Importing of the geometry/surface mesh from the computer aided design 

software or segmentation software.  In this case, the facility to export from 

the ImFusion software in stereolithography (STL, file extension - .stl) was 

selected.  STL files describe the surface geometry of a 3D object and are 

compatible with a wide range of software packages. 

 

1. Geometry preparation.  Once imported the surface mesh may require a 

number of processing operations including increasing in resolution (increasing 

the number of triangles), repairing, smoothing, or the addition of extra parts. 

For example, CFD analysis requires the inlet and outlets of each geometry to be 

extended away from the aneurysm.    Each of these steps can be undertaken 

using specific software packages or within more comprehensive software.  In 

this work, geometry preparation for CFD was performed using MeshMixer 

(MeshMixer, 2015. www.meshmixer.com) and MeshLab (MeshLab, 2015. 

www.meshlab.sourceforge.net.)  Geometry preparation for FEA was performed 

using 3Matic v10.0 (Materialise, Belgium).  Each of these steps is detailed in the 

relevant chapter. 

 

2. Boundary conditions.  Parts of the model need to be assigned.  For example 

the different structures in the AAA – lumen, wall, inlet and outlet.  Specific 

conditions, such as the blood velocity profile entering the aneurysm must also 

be defined.    These are described in the relevant chapter. 
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3. Meshing.  For CFD and FEA analysis the surface mesh must be converted into a 

volume mesh so that the haemodynamic characteristics within the aneurysm 

can be simulated. The volume mesh uses a range of cell types depending on the 

location within the aneurysm such as smaller prism layer cells close to the 

aneurysm wall in order to capture the large velocity changes that occur in that 

location.  The meshing types for each simulation are described in the relevant 

chapter. 

 

4. Assigning physics.  The behaviour of the model structures is assigned.  For 

example, the physical properties of the AAA wall and the blood such as the 

blood density, blood viscosity and Young's modulus of the aneurysm wall. 

These are mostly derived from previous studies in the literature. 

 

5. Post-Processing.  The data output from the simulation, can be displayed as 

various graphical representations and measurements can be defined for 

various points in the model.  These can include the wall shear stress profile 

along a specified plane cut in the aneurysm and the pressure field at the 

aneurysm wall.  
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 SECTION 3: 3D ULTRASOUND IN THE 

MANAGEMENT OF ABDOMINAL AORTIC 

ANEURYSM 
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CHAPTER 5: USE OF THREE DIMENSIONAL CONTRAST-ENHANCED ULTRASOUND 

IMAGING DURING ENDOVASCULAR ANEURYSM REPAIR 

 

Chapter contributors and role: 

D Ormesher: patient recruitment, data collection and analysis, manuscript writing.  

C Lowe: patient recruitment, data collection and analysis, manuscript writing. 
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Prof C McCollum: Supervisor 

 

CL and DO are credited with joint first authorship in the Journal of Vascular 

Surgery 
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5.1 ABSTRACT 

 

Background: Iodinated contrast during EVAR is used with caution in patients with 

chronic kidney disease. CEUS imaging using non nephrotoxic sulphur hexafluoride 

microbubble contrast is a novel imaging modality that accurately identifies and 

characterises endoleaks during EVAR follow-up. We report our initial experience of 

using three-dimensional (3D)-CEUS imaging intra operatively as completion imaging 

after endograft deployment. Our aim was to compare intraoperative 3D CEUS against 

uniplanar angiography in the detection of endoleak, stent deformity, and renal artery 

perfusion during EVAR. 

 

Methods: The study enrolled 20 patients undergoing elective conventional infra-renal 

EVAR, after which a completion angiogram was performed and the presence of 

endoleak, renal artery perfusion, or device deformity were recorded. With the patient 

still under anaesthetic, a vascular scientist blinded to angiographic findings performed 

3D-CEUS and reported on the same parameters. 

 

Results: Three endoleaks, one type I and two type II, were detected on uniplanar 

angiography and 13 endoleaks, 11 type II and two type I, were found using 3D-CEUS 

imaging. Of note, one of these type I endoleaks was not seen on angiography, 

and this patient underwent balloon moulding of the neck with resolution of the 

endoleak on repeat imaging. Of the 11 type II endoleaks seen with 3D-CEUS imaging, 

the inflow vessel was identified in nine cases. No stent-graft deformity or limb kinking 

was seen in any patient. Both renal arteries could be visualized in 10 patients, whereas 

the target renal artery was seen in 11 patients. In the remaining patients, the renal 

arteries could not be visualised, mainly due to intra-abdominal gas or patient body 

habitus. 

 

Conclusions: 3D-CEUS imaging detected endoleaks not seen on uniplanar digital 

subtraction angiography, including a clinically important type I endoleak, and was also 

more sensitive than 2D-CEUS imaging for the detection of the source of endoleak. This 

technology has the potential to supplement or replace digital subtraction angiography 



 

 

85 

 

for completion imaging to reduce the use of x-ray contrast. Intraoperative 3D-CEUS has 

been applied to allow safe EVAR with ultra-low or no iodinated contrast usage in 

selected cases, without compromising completion imaging. 
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5.2 INTRODUCTION 

 

Endovascular aneurysm repair has reduced the incidence of postoperative mortality 

compared with open repair,
68

 although EVAR may be complicated by acute kidney 

injury due to mal-deployment, renal micro-embolization, or the use of iodinated 

contrast (IC) media. IC can result in short-term and long-term contrast-induced 

nephropathy, particularly in patients with underlying chronic kidney disease (CKD), and 

is contraindicated in those who are allergic to iodine.
183, 188

 Standard endograft 

deployment technique uses digital subtraction angiography (DSA) with IC media to aid 

intra-arterial navigation and to provide quality-assurance completion imaging to 

examine for the presence of endoleaks, visceral vessel patency, and endograft 

integrity. Although an essential element of safe endograft deployment, completion 

imaging significantly contributes to the total IC load, especially if several angiographic 

runs are required. CO2 has been used as a non-nephrotoxic alternative to IC,
189

 but its 

utility is limited to endograft deployment because CO2 does not provide adequate 

image quality for completion quality control.
1
 

 

The role of contrast-enhanced ultrasound CEUS imaging in the context of post-EVAR 

surveillance has gained acceptability in recent years
153, 155, 156, 159

 because it presents a 

cost-effective  alternative to CT that does not necessitate nephrotoxic IC or ionizing 

radiation. CEUS imaging uses non-nephrotoxic sulphur hexafluoride microbubbles as 

contrast, which is completely eliminated through the lungs. 3D-CEUS is an evolution of 

this technology that uses positional information from magnetic field emitters to place 

and orientate the ultrasound transducer probe precisely in space to allow dynamic 

interrogation of an endograft from any angle within the aneurysm.  A pilot study from 

our institution showed that 3D-CEUS has accuracy comparable to or better than CT for 

detecting endoleaks during post-EVAR follow-up.
190

  

 

Intraoperative use of this technology gives the potential to visualise stent-graft 

positioning and endoleak immediately after deployment while reducing the overall 

requirement of IC media.  Thus, intraoperative 3D CEUS potentially has clinical utility in 

patients with chronic renal impairment or when CO2 is used the primary contrast 
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medium.  The aim of this study was to assess the clinical utility of 3D-CEUS for 

intraoperative completion imaging after EVAR as an alternative to conventional 

uniplanar catheter angiography for the detection of endoleak, endograft deformity, 

and renal artery patency. 

 

5.3 METHODS 

 

The study prospectively enrolled 20 patients undergoing elective infra-renal EVAR 

under the care of a single surgeon.  The local ethics committee approved the project, 

and the patients gave informed consent. All patients were initially seen in the clinic 

and reviewed by a consultant vascular surgeon. Suitability for EVAR was determined 

from an initial CT scan using IC. The morphologic characteristics of the aneurysm and 

access vessels were reviewed at a multidisciplinary team meeting.  

 

All patients underwent EVAR deployment while under general anaesthesia in a 

vascular operating theatre with mobile C-arm imaging.  After endograft deployment, a 

standard completion uniplanar DSA was performed using 20 mL full strength iodixanol 

contrast (Visipaque 270; GE Healthcare, Hertfordshire, UK) injected at 10 to 15 mL/s. 

The presence of endoleak, renal artery perfusion, and device deformity were recorded. 

Endoleaks were characterised by type and source. Renal artery perfusion and presence 

of stent-graft deformity were also noted. With the patient still anesthetised, an 

accredited vascular scientist with specific training in 3D-CEUS attended the theatre. 

This individual, who was blinded to the angiographic findings, performed conventional 

2D and 3D-CEUS imaging to measure the same parameters.   

 

The 3D-CEUS was undertaken with a Phillips IU22 ultrasound console (Phillips, 

Amsterdam, Netherlands) using a C5 2-MHz curved array probe. Then, 1-mL boluses of 

sodium hexafluoride (SonoVue, Bracco, Italy) were administered intravenously to a 

maximum of 5 mL.  The images acquired were processed using a Curefab CS 3D system 

(Curefab, Munich, Germany) and were replayed and manipulated to identify 

endoleaks. The 3D-CEUS findings were then verbally relayed to the team performing 

the EVAR and recorded. If necessary, any interventions based on the 3D-CEUS findings 
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were then undertaken.   The recorded outcome measures were presence of an 

endoleak, type of endoleak, inflow vessel of endoleak, renal artery visualisation and 

patency, and evidence of limb kinking.  A MĐNeŵaƌ͛s test was used to assess the 

difference between DSA and 3D-CEUS for detection of endoleaks. 

 

5.4 RESULTS 

 

The study included 20 consenting patients, and their demographics are given in Table 

2. Of these patients, 19 underwent EVAR for infra- renal abdominal aortic aneurysm, 

including 18 bifurcated stent-grafts and one aorto-uniiliac device.  One patient had 

EVAR with a bifurcated stent-graft for a common iliac aneurysm that could not be 

treated with a straight stent graft.  The choice of stent-graft was determined by 

aneurysm anatomy and was within the manufacturer͛s instructions for use in all cases.  

 

Three endoleaks - one type I and two type II – were detected on uniplanar 

angiography.  2D-CEUS imaging found 13 endoleaks: 3 type I, 9 type II, and 1 type III.  

3D-CEUS also demonstrated 13 endoleaks, including both type I endoleaks. Of note, 

one of these type I endoleaks was not seen on angiography (Figure 23) and this patient 

underwent balloon moulding of the neck, with resolution of the endoleak on repeat 

3D-CEUS imaging.  Of the 11 type II endoleaks seen with 3D-CEUS imaging, the inflow 

vessel was identified in nine.  3D-CEUS imaging reclassified two endoleaks described by 

2D-CEUS; the type III endoleak was found to be a type II and one type I was found to 

be a type II.  A MĐNeŵaƌ͛s test ĐoŶfiƌŵed a sigŶifiĐaŶt diffeƌeŶĐe ďetǁeeŶ D“A aŶd 

3D-CEUS for endoleak detection  ;D“A ϯ/ϮϬ, ϭϱ% ǀs ϯD ϭϯ/ϮϬ, ϲϱ%, MĐNeŵaƌ͛s 

p=0.002). 

 Table 3 summarizes endoleak detection and classification.  No stent-graft deformity or 

limb kinking was seen in any patient. Both renal arteries could be visualised in 10 

patients, whereas the largest (lowest) renal artery was seen in 11 patients. The renal 

arteries in the remaining patients could not be visualised due to intra-abdominal gas 

and patient body habitus. Use of the microbubble contrast did not cause any adverse 

reactions or complications.
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Table 2: Patient Demographics 

 Age Sex BMI Aneurysm size Smoker Diabetes Systolic BP Diastolic BP Creatinine  EVAR Device 

70 M 
33.6 7.2 N 

N 
128 79 175 Cook LP 

86 M 
27.8 6 N 

N 
160 80 109 Endurant II 

74 M 
26.1 7.8 N 

N 
171 74 118 Cook Zenith 

72 M 
30.5 5.6 N 

N 
130 90 115 Endurant II 

77 M 
25.2 6.1 Y 

N 
161 95 213 Ovation 

66 M 
32.7 5.5 N 

N 
124 83 71 Endurant II 

75 M 
30.4 5.7 N 

N 
127 72 120 Endurant II 

68 M 
23.1 8.4 N 

N 
150 70 83 Endurant II 

79 M 
29.8 6.4 N 

N 
193 93 102 Ovation 

79 M 
24.0 5.7 N 

N 
142 65 59 Endurant II 

64 M 
30.0 6.7 N 

N 
151 80 66 Aorfix 

86 F 
26.4 5.5 N 

N 
131 63 83 Ovation 

84 M 
30.1 5.5 N 

N 
118 68 84 Endurant II 

88 F 
28.3 5.8 N 

Y 
110 40 72 Endurant II 

74 M 
32.2 7.1 N 

N 
137 68 83 Endurant II 

81 M 
20.0 4.2 (iliac) Y 

Y 
128 64 66 Endurant II 

72 M 
26.0 5.3 N 

N 
162 80 129 Endurant II 

83 M 
27.2 5.7 N 

N 
165 74 69 Endurant II 

86 M 
29.0 6.1 N 

N 
128 61 102 Anaconda 

75 M 
29.0 9.5 N 

N 
142 48 107 Endurant II 
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Table 3: Endoleak detection by imaging modality used 

  

Endoleak Type Uniplanar DSA 2D-CEUS 3D-CEUS 

I 1 3 2 

II 2 9 11 

III 0 1 0 

Total 3 13 13 

 

 

 

 

 

Figure 23: A type I endoleak (arrow) as seen on the Curefab CS system workstation 

(Curefab, Munich, Germany) that was not identified on uniplanar angiography. 
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5.5 DISCUSSION 

 

Standard uniplanar DSA using IC has been found to miss 4% to 9% of endoleaks.
182, 191

 

This may be mitigated by multiplanar or rotational angiography but at the expense of 

increased intra-arterial contrast volume and radiation exposure. A retrospective 

analysis of 615 EVARs found that duplex scanning within 48 hours of surgery found 

endoleaks in 53 patients, including 17 type I and eight type III endoleaks, of which 10 

of the type I leaks and none of the type III leaks were seen on completion uniplanar 

angiography.
182

   

 

The Curefab CS system represents an enhancement to standard duplex ultrasound 

technology by combining contrast-enhanced duplex, a magnetic field emitter, and 

tracking sensors that can be applied to most standard ultrasound probes. Processing 

produces a 3D image that can be enlarged and rotated so the aneurysm body and the 

stent-graft can be identified from all angles. The ability to rotate the 3D reconstruction 

and scroll through the ultrasound image slice-by-slice, akin to CT images, 

simultaneously in sagittal, coronal, and transverse planes, allows the operator to 

ensure that adjacent vessels are not mistaken for endoleaks. An additional benefit of 

enabling imaging in three planes simultaneously, without manually rotating the 

transducer, is that the operator does not lose a small area of interest during manual 

rotation, thus allowing confident identification of even small leaks.   

 

Because images are acquired in the same way as conventional CEUS, 3D-CEUS imaging 

does not add to the time required for scanning and is completed in 5 minutes. Imaging 

processing takes seconds, and the time for interpretation depends on the presence or 

absence of an endoleak. In our experience, the scanning, interpretation, and 

communication of results added only 10 minutes to the EVAR procedure.  Provided the 

operator has experience with CEUS, we have found 3D-CEUS images are easier to 

interpret due to the ability to manipulate the images and view them in multiple planes. 

A pilot study from our institution showed promising results using 3D-CEUS for 

endoleak detection compared with CT as a gold standard, with encouraging inter-rater 

reliability (k = 0.88; 95% confidence interval, 0.718-1.0).
190
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In this series, 3D-CEUS imaging detected a type I endoleak that was not seen on 

angiography.  This was treated at the same sitting with balloon moulding. We noted 

that 2D-CEUS imaging found the same number of endoleaks as 3D CEUS imaging, 

although 3D was superior in delineating the inflow vessel and also reclassified two 

clinically significant endoleaks - one type III and one type Ia - to type II leaks that did 

not require any immediate treatment.  In each of these cases, the ability to manipulate 

the 3D images allowed for a more detailed interrogation of the ultrasound data and a 

more accurate diagnosis.  Although it is the experience of endovascular therapists that 

some type I endoleaks will seal in the postoperative period after reversal of 

anticoagulation, there is currently no way to predict those that will resolve 

spontaneously.
182, 192

   

 

The type I leak seen on 2D-CEUS imaging and not on DSA was thought to be significant 

due to the volume of contrast seen flowing into the sac. We believe that most 

endovascular specialists would treat an endoleak of this type.  Although the renal 

arteries could not be seen in 50% of cases, in our experience of CEUS imaging, this 

does not preclude an accurate diagnosis of type I endoleaks due to their characteristic 

appearance. We previously established that 3D-CEUS imaging has high endoleak 

sensitivity compared with CT scanning.
190

 Although the number of patients limits the 

present study, it provides scope for a larger-scale study involving a greater number of 

patients.  A paired analysis of completion 3D-CEUS scanning with bi-planar 

angiography in patients with adequate renal function would further assess the 

sensitivity to detect endoleaks. The results suggest that 3D-CEUS imaging is either non-

inferior or superior to uniplanar angiography in endoleak detection. 

 

The main utility of the addition of a 3D system is the ease of interpretation and image 

manipulation that is afforded by the volumetric and multiplanar reconstructions. A 

frequent criticism of US modalities for EVAR surveillance is operator dependency and 

the difficulties of interpreting 2D images in three dimensions; this may be mitigated by 

the use of a 3D system. Duplex also affords advantages of hemodynamic 
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measurements to assess for limb kinking that may be missed due to parallax on 

angiography, although no limb problems were found in this series.   

 

The main application of 3D-CEUS imaging in this setting is for patients with impaired 

renal function where there is a priority to avoid IC volume or in emergency cases with 

a background of CKD where an additional acute kidney injury is a concern due to 

repeated contrast loads from CT scanning and to hypotension. Intraoperative 2D or 3D 

CEUS can provide quality control imaging for EVAR performed using CO2 angiography. 

CO2 angiography is an attractive option for arterial navigation and endograft 

deployment in patients with poor renal function,
189, 193

 although it is generally 

inadequate for completion imaging.
1
 

 

In three cases at our institution, we used CO2 for navigation and deployment of 

conventional infra-renal endografts and 3D-CEUS for completion imaging, allowing for 

contrast-free or ultralow-contrast EVAR. In the first case, we treated a patient with 

stage IV CKD with an estimated glomerular filtration rate (eGFR) of 20 ml/min/1.73 m
2
 

using a bifurcated Endurant II (Medtronic, Minneapolis, Minn) stent-graft. We found 

that CO2 provided adequate imaging quality to define the renal arteries and the iliac 

bifurcation. No endoleaks were seen on uniplanar CO2 angiography, and this was 

confirmed with intraoperative 3D CEUS, which also demonstrated renal artery patency.  

 

The second patient also had stage IV CKD (eGFR, 30 ml/min/1.73 m
2
) and underwent 

EVAR using a bifurcated device. In this case, CO2 failed to adequately demonstrate the 

target renal artery before deployment and therefore we used a hand-injection of 5 mL 

contrast to confirm the stent-graft position below the renal arteries. Imaging of the 

iliac system was clear enough to then allow graft deployment, and completion imaging 

was performed with 3D-CEUS. 

 

The third patient presented with a ruptured aorto-iliac aneurysm. Intra-arterial 

contrast was used to define the iliac anatomy and embolise the internal iliac artery; 

however, graft deployment was performed with CO2 angiography.  Completion 

imaging with performed with CEUS and limited contrast dose to 25ml. We obtained full 
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completion imaging in all three patients, and no patient had a postoperative decline in 

eGFR. 

 

This was a pilot study involving 20 patients and it is appropriate to considering 

powering for a full-scale trial.  This should focus on the detection of only clinically 

relevant endoleaks (i.e. type I and III endoleaks). Firstly, assuming a non-inferiority 

study where 3D-CEUS can be up to 5% worse at finding type I and type III endoleaks 

compared to DSA, there would be 80% power for the lower limit of the 95% CI to be 

greater than -5% if 350 patients were recruited. This calculation assumes the 

discordant proportion is 0.13875, the proportion of both tests finding an endoleak is 

0.005625 (based on 7.5% endoleak rate from both tests) and the expected difference 

is 0%.  Assuming a superiority trial, using a McNemar's test there would be 80% power 

at the 5% significance level to detect differences of 5% between 3D and DSA, assuming 

a discordant proportion of 0.14, with 427 patients. 

 

 

5.6 CONCLUSIONS 

 

The results of this study suggest that intraoperative 3D-CEUS imaging accurately 

identifies and characterises endoleaks immediately after stent-graft deployment. 

Furthermore, 3D-CEUS imaging was able to detect endoleaks not seen on uniplanar 

DSA, including clinically important type I endoleaks, and has advantages over 2D CEUS 

imaging in inflow vessel identification and image manipulation. The lowest renal artery 

could be seen reliably in only 50% of patients; however, by adding CO2 angiography to 

guide deployment, this technology has the potential to replace standard completion 

DSA in patients where renal function is threatened or when the source of an endoleak 

seen on completion DSA is uncertain. Intraoperative 3D-CEUS combined with CO2 

imaging has been applied to allow safe EVAR with ultra-low IC or no IC usage in 

selected patients, without compromising completion imaging.  The number of patients 

required likely precludes a full-scale study.
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CHAPTER 6: 3D CONTRAST ENHANCED ULTRASOUND IMPROVES THE ACCURACY OF 

CLASSIFICATION OF ENDOLEAKS FOLLOWING ENDOVASCULAR ANEURYSM REPAIR 

 

Chapter contributors and role: 

C Lowe: patient recruitment, data collection and analysis, manuscript writing.  

A Abbas: Pilot data. 

S Rogers: 3D-US scanning and analysis. 

L Smith: 3D-US scanning and analysis. 

Mr J Ghosh: Co-supervisor. 

Prof C McCollum:  Conception, Supervisor. 

 

The contents of this chapter are reproduced with permission of Elsevier. 
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6.1 ABSTRACT  

 

Background: Three-dimensional contrast-enhanced ultrasound (3D-CEUS) is a novel 

technology allowing surgeons to view duplex ultrasound images in 3D with ultrasound 

contrast highlighting blood flow in endoleaks following EVAR. It potentially reduces the 

need for computed tomographic angiography (CTA) and catheter angiography. This 

study compares 3D-CEUS with both CTA and the final vascular multi-disciplinary team 

(MDT) diagnosis using all available imaging.  Inter-operator variability for detection of 

endoleak and the influence of 3D-CEUS on patient management were studied. 

Methods:  156 consecutive patients undergoing CTA for EVAR surveillance were 

invited to undergo standard CEUS and 3D-CEUS on the same day with 3D-CEUS 

reported independently by two blinded vascular scientists. Presence and type of 

endoleak was compared between CTA, standard CEUS, 3D-CEUS and the final 

diagnostic decision made in the vascular MDT meeting.   Inter-operator reliability of 

3D-CEUS was analysed using the kappa statistic.  

Results: 100 paired CTA, CEUS and 3D-CEUS studies were analysed. When compared 

with CTA, the sensitivity, specificity, positive, and negative predictive value of 3D-CEUS 

to endoleak was 96%, 91%, 90%, and 96% respectively. When compared with the MDT 

decision with access to all imaging modalities, the sensitivity, specificity, positive, and 

negative predictive value of 3D-CEUS was 96%, 100%, 100% and 96%.  The kappa 

statistic for inter-operator agreement was 0.89.  In 7 cases of diagnostic uncertainty on 

CTA, 3D-CEUS was able to provide a definitive diagnosis 

 

Conclusions: 3D-CEUS was more sensitive and accurate than CTA for endoleak 

detection and classification following EVAR.  3D-CEUS is now our initial investigation of 

choice in cases of sac expansion during duplex follow-up or diagnostic uncertainty on 

standard duplex or CTA. 
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6.2 INTRODUCTION 

 

Life-long surveillance is routine following endovascular aneurysm repair (EVAR) to 

detect stent-graft related complications; endoleak being the most frequent.
1
  

Endoleaks may pressurise the AAA leading to continued growth and rupture.
1, 65

 

Surveillance aims to detect device-related complications early, allowing intervention 

before a complication such as AAA rupture occurs.  CT angiography (CTA) is considered 

the non-iŶǀasiǀe ͚gold staŶdaƌd͛ foƌ deteĐtioŶ of EVA‘-related complications and is 

used in surveillance programmes worldwide.
1, 16

 However, CTA may be insensitive to 

some endoleaks, is expensive, involves ionising radiation and causes cumulative renal 

damage due to nephrotoxic iodinated contrast media.
188

    

A move from CTA towards ultrasound (US) modalities for EVAR surveillance has been 

evolving for over a decade.  The optimal programme for EVAR surveillance remains 

uncertain
194

 with early reports suggesting standard duplex ultrasound was not 

sensitive enough to replace CTA for endoleak detection.
150-153

  More recently, 

acceptable detection rates for clinically important endoleaks have been achieved.
157, 

158
 Contrast enhanced ultrasound (CEUS) involves the intravenous administration of a 

stable suspension of sulphur hexafluoride micro-bubbles surrounded by a phospholipid 

shell as an ultrasound contrast enhancing the visualisation of flowing blood. Although 

CEUS was first reported for EVAR surveillance some 19 years ago,
142

 adequate studies 

demonstrating an improved sensitivity for endoleak to at least a level equivalent to 

CTA have only recently been done.
155, 156, 159

 It has the advantage of avoiding ionising 

radiation and nephrotoxicity from iodinated x-ray contrast.  While CEUS is now used 

routinely in EVAR surveillance at some institutions,
155

 a recent meta-analysis suggested 

that CEUS detects too few additional type I or III endoleaks for the extra cost of the 

contrast agent to be justified for every case.
157

 Surveillance following EVAR could 

reasonably be based on standard duplex imaging to measure AAA diameter with CEUS 

only required if the AAA sac grows or if an endoleak is suspected.
160

 

Although the skill of a good vascular laboratory scientist is to interpret standard two-

dimensional duplex images, vascular surgeons are more familiar with CTA and relying 

on simple static 2D ultrasound images or short cineloops saved for later viewing means 
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some may be reluctant to accept these reports, prefering to see the anatomy for 

themselves.  3D contrast-enhanced ultrasound (3D-CEUS) uses magnetic position 

tracking to enable a computer to assemble all the ultrasound reflections into a 3D 

image that can be interpreted by any clinician. It allows multi-planer reconstruction 

and image manipulation in any plane as when using a CT workstation.  In a pilot study 

on 30 paired CTA and 3D-CEUS acquisitions, we reported that 3D-CEUS appeared more 

accurate for the detection and classification of endoleaks than CTA.
190

  We have also 

reported intra-operative use for completion imaging following EVAR.
195

 

We now report the final results of a study comparing standard CEUS, 3D-CEUS and CTA 

for the detection and classification of endoleaks in EVAR surveillance.  Inter-operator 

variability for the detection and classification of endoleak by 3D-CEUS was also 

studied. Although 3D-CEUS was compared with CTA, the primary endpoint was to 

compare both standard CEUS, 3D-CEUS and CTA with the final decision of the vascular 

MDT attended by both vascular surgeons and interventional radiologists after 

reviewing all the available evidence including catheter angiography when this was 

needed 

 

6.3 METHODS 

 

Between May 2012 and March 2015, consecutive patients undergoing CTA for EVAR 

surveillance were invited to take part and underwent 3D-CEUS on the same day where 

possible. When not feasible, they attended as close to the same date as possible 

provided that this was within the same month.  CTA was reported by the consultant 

vascular interventional radiologists.  Standard CEUS and 3D-CEUS images were 

acquired by the same experienced vascular scientist for all patients in this study and 

reported independently by two vascular scientists blinded to each other and the CTA 

result. The learning curve of around 20 cases for Vascular Scientists reporting in this 

study was established prior to commencement.  Previous studies have compared 

ultrasound modalities to CTA as the ͚gold staŶdaƌd͛,155, 156, 159
 but no single imaging 

modality has been shown to be completely accurate. We therefore compared 3D-CEUS 

reports with the final diagnostic decision made in the vascular multi-disciplinary team 
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(MDT) meeting including vascular surgeons and interventional radiologists with access 

to all the available evidence including results from catheter angiography when 

available. All patients gave informed consent.  The study was approved by the National 

Research Ethics Service (13/NW/0485). 

 

Standard CEUS 

CEUS was performed using the same Phillips IU22 duplex ultrasound (Phillips, 

Amsterdam) and C5-1 curved array transducer for all patients. A 1ml bolus of sulphur 

hexafluoride contrast (Sonovue®, Bracco, Milan, Italy) was given into a suitable upper 

limb vein and flushed with 5ml of 0.9% saline as per our departmental protocol.  

Further 1-2ml boluses were given as required to maximum of 5ml depending on the 

complexity of the endoleak and how quickly the contrast was eliminated by each 

patieŶt.  The ͚ĐoŶtƌast͛ ŵode usiŶg a loǁ ŵeĐhaŶiĐal iŶdeǆ, ǁas seleĐted oŶ the dupleǆ 

instrument to prevent microbubble rupture.  The stent graft and AAA where 

iŶteƌƌogated sǇsteŵatiĐallǇ fƌoŵ ŶeĐk to liŵďs.  The ͚flash͛ fuŶĐtioŶ that dissipates 

contrast was used to assess the timing, direction of flow and inflow vessel of any 

endoleak detected.  

 

3D-CEUS 

The 3D-US system used was a prototype magnetically tracked freehand system 

attached to the same Phillips IU22 ultrasound unit.  It incorporated a 3D guidance 

sǇsteŵ ;͚DƌiǀeBaǇ͛TM
 Ascension, Vermont, USA) that uses an electromagnetic field 

generator with tracking sensors attached to the ultrasound probe (Figure 24). It can be 

fitted to most commercial ultrasound systems.  The information generated by moving 

the sensor in the magnetic field allowed the source of all ultrasound reflections to be 

interpreted by the computer.  Multi-planer reconstructions and a volumetric image 

were then computed from the ultrasound frames using this positional data.   

 

To acquire the 3D image, the transducer was placed proximally and swept down the 

aortic aneurysm in an axial orientation from neck to bifurcation.  A further bolus of 
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contrast was given if needed. Multi-planar reconstructions of this ultrasound data 

were generated in under five seconds.  A volumetric image that can be manipulated to 

improve visualisation of endoleaks was produced simultaneously and could be 

manipulated on a touch screen (Figure 25).  

 

CT Angiography 

CTA was performed using a Siemens SOMATOM® Perspective scanner (Siemens 

Medical, Munich).  Patients were positioned supine and images at 1mm slices were 

acquired from the diaphragm to the femoral heads.  A dual-phase protocol was used 

(arterial and delayed) using a bolus dose of 100 mL of the iodinated contrast medium 

OŵŶipaƋue ϮϰϬ™ ;GE HealthĐaƌe, UKͿ adŵiŶisteƌed at a floǁ ƌate of ϯ ŵL/s.  Multi-

planar reconstructions were produced and reported by consultant vascular 

radiologists. 

 

Statistical analysis 

 

Based on pilot study data, a power calculation suggested a minimum of 67 paired CTA 

and 3D-CEUS studies were required. Sensitivity, specificity, positive and negative 

predictive value for endoleak detection were calculated using contingency tables and 

compare with both CTA and the final MDT decision. CTA was used as a reference as it 

is ĐoŵŵoŶlǇ to plaŶ eŶdoleak ŵaŶageŵeŶt aŶd has ďeeŶ used as the ͚gold staŶdaƌd͛ 

in all previous studies. The MDT decision was based on all the available evidence 

including CTA and catheter angiography where this was indicated.  The Kappa statistic 

was used to determine consistency between two observers to detect and classify 

endoleaks on 3D-CEUS. Inter-operator agreement for endoleak detection and 

classification using 3D-CEUS was assessed to include subtypes of endoleak; e.g. 

agreement was considered negative if the first operator diagnosed a type IIa endoleak 

and the second a type IIb endoleak. Analyses were performed using SPSS statistics v20 

(IBM Corp. Armonk, NY, USA).  
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Figure 24: Standard US transducer fitted with a tracking sensor 

 

 

 

 

Figure 25: Volumetric image from 3D-CEUS showing contrast in the stent-graft limbs 

(red arrow) and a type II endoleak from lumbar artery to lumbar artery (yellow arrow). 
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6.4 RESULTS 

 

From some 600 patients in our EVAR surveillance programme, 156 consecutive 

patients due for CTA were invited. 102 matched CTA, CEUS and 3D-CEUS images were 

acquired from 99 consenting patients. Image quality in two CEUS/3D-CEUS studies was 

too poor for diagnosis due to bowel gas and/or obesity; 100 paired studies were 

analysed. There were 86 men and 13 women, mean age of 76, mean body mass index 

28. There where no side effects from the use of microbubble or x-ray contrast. CTA and 

US imaging was on the same day in 52 studies and never more than four weeks apart.  

Patient demographics are shown in Table 4.   

 

Endoleaks were detected on CTA in 46 patients compared with 49 patients for both 

CEUS and 3D-CEUS. The final MDT decision determined that there were a total of 51 

endoleaks. The frequency of endoleak was higher than in our EVAR surveillance 

program as patients with potential complications are more likely to be imaged by CTA.  

The number and type of each endoleak detected by each modality is summarised in 

Table 5, with each compared to the final diagnostic conclusion reached by the 

MDT.  3D-CEUS diagnoses compared most closely with the MDT decision.  In one case, 

3D-CEUS diagnosed a type II endoleak as a type I or III endoleak.  A diagnosis of a type I 

or III endoleak was given due to the amount of contrast in the AAA, the speed of filling 

when the contrast ǁas oďliteƌated usiŶg the ͚ĐoŶtƌast flash͛ fuŶĐtioŶ aŶd pƌoǆiŵitǇ of 

the contrast to the limb of the stent-graft  (Figure 26).  This could not be resolved on 

3D reconstruction.  CTA diagnosed a type II endoleak which was confirmed on 

subsequent catheter angiography via the internal iliac artery (Figure 27). 
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Table 4: Patient demographics 

Age (year; mean ± SD) 76 ±7.7 

Sex:  

male 

Female 

 

86% (86) 

13% (13) 

BMI (kg/m
2
; mean ± SD ) 28 ±5.5 

Graft: 

Bifurcated 

Aorto uni-iliac 

 

93% (92) 

7% (7) 

EVAR: 

Elective 

Urgent/Emergency 

 

93% (92) 

7% (7)  

Creatinine  (mmol/l; mean ± SD) 85 ± 17.45 

 

 

 

Table 5: Endoleak diagnosis by each modality.  3D-CEUS most closely reflected the MDT 

decision. 

 Modality 

Diagnosis CTA CEUS 3D-CEUS MDT 

Type I 3 3 2 2 

Type II 35 38 46 49 

Type III 1 0 0 0 

Diagnosis 

uncertain 

    

Type II or III 6 4 0 0 

Type I or II 1 3 0 0 

Type I or III 0 1 1 0 

Total 46 49 49 51 
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Figure 26: CTA (left) demonstrating a large type II endoleak (yellow arrow).  

Corresponding CEUS (right ) showing contrast in the stent-graft limbs (red arrows) with 

a large endoleak seen (yellow arrows) that was reported as a type I or III endoleak. 

   

 

 

Figure 27: Type II endoleak seen on catheter angiogram via internal iliac artery 

    

The total number of endoleaks detected by standard CEUS and 3D-CEUS was the same. 

Therefore compared with CTA, the sensitivity, specificity, positive and negative 
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predictive value for endoleak detection was 96%, 91%, 90%, and 96% respectively 

(Table 6).  Sensitivity was reduced by the failure to detect two endoleaks seen on CTA, 

one of which was a type Ia endoleak (small, and seen in the proximal aneurysm neck) 

and the other a type II leak with no associated increase in aneurysm size.    

 

When standard CEUS and 3D CEUS were compared with the MDT decision the, 

sensitivity, specificity, positive, and negative predictive values was 96%, 100%, 100% 

and 96%. (Table 7).  A kappa statistic of 0.89 demonstrated consistency in detecting 

endoleaks and classifying type.   

 

 

 

 

Table 6: Contingency table for the presence of endoleak - CTA vs. 3D-CEUS/CEUS 

 CTA  

Endoleak No Endoleak 

 

3D-CEUS/CEUS 

Endoleak 

 

No Endoleak 

44 5 PPV 90% 

   

2 49 NPV 96% 

 Sensitivity 96% Specificity 91%  

 

 

 

Table 7: Contingency table for the presence of endoleak – MDT vs. 3D-CEUS/CEUS 

 MDT  

Endoleak No Endoleak 

 

3D-CEUS/CEUS 

Endoleak 

 

No Endoleak 

49 0 PPV 100% 

   

2 49 NPV 96% 

 Sensitivity 96% Specificity 

100 % 
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There were seven endoleaks where the diagnosis was unclear on CTA.  In six of these, 

CTA failed to differentiate between a type II and a type III endoleak. In the remaining 

case, CTA could not distinguish between a type I or II endoleak.  One type III endoleak 

on CTA was re-classified as a type II by CEUS, 3D-CEUS and the MDT. Overall seven 

patients underwent catheter angiography for diagnostic or treatment reasons but 

could have been avoided in three patients if the 3D-CEUS diagnosis was accepted, as 

sac size was stable but CT could not rule out a type III endoleak in two cases and a type 

I endoleak in another.  As high-pressure type I and III endoleaks require urgent 

treatment and type II endoleaks are usually benign, it is essential that an accurate 

diagnosis be made.  These indeterminate cases seen on CTA are outlined below. 
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Case 1  

One year following primary EVAR, CTA detected an endoleak closely related to the flow 

divider of the stent-graft.   Both CTA and CEUS was unable to differentiate between a 

type II or III endoleak.  Both 3D-CEUS operators diagnosed a type IIb endoleak.  

Because of the discrepancy between imaging modalities, catheter angiography was 

undertaken and a type IIb endoleak confirmed.  As the sac size was stable no 

intervention was performed and the patient continued on duplex surveillance (Figure 

28). 

 

 

Figure 28: indeterminate endoleak close to flow divider on CTA(left, arrow).  3D-CEUS 

diagnosis of type IIb endoleak confirmed on catheter angiography (right, arrow). 
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Case 2 

A year following conventional EVAR, a CTA was performed as part of routine 

surveillance.  A type II endoleak was suspected, but a type III endoleak could not be 

excluded as the endoleak was closely related to the left limb of the stent-graft.  The 

endoleak was associated with a significant increase in sac size (>1cm).  A type III 

endoleak could not be excluded on CEUS.  After 3D-CEUS, both operators diagnosed a 

type II endoleak originating from the IMA.  As the patient had an increasing sac size, he 

underwent catheter angiography where the type II endoleak was confirmed and 

successful embolisation performed (Figure 29). Sac size remained stable at one one-

year follow up. 

 

 

Figure 29: An endoleak is seen on CTA close to the limb of the graft (left, arrow) that 

cannot be differentiated between type II and III. CEUS was indeterminate.  3D-CEUS 

diagnosed a lumbar type II endoleak that was confirmed on catheter angiography 

(right, arrow).
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Case 3 

5 years after primary EVAR a significant increase in aneurysm size was noticed on US 

surveillance.  CTA demonstrated an indeterminate type II or III endoleak. CEUS and 3D-

CEUS both diagnosed a type II endoleak.  3D-CEUS diagnosed a type II endoleak with 

lumbar inflow.  At catheter angiogram, an endoleak could not be seen; however, 

lumbar artery embolisation was performed on the basis of the 3D-CEUS finding (Figure 

30).  The MDT concluded a type II endoleak was present but possibly intermittent.  

Aneurysm size stabilised on post-embolisation follow up. 

 

 

 

Figure 30: A possible type II (left, bottom arrow) or III (left, top arrow) endoleak was 

seen on CTA.  Lumbar artery embolisation was performed after a lumbar type II 

endoleak was diagnosed with 3D-CEUS (right). 
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Case 4  

A routine surveillance CTA at 3 months following EVAR for a 7.2cm AAA detected an 

endoleak intimately associated with the overlap zone of the left limb of the graft.  

CEUS confirmed a type II endoleak, however, 3D-CEUS delineated inflow via the IMA.  

This was confirmed during a catheter angiogram, where the IMA was embolised 

(Figure 31).  

 

 

 

Figure 31: An endoleak on CTA intimately associated with the overlap zone of the main 

body and left limb of an Endurant stent-graft (left, arrow).  Confirmation of type II 

endoleak seen on 3D-CEUS during catheter angiography (right, arrow). 
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Case 5  

This patient underwent a revision EVAR due to a type Ib endoleak, by re-lining both 

graft limbs.  Four months later, a surveillance CTA was performed and detected a large 

type III endoleak close to the right limb of the graft (Figure 32).   CEUS suggested this 

was a type II endoleak.  3D-CEUS diagnosed a type IIb endoleak that was confirmed by 

the MDT.  No intervention was performed as the type II endoleak persisted but was 

not associated with an increase in aneurysm size.  On follow up, the endoleak 

thrombosed spontaneously.  

 

 

  

Figure 32: Suspected type III endoleak (arrow) seen on CTA associated with the right 

limb of the graft that had been relined. 
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Case 6  

This patient underwent EVAR in January 2015 with an Ovation® stent-graft.  The 

surveillance CTA at three months demonstrated an endoleak associated with the 

ipsilateral stent-graft limb and the main body (Figure 33).  Deployment had been 

difficult due to twisting and rotation of the main body.  There was also compression of 

the contra-lateral limb at the junction with the main body.  CTA could not differentiate 

between a type II or III endoleak.  3D-CEUS diagnosed a type II endoleak.  A catheter 

angiogram was performed to re-stent the compressed limb and investigate the 

endoleak.  No type III endoleak was seen.  The contralateral limb was re-stented.  The 

3D-CEUS diagnosis was supported by the final MDT diagnosis of a type II endoleak.      

 

 

 

Figure 33:  CTA three months following EVAR with an Ovation® stent-graft.  There is an 

indeterminate endoleak associated with the ipsilateral limb and the main body (yellow 

arrow).   
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Case 7  

A routine surveillance CTA at three months could not be distinguished between a type 

Ia or type II endoleak.  Aneurysm size was stable. CEUS and 3D-CEUS both diagnosed a 

type II endoleak only.  As a potential type I leak was seen on CTA a catheter angiogram 

was performed, but no endoleak could be demonstrated (Figure 34).  The proximal 

seal zone was balloon moulded based on the CTA result.  Repeat CEUS/3D-CEUS post-

procedure again demonstrated a type II endoleak.  The MDT considered the final 

diagnosis was a type II endoleak and the patient was returned to routine duplex 

surveillance. 

 

 

 

 

 

 

Figure 34: Possible type I endoleak seen on CTA (left, arrow).  No 

endoleak seen on catheter angiography (right). 
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6.5 DISCUSSION 

 

This study shows that 3D-CEUS was more sensitive than CTA to endoleak and more 

accurate at defining the source and type of endoleak.  CTA failed to distinguish 

between type II and III endoleak in six cases and between type I and II in one further 

patient.  These findings are important as type I and III endoleaks are considered to be 

͚high pƌessuƌe͛ leaks that ŵaǇ lead to aŶeuƌǇsŵ ƌuptuƌe aŶd Ŷeed uƌgeŶt ƌepaiƌ.  

Previously, invasive catheter angiography was indicated whenever the endoleak could 

not be accurately classified by CTA. This carried a risk of complications and was 

expensive.  In this study, 3D-CEUS classified all indeterminate endoleaks on CTA and 

achieved almost complete agreement with the final decision made by the vascular 

MDT. Therefore, catheter angiography should be used only when treatment is 

required.   

The sensitivity and specificity of US and CEUS has always been compared previously to 

CTA.
154-156, 158, 159

Our pilot study showed this to be unsafe as CTA may fail to detect 

endoleak and frequently fails to classify endoleaks accurately.
190

 There is no precedent 

foƌ usiŶg the MDT deĐisioŶ as the ͚gold staŶdaƌd͛, ďut this ǁas thought to ďe 

appropriate for this study as no single imaging modality, including catheter 

angiography, is 100% sensitive and specific. Obviously, it would not have been ethical 

to undertake catheter angiography in patients where there was not thought to be a 

need for treatment. The MDT decision was based on all available imaging including 

CTA, 3D CEUS and catheter angiography when this was needed.  The MDT consisted of 

vascular surgeons, vascular radiologists and vascular technologists not involved in the 

study to reduce bias as much as possible. 

CEUS is well documented to be more sensitive than CTA to low flow endoleaks, which 

may still relate to sac growth.
154, 155

 In this study, CEUS/3D-CEUS failed to detect only 

one type I endoleak and one type II endoleak, achieving a sensitivity of 96% when 

compared with both CTA and the MDT decision. The missed type I endoleak was small 

and in the very proximal neck – an area often difficult to image on US.  The missed 

type II endoleak was also small and found in a patient where the interval between CTA 

and 3D CEUS was 14 days; it is possible that this endoleak was intermittent or 
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thrombosed in the intervening period.  In this case, the AAA size was stable and no 

treatment was needed. 

The agreement between operators for both the detection and classification of 

endoleaks using 3D-CEU“ ǁas eŶĐouƌagiŶg ;κ=Ϭ.ϴϵͿ.  This iŶĐluded the ideŶtifǇiŶg the 

source vessel for every endoleak; the ability to accurately delineate inflow and outflow 

vessels is important in the planning of interventions.
155

 Currently, many vascular 

surgeons and endovascular therapists are more familiar with CTA as they are able to 

manipulate the images in three planes, perform reconstructions and take advantage of 

various visualization tools. As 3D-CEUS achieves multi-planer reconstructions from a 

single sweep of the transducer, the clinician can view and sĐƌoll thƌough the ϯD 

ƌeĐoŶstƌuĐtioŶ sliĐe ďǇ sliĐe, akiŶ to CTA iŵages.   The iŵages ĐaŶ ďe iŶteƌpƌeted iŶ 

aǆial, ĐoƌoŶal aŶd tƌaŶsǀeƌse plaŶes eŶsuƌiŶg that adjaĐeŶt ǀessels aƌe Ŷot ŵistakeŶ foƌ 

eŶdoleaks.  AŶ additioŶal ďeŶefit of iŵagiŶg iŶ thƌee plaŶes siŵultaŶeouslǇ, is that the 

opeƌatoƌ does Ŷot ŵiss aƌeas of iŶteƌest duƌiŶg ŵaŶual ƌotatioŶ of the tƌaŶsduĐeƌ; this 

alloǁs ĐoŶfideŶt ideŶtifiĐatioŶ aŶd ĐlassifiĐatioŶ of eǀeŶ sŵall leaks.  FiŶallǇ, the faĐilitǇ 

to segŵeŶt the steŶt-gƌaft, aŶeuƌǇsŵ aŶd otheƌ stƌuĐtuƌes ǁithiŶ the ϯD ǀoluŵe adds 

ĐlaƌitǇ iŶ diffiĐult Đases, although this ĐuƌƌeŶtlǇ takes aƌouŶd ϮϬ ŵiŶutes of ŵaŶual 

post-pƌoĐessiŶg.  A ϯD-CEU“ studǇ ĐuƌƌeŶtlǇ takes appƌoǆiŵatelǇ ϮϬ ŵiŶutes iŶĐludiŶg 

ƌepoƌtiŶg, at aŶ appƌoǆiŵate Đost of ϭϬϬ GBP/ϭϯϭ U“D. 

ϯD-CEU“ ƌetaiŶs the adǀaŶtages of dǇŶaŵiĐ iŵagiŶg ǁith dupleǆ. Floǁ ǀeloĐities 

though the steŶt gƌaft ĐaŶ ďe used to ŵeasuƌe seǀeƌitǇ of steŶosis oƌ liŵď kiŶkiŶg.  

PlaiŶ ǆ-ƌaǇs aƌe still Ŷeeded to deteĐt steŶt fƌaĐtuƌe oƌ ŵigƌatioŶ, ďut these aƌe usuallǇ 

tƌeated ĐoŶseƌǀatiǀelǇ uŶless a ĐoŵpliĐatioŶ eŶsues.ϭ   

This is the fiƌst adeƋuate studǇ oŶ ϯD-CEU“ foƌ suƌǀeillaŶĐe folloǁiŶg EVA‘.  ‘eĐeŶtlǇ, 

Gargiulo aŶd Đolleagues ƌepoƌted oŶ ͚fouƌ-diŵeŶsioŶal͛ usiŶg a ŵatƌiǆ tƌaŶsduĐeƌ ;x6-

1; Philips Medical Systems) to investigate endoleak in only 22 patients following 

EVAR.
196

  Although ͞ϰD CEU“͟ ǁas equivalent to CTA for endoleak detection, there 

were only three endoleaks and the authors fail to explain how their images were 

acquired. Matrix ultrasound transducers have a limited field of view and we are not 

told whether single or multiple acquisitions were performed for each patient. As it is 

essential to image the entire stent graft before endoleak can be confidently excluded, 



 

 

116 

 

a tracked freehand system has the advantage that it allows imaging of the entire infra-

renal aorta with one sweep of the probe.  

 

Although ƌeĐƌuitŵeŶt ǁas ĐoŶseĐutiǀe aŶd ŶoŶ-seleĐtiǀe, ϱϳ patieŶts uŶdeƌgoiŶg CTA 

pƌefeƌƌed Ŷot to take paƌt oƌ Đould Ŷot ďe sĐheduled foƌ CTA aŶd CEU“ studies ǁithiŶ a 

ŵoŶth.  AdditioŶal patieŶts ǁeƌe lost due to iŶstƌuŵeŶt failuƌe ;failuƌe of tƌaĐkiŶg 

seŶsoƌsͿ aŶd “oŶoǀue supplǇ pƌoďleŵs. The fƌeƋueŶĐǇ of eŶdoleaks at ϱϭ% ǁas higheƌ 

thaŶ eǆpeĐted iŶ a tǇpiĐal suƌǀeillaŶĐe Đohoƌt. As ouƌ suƌǀeillaŶĐe pƌogƌaŵŵe is 

ultƌasouŶd-ďased, patieŶts uŶdeƌgoiŶg CTA aƌe ŵoƌe likelǇ to haǀe aŶ eŶdoleak as CTA 

is usuallǇ ƌeseƌǀed foƌ tƌeatŵeŶt plaŶŶiŶg oƌ ĐoŶfiƌŵatioŶ of diagŶosis ŵade oŶ 

dupleǆ. A fuƌtheƌ liŵitatioŶ of this studǇ ǁas that ŵaŶǇ CTA aŶd ϯD-CEU“ studies Đould 

Ŷot ďe peƌfoƌŵed oŶ the saŵe daǇ, usuallǇ foƌ logistiĐal ƌeasoŶs. It is uŶlikelǇ that aŶ 

iŶteƌǀal of uŶdeƌ fouƌ ǁeeks had aŶ iŵpoƌtaŶt effeĐt oŶ ouƌ ƌesults, paƌtiĐulaƌlǇ as 

ŵost patieŶts had paiƌed studies oŶ the saŵe daǇ.  We atteŵpted to eliŵiŶate ďias of 

the MDT ŵeŵďeƌs to aŶ iŵagiŶg ŵodalitǇ ďǇ haǀiŶg ŵultiple ƌadiologists, suƌgeoŶs 

aŶd ǀasĐulaƌ sĐieŶtists ǁithiŶ the teaŵ, ďut ǁho ǁeƌe Ŷot iŶǀolǀed iŶ the studǇ.  This 

studǇ ǁas peƌfoƌŵed usiŶg a pƌototǇpe sǇsteŵ that did Ŷot ƌeaĐh the ĐoŵŵeƌĐial 

ŵaƌket.  Hoǁeǀeƌ, a CE-ŵaƌked sǇsteŵ ;Piuƌ tU“ – ǁǁǁ.piuƌiŵagiŶg.ĐoŵͿ is Ŷoǁ 

aǀailaďle aŶd ǁoƌks oŶ siŵilaƌ pƌiŶĐiples.  FiŶallǇ, the ĐliŶiĐal appliĐaďilitǇ of this studǇ 

ŵaǇ ďe liŵited as the use of staŶdaƌd CEU“ is Ŷot Ǉet gloďal. 

ϯD-CEU“ aĐƋuisitioŶ aŶd displaǇ is Ŷot "ƌeal-tiŵe"; this is eƋuallǇ tƌue foƌ CTA.  As ϯD-

CEU“ iŵages ĐaŶ ďe iŶteƌpƌeted iŶ the light of the ƌeal-tiŵe ϮD iŵages aĐƋuiƌed at the 

saŵe tiŵe, this is Ŷot a sigŶifiĐaŶt shoƌtĐoŵiŶg. ϯD-CEU“ is also suďjeĐt to the saŵe 

liŵitatioŶs as all ultƌasouŶd ŵodalities; ďoǁel gas aŶd oďesitǇ ĐaŶ ŵake iŵagiŶg 

diffiĐult.  AŶ eǆpeƌieŶĐed opeƌatoƌ ĐaŶ ofteŶ dispeƌse ďoǁel gas oƌ the sĐaŶ ƌepeated 

at aŶotheƌ tiŵe. OŶlǇ tǁo CEU“/ϯD-CEU“ iŵages ǁeƌe uŶsuitaďle foƌ aŶalǇsis iŶ ouƌ 

studǇ.  

Ouƌ pƌaĐtiĐe is Ŷoǁ to aƌƌaŶge staŶdaƌd dupleǆ ďefoƌe disĐhaƌge folloǁiŶg EVA‘ ǁith 

all patieŶts uŶdeƌgoiŶg CTA at thƌee ŵoŶths. IŶ the aďseŶĐe of tǇpe I oƌ III eŶdoleak, 

suďseƋueŶt suƌǀeillaŶĐe is ďǇ staŶdaƌd dupleǆ aŶd aďdoŵiŶal ǆ-ƌaǇ.  IŶ the eǀeŶt of 

aŶeuƌǇsŵ gƌoǁth >ϰŵŵ oŶ staŶdaƌd dupleǆ, ϯD-CEU“ is peƌfoƌŵed to defiŶe aŶǇ 
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eŶdoleak although ouƌ ǀasĐulaƌ suƌgeoŶs still pƌefeƌ to ďook CTA ďefoƌe plaŶŶiŶg 

tƌeatŵeŶt.   AŶǇ Ŷeǁ eŶdoleak seeŶ oŶ dupleǆ, eǀeŶ ǁith a staďle a AAA diaŵeteƌ, is 

iŶǀestigated ďǇ ϯD-CEU“ to ĐlassifǇ the eŶdoleak as ǁe Ŷot feel staŶdaƌd dupleǆ is 

satisfaĐtoƌǇ to aĐĐuƌatelǇ ĐlassifǇ eŶdoleaks.  PƌoǀeŶ tǇpe II eŶdoleaks aƌe theŶ 

folloǁed up usiŶg staŶdaƌd dupleǆ suƌǀeillaŶĐe.  If a tǇpe I oƌ III leak is diagŶosed, CTA 

is uŶdeƌtakeŶ to plaŶ tƌeatŵeŶt. We also use ϯD-CEU“ seleĐtiǀelǇ afteƌ the fiƌst folloǁ-

up CTA if theƌe is aŶǇ diagŶostiĐ uŶĐeƌtaiŶtǇ.  Multi-ŵodalitǇ iŵagiŶg is helpful to the 

ŵulti-disĐipliŶaƌǇ teaŵ iŶ ĐhalleŶgiŶg Đases. 

 

6.6 CONCLUSIONS 

 

3D-CEUS was more sensitive for endoleak detection following EVAR than CTA and 

more accurate in its classification.  The inter-operator reliability for reporting both the 

detection and type of endoleak was excellent.  3D-CEUS is inexpensive, relatively quick 

to perform and has little or no known risks to the patient. 3D-CEUS is now our initial 

investigation of choice in cases of aneurysm sac expansion or diagnostic uncertainty 

following EVAR. 
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CHAPTER 7: MEASUREMENT OF ABDOMINAL AORTIC ANEURYSM VOLUME USING 

MAGNETICALLY TRACKED 3D ULTRASOUND 

 

Chapter contributors and role: 

C Lowe: conception, patient recruitment, CT and 3D-US analysis, manuscript writing.  

S Rogers: 3D-US scanning 

M Ashrafi:  CT and 3D-US analysis 

Mr J Ghosh: Co-supervisor 

Prof C McCollum: Supervisor 

 

7.1 ABSTRACT 

 

Background: Volume measurement may be more sensitive to changes in AAA size after 

EVAR than diameter but until recently has relied on CT scanning.  3D-US has been 

proposed as a non-invasive, radiation free modality that may allow volume estimation 

of AAAs.  A number of studies have employed various 3D-US methodologies with 

varying degrees of success.  The aim of this study was to investigate the accuracy of a 

magnetically tracked 3D-US for measuring AAA volume in native, untreated AAAs 

compared to CT as the gold standard. 

Methods:  From August 2014 to March 2015, patients undergoing CT for planning of 

AAA repair had a 3D-US scan performed on the same day.  CT and 3D-US data were 

analysed using a manual segmentation technique.  Measurements were repeated at 30 

days to investigate the intra-operator reliability of CT and 3D-US measurements.  A 

second blinded operator repeated both CT and 3D-US measurements to investigate 

inter-operator reliability.  ‘esults ǁeƌe assessed usiŶg PeaƌsoŶ͛s ĐoƌƌelatioŶ aŶd BlaŶd-

Altman plots. 

Results: 22 patients were recruited.  The technical success rate was 90% leaving 20 

paired CT and 3D-US scans available for analysis.  There was a significant difference 

(mean 25.7ml, p=0.03) between 3D-US and CT measurements of AAA.  There was no 
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significant difference between the intra-operator measurements of AAA volume for CT 

(p=0.6) or 3D US (p=0.5).  For 3D-US, there was a significant difference between the 

inter-operator measurements (mean 7.82ml, p = <0.01).   

Conclusions: Further research is needed to improve the accuracy of 3D-US 

measurement of AAA volume compared to CT and its inter-operator reliability.  This 

may be achieved by using a more accurate tracking system, and elimination of the 

effects of AAA pulsatility by either ECG gating or studying post-EVAR patients.
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7.2 INTRODUCTION 

 

Aneurysm shrinkage, based on maximal diameter is thought to be predictive of 

freedom from complications after endovascular aneurysm repair (EVAR).  Intuitively, as 

abdominal aortic aneurysms (AAA) are 3D structures, measurement of the aneurysm 

volume should be more sensitive than maximal diameter in detecting subtle changes.  

Changes in aneurysm morphology are known to alter its dimensions at multiple levels 

and these could clearly be missed by measurement of a single cross section, regardless 

of if they are standard transverse measurements or orthogonal to the central luminal 

line.   

Aortic volume measurements have been shown to provide earlier evidence of 

aneurysm shrinkage after EVAR compared to diameter.
82

 In one study, 63% of volume 

increases in the presence of type II endoleak were missed by diameter measurements 

alone.
83

  Therefore, relying on simple diameter measurements when monitoring 

patients with type II endoleaks has the potential to offer false reassurance of stability 

due a stable maximal diameter, when in reality there is an increasing aneurysm 

volume.  This may explain the rare phenomenon of AAA rupture with an isolated type 

II endoleak and stable aneurysm diameter.   The potential value of volume 

measurements after EVAR has been debated in a number of studies but has been 

hampered by the need to use computed tomography (CT) scans and complex 

software.
82, 83, 164

 

With adoption of ultrasound-based EVAR surveillance, volume measurement using CT 

is no longer a feasible option.  A number of studies have explored the possibility of 

AAA volume measurements using a range of 3D-US techniques with varying degree of 

success.
168-170

 

Magnetically tracked freehand 3D-US offers the possibility of accurate 3D volume 

measurements of AAAs.  As opposed to other 3D-US methods such as those using 

mechanical
169

 and matrix transducers,
170, 197

 this method of 3D-US is theoretically 

capable of capturing large volumes of ultrasound data such that the majority of the 

AAA can be imaged in a single acquisition. 
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The aim of this study was to assess the accuracy and reproducibility of AAA volume 

measurement using 3D-US by comparison with CT. 

 

7.3 METHODS 

 

Patients due to undergo CTA for treatment planning for AAA repair were invited to 

take part.  The study was approved by the hospital Research and Development 

department and the National Research Ethics Committee (13/NW/0468).  Patients 

attended for 3D-US on the same day as the CTA or as close to the same day as 

possible. 

 

CT Angiography 

CTA was performed using a 128-slice Siemens SOMATOM® Perspective scanner 

(Siemens Medical, Munich, Germany).  Scans were contrast enhanced (100ml 4ml/sec 

Omnipaque 300) and acquired from the aortic arch to the common femoral arteries.  

Image acquisition was triggered on contrast enhancement in the distal aortic arch.  

Images were reconstructed at a nominal slice thickness of 1mm. 

 

3D-US 

All ultrasound examinations were performed using a Phillips iU22 ultrasound console 

(Phillips, Amsterdam, Netherlands) using a C5-1 curved array transducer and an 

attached 3D guidaŶĐe sǇsteŵ ͞dƌiǀe BAY͟ ;AsĐeŶsioŶ TeĐhŶologǇ Coƌp., BuƌliŶgtoŶ, 

USA).  In this system, a magnetic field is transmitted from a bedside generator through 

the volume in which the scan is to be acquired.   Sensors attached to the US probe pick 

up the field in three orthogonal directions allowing the position and orientation of the 

probe to be recorded. The system had recently been calibrated as described by 

Feurer.
180

 All acquisitions were performed by the same accredited vascular scientist 

with experience in 3D-US. During a breath-hold to limit movement artefact, the 3D 
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volume was acquired starting at the most proximal extent of the AAA that could be 

visualised.   The transducer was then steadily moved inferiorly keeping the AAA central 

in the scanning field to the aortic bifurcation or the most distal point the AAA could be 

imaged.  

 

3D reconstruction and volume estimation 

The paired 3D-US and CTA data were exported to and analysed using the software 

package ͚ImFusion Suite͛ (ImFusion GMbH, Munich, Germany), capable of handling 

both CTA and ultrasound images.   As 3D-US did not consly visualise landmarks from 

which to start and end measurement (e.g. renal arteries, aortic bifurcation) and the 

volume of the AAA that could be imaged in each patient varied (due to bowel gas and 

obesity) the starting point for segmentation was determined as follows: 

The axial section of both datasets was scrolled through to define an approximate 

maximal diameter.  Orthogonal views were then obtained in each imaging plane.  The 

section with the largest orthogonal diameter on inner-to-inner (ITI) measurement was 

defined as the starting point for the segmentation process (figure 35-36). 

 

 

Figure 35: ITI measurement of AAA diameter in orthogonal sections on CTA 
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Figure 36: ITI measurement of AAA diameter in orthogonal sections on 3D-US 

 

A manual segmentation using a spline tool was utilised.  A spline is a curve that 

connects two or more specific points.  The software automatically fits a curve around 

each of the points that is placed by the user.   Spline points were manually placed on 

the inner vessel wall in both data sets at 1mm slices (Figure 37), 20mm proximal and 

20mm distal to the ŵaǆiŵal oƌthogoŶal AAA diaŵeteƌ.  This defiŶed a ͚paƌtial AAA 

ǀoluŵe͛ of ϰĐŵ. Once the splines were placed, the software automatically calculated 

the volume in the defined region by converting the spline points into a 3D surface 

mesh (Figure 38-39).   Although most 3D-US acquisitions imaged a larger volume of the 

aneurysm this was a trade-off between the time taken to perform the manual 

segmentation and having a standardised dataset.  Also, due to decreased image quality 

in the outer range of the acquisition, it would be impossible to choose a longer 

distance in a number of patients. 

 

A video illustrating this process further is available at: https://vimeo.com/156839830 

https://vimeo.com/156839830
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Figure 37: Manual vessel segmentation in each 1mm image slice using the spline tool. 

 

 

 

 

Figure 38: Completed segmentation on CTA defiŶiŶg ͚paƌtial͛ AAA ǀoluŵe 
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Figure 39: Completed segmentation on 3D-US defiŶiŶg ͚paƌtial͛ AAA ǀoluŵe 

 

To assess intra-operator variability of both CTA and 3D-US measurements, volume 

measurements were repeated on both datasets in random order at least 30 days apart. 

For assessment of inter-operator variability, a second operator blinded to the results 

was trained to use the software on two unrelated datasets before performing 

measurements on the study data. 

 

Statistics 

Differences between operator measurements for each modality were analysed using a 

one-sample T-test.  The volume measurements from 3D-US and CTA were compared 

using Bland Altman plots, where the differences in concurrent measurements on the 

same subject are plotted against the mean outcome, showing the mean difference and 

the upper and lower limits of agreements given by the mean ± (1.96 x standard 

deviation (SD)).  Correlations between measurements ǁeƌe assessed usiŶg PeaƌsoŶ͛s 

correlation and scatter plots.  Analysis was performed using SPSS statistics v20 (IBM 

Corp. Armonk, NY, USA). 

 

There is no defined threshold for the reproducibility of 3D-US volume measurement of 

AAAs.  Therefore, the ͚phaŶtoŵ ĐǇliŶdeƌ͛ approach described by Bredahl was used.
170

  

As the accepted inter-operator variability for 2D-US diameter measurements is ±5ml, a 
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͚phantom ĐǇliŶdeƌ͛ ǁas ĐalĐulated foƌ eaĐh ŵeasuƌed ǀoluŵe.  The diameter was then 

changed by 5mm and a new volume calculated.  This gave the acceptable variation in 

measurement for each measured volume.   For example, for a measured partial 

volume of 165ml the diameter of the ͚phaŶtoŵ cylinder͛ is Ϯ ǆ √;ǀol/π ǆ leŶgthͿ = 

73mm.  Increasing this diameter by 5mm yields a new volume of r
2
 ǆ π ǆ leŶgth = 

191ml.  Therefore if the range of variability for a partial volume of 165ml exceeds 

26ml, the variation exceeds the currently accepted variation in 2D diameter 

measurement. 

 

7.4 RESULTS  

 

From August 2014 to March 2015 22 patents were recruited.  The technical success of 

3D US was 90% as two patients had inadequate image quality (body habitus or bowel 

gas).  Of the 20 patients suitable for analysis 16 male were male and 4 female with a  

the mean age of 76.  The median time between CTA and 3D-US was 0 days (range 0-7). 

 

Volume estimation by 3D-US vs. CTA 

The differences in measured volume were calculated and plotted against the mean.  

There was a significant difference between the volume measurements on 3D US and 

on CTA (p=0.03).  The mean difference was 25.7ml and the limits of agreement 91ml to 

-40ml (Figure 40).  CT and 3D-US volumes were, however, well correlated (Figure 41). 
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Figure 40: Bland-Altman plot of CTA vs 3D-US measurements of AAA volume. Two 

anomalous results where 3D-US volume was greater than CTA volume are highlighted 

in red. 
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Figure 41: Correlation between CTA and 3D-US AAA volume measurements. 

 

Reproducibility of CTA AAA volume measurements – Intra-operator 

There was no significant difference between the intra-operator measurements of AAA 

volume for CTA (p=0.6).  For CTA the mean difference was -0.81ml with limits of 

agreement 12.46 to -14.1ml.  CoƌƌelatioŶ ǁas eǆĐelleŶt ;PeaƌsoŶ͛s correlation 0.99, p = 

<0.01) (Figures 42 and 43). 
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Figure 42: Bland-Altman plot of intra-operator CTA measurements of AAA volume. 

 

Figure 43: Correlation between intra-operator CTA measurements of AAA volume. 
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Reproducibility of 3D-US AAA volume measurements – Intra-operator 

There was no significant difference between the intra-operator measurements of AAA 

volume for 3D-US (p=0.5).  For 3D-US the mean difference was -0.7ml with limits of 

agreement 7.7ml to -9.16ml (Figures 44-45).  Correlation was high ;PeaƌsoŶ͛s 

correlation 0.99, p= <0.01).  The 3D-US intra-operator variability remained within the 

range of volume variability that was estimated on the basis of currently accepted 

diameter measurements (Table 8).  

 

 

 

Figure 44: Bland-Altman plot of intra-operator 3D-US measurements of AAA volume. 
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Figure 45: Correlation between intra-operator 3D-US measurements of AAA volume.
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Table 8: Intra-operator variability of AAA volume measurements using 3D-US are within 

current acceptability of 2D-US diaŵeteƌ ŵeasuƌeŵeŶts usiŶg ͚phaŶtoŵ ĐyliŶdeƌ͛ 

method. 

US Volume 1 (ml) US volume 2 (ml) Intra-operator 

difference (ml) 

Error considered 

acceptable (+/-ml) 

76.3 80.2 -3.9 11.7 

79.4 81.8 -2.4 15.6 

84.3 89.5 -5.2 14.7 

154.6 158.4 -3.8 22.1 

147.2 134.2 13 24.8 

165.5 168.36 -2.86 25.5 

128.9 130 -1.1 21.1 

89.7 92.342 -2.642 16.3 

32.4 34.9 -2.5 10.6 

109.3 114.7 -5.4 19.7 

133 134.8 -1.8 21 

82.2 76.3 5.9 16.8 

79.1 82.9 -3.8 19.9 

80.5 81.4 -0.9 14.5 

116.8 115.36 1.44 20.2 

66.9 69.7 -2.8 15.1 

75.9 73.7 2.2 16.1 

67.9 64.6 3.3 14.1 

75.2 76.3 -1.1 16.8 

92.86 93 -0.14 16.14 

 

 

Reproducibility of CTA AAA volume measurements – Inter-operator 

There was no significant difference between the inter-operator measurements of AAA 

volume for CTA (p=0.176).  The mean difference was 2.56ml with the limits of 

agreement 19.31ml to 14.20ml (Figure 46). Correlation was high ;PeaƌsoŶ͛s 0.98, p= 

<0.01) (Figure 47). 
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Figure 46: Bland-Altman plot of inter-operator CT measurements of AAA volume. 

 

 

Figure 47: Correlation between inter-operator CT measurements of AAA volume. 
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Reproducibility of 3D-US volume measurements – Inter-operator 

For 3D-US there was a significant difference between the inter-operator 

measurements (p=0.001).  The mean difference was 7.82ml with limits of agreement 

23.5ml to -8.58ml (Figure 48). CorrelatioŶ ǁas high ;PeaƌsoŶ͛s 0.97, p= <0.01) (Figure 

49).  Despite the statistical difference found on the inter-operator measurements the 

3D-US inter-operator variability remained within the range of volume variability that 

was estimated on the basis of currently accepted diameter measurements (Table 9).   

Table 9:  Inter-operator variability of AAA volume measurements using 3D-US are 

within current acceptability of 2D-US diaŵeteƌ ŵeasuƌeŵeŶts usiŶg ͚phaŶtoŵ ĐyliŶdeƌ͛ 

method 

US Volume 

operator 1  (ml) 

US Volume 

operator 2 (ml) 

Inter-operator  

difference (ml) 

Error considered 

acceptable (+/-ml) 

76.3 69 7.3 11.7 

79.4 79.1 0.3 15.6 

84.3 81.3 3 14.7 

154.6 146 8.6 22.1 

147.2 123 24.2 24.8 

165.5 132.5 33 25.5 

128.9 114.8 14.1 21.1 

89.7 83.5 6.2 16.3 

32.4 26.55 5.85 10.6 

109.3 105.1 4.2 19.7 

133 132 1 21 

82.2 78 4.2 16.8 

79.1 79 0.1 19.9 

80.5 75 5.5 14.5 

116.8 115 1.8 20.2 

66.9 64 2.9 15.1 

75.9 70.9 5 16.1 

67.9 57.9 10 14.1 

75.2 72.1 3.1 16.8 

92.86 77 15.86 16.14 
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Figure 48: Bland-Altman plot of inter-operator 3D-US measurements of AAA volume 

 

 

Figure 49: Correlation between inter-operator 3D-US measurements of AAA volume 
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There were two outlying cases where the 3D-US volumes were significantly higher than 

CTA (Figure 40).  Both of these measurements were reproduced by the second 

operator.  To explore these anomalous results the CTA and US data for both patients 

was simultaneously loaded onto the ImFusion software aŶd ŵaŶuallǇ ͚oǀeƌlaid͛.  

Following this, an automatic registration algorithm was run to ensure the CTA and 3D 

US data was accurately fused.  Visualisation of the fused 3D-US/CTA data was 

eŶhaŶĐed ďǇ usiŶg the ͚Đolouƌ ďleŶdiŶg͛ featuƌe aŶd also ďǇ ǀieǁiŶg the fused data 

simultaneously in each plane (Figures 50 and 51).   Interrogation of the fused data 

demonstrated excellent accuracy for both patients suggesting that the 3D-US 

calibration and tracking accuracy was satisfactory.   

 

 

 

Figure 50: Fusion of CT and 3D-US.  The ͚Đolouƌ ďleŶdiŶg͛ featuƌe iŵproves visualisation 

of the 3D-US, which can be faded in and out. 
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Figure 51: Simultaneous visualisation of CT and 3D-US in each plane demonstrating 

accurate registration. 

 

Following this, the 3D-US annotations were loaded to view the splines outlining the 

inner AAA wall that had been placed in the 3D-US data for volume measurement.  

These were compared against the wall of the AAA on CTA for each patient.  In the first, 

the splines from the 3D-US initially appeared well-aligned with the AAA wall on the 

CTA scan (Figure 52).  However, at the proximal portion of the volume there was a 

significant discrepancy between the wall of the CTA and the 3D-US splines over a 

distance of 1cm (Figure 53).   Examination of the 3D-US images showed loss of 

definition of the lateral AAA wall and splines had been placed over a larger area, 

leading to an increase in the measured volume.  The 3D-US had been interpreted in 

the same way by both operators.  Analysis of the second patient revealed a similar 

phenomenon, though the discrepancy was at the distal portion of the AAA.   Therefore, 

it was loss of definition of the lateral AAA wall in both cases that lead the operators to 

place the splines inaccurately.  This phenomenon of poor image resolution of the 

lateral AAA walls is commonly seen due to the optimal US specular reflection of the 

outer surface of the anterior wall and the inner surface of the posterior wall. 
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Figure 52: Splines from 3D-US volume measurements overlaid onto CTA data.  

 

 

 

Figure 53: 3D-US spline (left arrow) extending past the AAA wall (right arrow).  
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7.5 DISCUSSION 

 

The results of this study suggest that both CTA and 3D-US measurements of AAA 

volume had acceptable intra-operator reliability.  Additionally, there was acceptable 

inter-operator variability seen on CTA volume measurements.  This provides evidence 

that the technique used to define the partial volume was reproducible.  The most likely 

cause of the differences in inter-operator variability seen on 3D-US were due to image 

quality and image artefact.  The majority of these problems are difficult to overcome 

as they are often i) patient related such as obesity or bowel gas or ii) technical, such as 

the loss of definition of the lateral walls of the aneurysm that makes placing the splines 

difficult.  It is likely that given further training, this consistency could be improved 

between operators.  This being said, the variation in inter-operator volume 

measurements on 3D-US were still within the range of volume measurement that 

could be expected based on the phantom cylinder method. 

In order to be of clinical value, the 3D-US measurements must correlate to a gold 

standard measurement.  In this study CTA volume was used as this standard.  Although 

a difference in CTA and 3D-US measurements was anticipated, it was statistically 

significant and in excess of that reported in other studies.
170, 197

 The study by 

Bredahl
170

 is the most impressive with a mean difference of 1ml between CTA and 3D-

US measurements.  There are a number of factors that may have influenced the 

accuracy of the 3D-US results: 

i) In-accurate calibration of the 3D-US tracking and subsequent 

reconstruction.  Accurate calibration is essential to avoid distortions in the 

3D reconstructed geometry.
198

 The sǇsteŵ͛s aĐĐuƌaĐǇ ǁheŶ pƌopeƌlǇ 

calibrated has been shown to be adequate
180

 and given it had undergone 

maintenance and calibration prior to the study it is unlikely this was a 

significant source of error.  This was confirmed when the CTA and 3D-US 

data were co-registered and fused.  However, there is evidence to suggest 

an alternative method of tracking to magnetic, such as optical, may provide 

more accuracy as there is no effect of metal in the scanning field.
175
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ii) Use of analysis software non-native to hardware.  The on-board software 

on the magnetic system was not thought to be adequate as it required 

manual tracing of the AAA wall rather than using a spline tool and it was not 

able to process CTA data.  Based on these results, the ImFusion software 

was re-tested by the developers and no compatibility issues were 

identified. 

 

iii) AAA pulsatility.   Maximal AAA diameter is known to vary throughout the 

cardiac cycle with a mean difference of 1.94mm (range 0-4.7mm) between 

systole and diastole.
199

  This is particularly important given the relationship 

between diameter and volume.  OŶe adǀaŶtage of the ͚fƌeehaŶd͛ 3D-US 

approach is the ability to image large volumes, however, this means that 

the entire AAA cannot be imaged in a single cardiac cycle.  The system does 

Ŷot alloǁ foƌ ECG ͚gatiŶg͛ ǁheƌe data is aĐƋuiƌed oŶlǇ at a speĐified point in 

the cardiac cycle. Therefore the AAA was moving as the 3D-US data was 

acquired.  ECG gating is technically challenging, though has been used by 

some authors in small numbers of patients.
168

   

 

This study compared CT and 3D-US volumes of untreated AAA as there was 

concern that the presence of a stent-graft may reduce image quality.  The 

influence of pulsatility when a stent-graft is in situ is likely to be significantly 

less or even absent as the AAA is excluded from the circulation and 

subsequently thromboses.  As the clinical application of volume 

measurement is EVAR surveillance, a dataset of volume measurements with 

stent-grafts in situ should be studied. 

 

iv) Definition of ͚staƌt͛ aŶd ͚eŶd͛ poiŶts.  An effort was made to standardise the 

͚staƌt͛ aŶd ͚eŶd͛ poiŶt of ǀoluŵe ŵeasuƌeŵeŶts oŶ ďoth datasets.  The 

results were favourable for intra and inter-operator variability on CTA and 

for intra-operator variability on 3D-US.  The variation seen in the inter-

operator measurements on 3D-US and also between CTA and 3D-US may be 

due to inconsistencies in selecting different starting points for 

segmentation as well as inconsistent placing of the splines  
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Other authors have attempted a number of approaches to defining the volume to be 

measured.  Bredahl reports a method where the maximal aortic diameter on CT and 

3D-US is automatically defined by a software algorithm using a central luminal line, 

which lead to a high level of reproducibility and accuracy in both the measurement of 

AAA volume and maximal diameter.
170

  This software is now almost completely 

autoŵatiĐ aŶd sooŶ to ďe offeƌed ͚oŶ-Đaƌt͛ as aŶ add-on to a commercialised system 

(personal communication with Bredahl et al.).  Arsicot
197

 defined the start of the 

measurement by loss of parallelism of the aortic wall and a diameter >30mm.  Given 

that some AAAs involve the bifurcation and never regain a normal diameter is it 

difficult to see how this approach is feasible. 

In this current work, a manual segmentation process was used, taking a mean of 23 

minutes per case.  For a volume measurement technique to be clinically feasible, it 

must be able to be performed rapidly at the bedside.  As detailed above, some authors 

have been able to achieve this with good results.  In our experience of the automated 

segmentation algorithms available to us, none is able to perform to the required 

accuracy, particularly on the ultrasound data.  This however will be key in developing a 

clinically useable tool.  In addition, the time taken to scan a patient multiple times to 

gain the optimal image in a research setting is not applicable for a busy vascular clinic.  

The clinical utility of volume measurements of AAAs in surveillance of small AAAs or 

after EVAR has not been widely accepted.  However, this is possibly due to the need to 

use CT data and complex software.  If ultrasound measurement of volume can be 

proven to be accurate, reproducible and rapid then it is possible that volume 

measurement could be become established as the benchmark criterion for AAA and 

EVAR surveillance.  It is possible than a subgroup of patients with benign endoleaks 

and stable maximal diameters may have increasing AAA volumes and be at risk.  

However, as successful aneurysm exclusion by EVAR leads to AAA shrinkage and 

remodelling, it is possible that the site of maximal orthogonal diameter will change 

over time and lead to altered volume estimations, potentially limiting its applicability 

for accurate surveillance.  How this may be addressed is a matter for further research. 
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7.6 CONCLUSIONS 

 

There was a significant difference in AAA volumes measured on CT and 3D-US with a 

mean difference of 25.7ml.  There was no significant difference in intra-operator 

measurements of AAA volume for both CT and 3D-US.  However, there was significant 

difference in inter-operator measurements using 3D-US with a mean difference of 

7.82ml.  Despite this, the 3D-US intra and inter-operator variability remained within an 

acceptable range based on the currently accepted variability of diameter 

measurements.  Further research is needed to improve the accuracy of 3D-US 

measurement of AAA volume compared to CTA and its inter-operator reliability.  This 

may be achieved by using a more accurate tracking system and elimination of the 

effects of AAA pulsatility by ECG gating.  This may not be required when measuring 

post-EVAR patients. 
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CHAPTER 8: MEASUREMENT OF ANEURYM VOULME FOLLOWING ENDOVASCUALR 

ANEURYSM REPAIR USING OPTICALLY TRACKED 3D ULTRASOUND 

 

Chapter contributors and role: 

C Lowe: conception, patient recruitment, CT and 3D-US analysis, manuscript writing.  

S Rogers: 3D-US scanning, 3D-US analysis. 
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8.1 ABSTRACT 

 

Background:  Volume measurement may be more sensitive to changes in AAA size 

after EVAR than diameter but until recently has relied on CT scanning. The aim of this 

study was to investigate the accuracy of an optically tracked 3D-US for measuring AAA 

volume in post-EVAR patients compared to CT as the gold standard. 

Methods: Between March 2015 to December 2015, patients undergoing CT for EVAR 

surveillance had a 3D-US scan performed on the same day.  CT and 3D-US data were 

measured using a manual segmentation technique.  Measurements were repeated at 

30 days to investigate the intra-operator reliability of CT and 3D-US measurements.  A 

second blinded operator repeated both CT and 3D US measurements to investigate 

inter-opeƌatoƌ ƌeliaďilitǇ.  ‘esults ǁeƌe assessed usiŶg PeaƌsoŶ͛s ĐoƌƌelatioŶ aŶd BlaŶd-

Altman plots. 

Results: The technical success of 3D-US was 90% (20/22 patients).  There was a 

significant difference (mean 13.64ml) between 3D-US and CT measurements. There 

was no significant difference between the 3D-US intra-operator measurements with a 

mean difference of 2.17ml. However, there was a significant difference between the 

inter-operator measurements (mean 6.89ml).   

Conclusion: There was a significant difference in AAA volume measured on CT and 3D-

US with a mean difference of 13.64 ml. Intra-operator variability was acceptable, but 

improvements are needed to enhance inter-operator accuracy.  This may be achieved 

by further software features to define the site of maximal diameter and placing of a 

central-luminal line.  The impact of image acquisition by different operators also needs 

to be assessed in future work.    
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8.2 INTRODUCTION 

 

Aortic volume measurements have been shown to provide earlier evidence of 

aneurysm shrinkage after EVAR compared to diameter
82

 but until recently have 

relieved on CT scanning.  3D-US offers the possibility of volumetric measurements 

without the well-known drawbacks of CT.  A number of studies have been performed 

recently comparing a variety of 3D-US approaches to CT, demonstrating variations in 

accuracy and reproducibility.
170, 197

 In principle, using a freehand 3D-US approach 

should allow a greater proportion of the AAA to be imaged, rather than the fixed 

volumes that are acquired using matrix or mechanical transducers.  Previous work 

(Chapter 7) using magnetically tracked 3D-US to measure AAA volumes in patients 

awaiting repair demonstrated unacceptable accuracy when compared to CT.  Although 

intra-operator reliability was favourable, there were significant differences in inter-

operator measurements.   

Optically tracked 3D-US is inherently more accurate than magnetic systems as there is 

no interference from metallic objects.  Scanning patients post-EVAR is likely to reduce 

the pulsatility of the vessel and application of tracking filter in image processing may 

also improve results.  The aim of this study was to compare the accuracy and reliability 

of an optically tracked 3D-US system for measurement of AAA volume in patients post-

EVAR, compared with CT.  

  

8.3 METHODS 

 

Patients due to undergo CTA for follow up after endovascular aneurysm repair were 

identified from clinical and radiology records.  The study was approved by the hospital 

Research and Development department and the National Research Ethics Committee 

(13/NW/0468).  Patients attended for 3D-US on the same day at the CTA or as close to 

the same date as possible. 
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CT Angiography 

CT scans were performed on 128-slice Siemens SOMATOM® Perspective scanner 

(Siemens Medical, Munich, Germany).  Scans were contrast enhanced (100ml 4ml/sec 

Omnipaque 300) and acquired from the aortic arch to the common femoral arteries.  

Image acquisition was triggered on contrast enhancement in the distal aortic arch.  

Images were reconstructed at a nominal slice thickness of 1mm. 

 

3D-US 

All ultrasound examinations were performed using a Phillips iU22 ultrasound console 

(Phillips, Amsterdam, Netherlands) using a C5-1 curved array transducer.  A prototype 

optical tracking system was used (Piur imaging GmbH, Vienna, Austria) consisting of an 

infrared tracking camera and a C5-1 transducer modified with matt tracking spheres 

(Figures 9-11). The infra-red light emitted by the camera is reflected by the spheres 

and detected by the camera.  This allows the US frames to be given x,y,z co-ordinates 

and a time stamp allowing reconstruction of the 2D ultrasound frames into a 3D 

volume.  All acquisitions were performed by an accredited vascular scientist with 

specific training in 3D scanning of AAAs for the purpose of this project.  During a 

breath-hold to limit movement artefact, the 3D volume was acquired starting at the 

most proximal extent of the AAA that could be visualised.   The transducer was then 

steadily moved inferiorly keeping the AAA central in the scanning field to the most 

distal point the AAA could be imaged.  

The paired 3D-US and CTA data were exported to and analysed using the software 

paĐkage ͚IŵFusioŶ “uite͛ ;IŵFusioŶ GMďH, MuŶiĐh, GeƌŵaŶǇͿ, Đapaďle of haŶdliŶg 

both CT and ultrasound images.   In an attempt to improve accuracy, in this study a 

tracking filter was applied to the 3D-US data prior to volume reconstruction.  Because 

of tracking inaccuracies, there is usually a jitter in the transformation information, 

which induces artefacts in the volume reconstruction.  Therefore, accuracy may be 

improved by smoothing both the translation and rotation parameters.  The width of 

the filter was set to five so each parameter is replaced by the average of itself and its 

two preceding and succeeding neighbours.  This removes outliers and noisy 
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information resulting in artefacts in the resulting volume (Figure 54).  In addition to the 

increased inherent accuracy of optical tracking, it was hypothesised that application of 

this filter may improve accuracy of the 3D reconstruction compared to the approach 

used in the previous study (see chapter 7).  

 

 

Figure 54: Graphical representation of noise and artefact reduction on application of a 

tracking filter. 

 

As detailed previously, 3D-US did not consistently visualise landmarks from which to 

start and end measurement (e.g. renal arteries, aortic bifurcation) and the volume of 

the AAA that could be imaged in each patient varied (due to bowel gas and body 

shape) the starting point for segmentation was determined as follows: 

The axial section of both datasets was scrolled through to define an approximate 

maximal diameter.  Orthogonal views were then obtained in each imaging plane.  The 

section with the largest orthogonal diameter on inner-to-inner (ITI) measurement was 

defined as the starting point for the segmentation process. 
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A manual segmentation tool was utilised as previously described.  To briefly review,  

Spline points were manually placed on the inner vessel wall in both data sets at 1mm 

slices (figure 26), 20mm proximal and 20mm distal to the maximal orthogonal AAA 

diaŵeteƌ.  This defiŶed a ͚paƌtial AAA ǀoluŵe͛ of ϰĐŵ. Once the splines were placed, 

the software automatically calculated the volume in the defined region by converting 

the spline points into a surface mesh.  Again, a ͚paƌtial AAA ǀoluŵe͛ of 4cm was 

utilised as a trade-off between the time taken to perform the manual segmentation 

and having a standardised dataset.  Also, due to decreased image quality in the outer 

range of the acquisition, it would be impossible to choose a longer distance in a 

number of patients. 

 

For comparison with CT, a single operator performed measurements on both the CT 

and 3D-US.  Previous work (see chapter 7) has demonstrated adequate reproducibility 

of CT measurements of AAA volume using this method.  To assess intra-operator 

variability of 3D-US measurements, volume measurements were repeated on both 

datasets in random order at least 30 days apart.  For assessment of inter-operator 

variability of 3D-US, a second operator with experience of these methods duplicated 

measurements on the same 3D-US dataset. 

 

 

Statistics 

 

Differences between operator measurements for each modality were analysed using a 

one-sample T-test.  The volume measurements from 3D-US and CT were compared 

using Bland Altman plots, where the differences in concurrent measurements on the 

same subject are plotted against the mean outcome, showing the mean difference and 

the upper and lower limits of agreements given by the mean ± (1.96 x standard 

deviation (SD)).  Analysis was performed using SPSS statistics v20 (IBM Corp. Armonk, 

NY, USA). 

 

There is no defined threshold for the accuracy of US volume measurement of AAA.  

Therefore, the approach described by Bredahl was used.
170

  As the accepted inter-
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operator variability for ϮD U“ diaŵeteƌ ŵeasuƌeŵeŶts is ±ϱŵl, aŶ ͚iŵagiŶaƌǇ ĐǇliŶdeƌ͛ 

was calculated for each measured volume.  The diameter was then changed by 5ml 

and a new volume calculated.  This gave the acceptable variation in measurement for 

each measured volume.   For example, for a measured partial volume of 165ml the 

diaŵeteƌ of the iŵagiŶaƌǇ ĐǇliŶdeƌ is Ϯ ǆ √;ǀol/π ǆ leŶgthͿ = ϳϯŵŵ.  IŶĐƌeasiŶg this 

diameter by 5mm yields a new volume of r
2
 ǆ π ǆ leŶgth = ϭϵϭŵl.  Theƌefoƌe if the 

range of variability for a partial volume of 165ml exceeds 26ml, the variation exceeds 

the currently accepted variation in 2D diameter measurement. 

 

8.4 RESULTS 

 

From March 2015 to December 2015 22 patents were recruited.  The technical success 

of 3D US was 90% as two patients had inadequate image quality (obesity or bowel 

gas).  Of the 20 patients suitable for analysis 17 male with a mean age of 81. 

 

Volume estimation by 3D-US (optical) vs. CT 

The differences in measured volume were calculated and plotted against the mean.  

There was high correlation between CT and 3D-US (optical) measurements of AAA 

volume ;PeaƌsoŶ͛s ĐoƌƌelatioŶ Ϭ.ϵϱ, p= <Ϭ.01) (Figure 55).  However, when statistically 

compared, there was a significant difference between the volume measurements on 

3D-US and on CT.  The mean difference was 13.64ml and the limits of agreement 

44.8ml to -17.6ml (Figure 56).   
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Figure 55: Correlation between CT and 3D-US (optical) AAA volume measurements 

 

 

Figure 56: Bland-Altman plot of CT vs 3D-US (optical) measurements of AAA volume.  
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Reproducibility of 3D US (optical) AAA volume measurements – Intra-operator 

There was no statistically significant difference between the intra-operator 

measurements of AAA volume for 3D-US (optical).  The mean difference was 2.17ml 

with limits of agreement 14.2ml to -9.9ml (figures 57-58).  There was high correlation 

;PeaƌsoŶ͛s ĐoƌƌelatioŶ Ϭ.ϵϵ, p= <Ϭ.ϬϭͿ.  The 3D-US intra-operator variability remained 

within the range of volume variability that was estimated on the basis of currently 

accepted diameter measurements (Table 10).    

 

 

Figure 57: Correlation between CT and 3D-US (optical) AAA volume measurements. 
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Figure 58: Bland-Altman plot of intra-operator 3D-US (optical) measurements of AAA 

volume. 
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Table 10: Intra-operator variability of AAA volume measurements using 3D-US (optical) 

are within current acceptability of 2D-US diaŵeteƌ ŵeasuƌeŵeŶts usiŶg ͚phaŶtoŵ 

ĐyliŶdeƌ͛ ŵethod. 

US volume 1 (ml) US volume 2 (ml) Intra-operator 

difference (ml) 

Error considered 

acceptable +/- (ml) 

173.4 164.1 9.3 22.6 

65.3 64 1.3 13.2 

93.9 92.3 1.6 19.2 

81.8 73 8.8 13.2 

138.6 144.9 -6.3 21.4 

103 104.8 -1.8 17 

38.9 42.4 -3.5 11.3 

88.7 72 16.7 16.9 

179.3 173 6.3 24.2 

157.4 149 8.4 22.6 

97.3 97.1 0.2 18.1 

79.6 78 1.6 16.4 

127.2 126.7 0.5 22.5 

80.2 82.6 -2.4 17.8 

176.7 181 -4.3 19.3 

104.2 105.7 -1.5 16.5 

104.9 92.1 12.8 18.6 

103 105.4 -2.4 18.5 

16.7 18.7 -2 7.9 

164.9 164.8 0.1 21.1 

 

Reproducibility of 3D US (optical) AAA volume measurements – Inter-operator 

There was a statistically significant difference between the inter-operator 

measurements of AAA volume for 3D-US.  The mean difference was 6.89 ml with limits 

of agreement 23.6 ml to -9.88 ml (Figure 59).  There was high correlatioŶ ;PeaƌsoŶ͛s 

correlation 0.98, p= <0.01) (Figure 60).  The 3D-US intra-operator variability remained 

within the range of volume variability that was estimated on the basis of currently 

accepted diameter measurements (Table 11).   
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Table 11: Inter-operator variability of AAA volume measurements using 3D-US (optical) 

are within current acceptability of 2D-US diaŵeteƌ ŵeasuƌeŵeŶts usiŶg ͚phaŶtoŵ 

ĐyliŶdeƌ͛ ŵethod. 

US volume 

operator 1 (ml) 

US volume 

operator 2 (ml) 

 Inter-operator 

difference (ml) 

Error considered 

acceptable +/- (ml) 

173.4 160 13.4 22.6 

65.3 63 2.3 13.2 

93.9 83.5 10.4 19.2 

81.8 78.9 2.9 13.2 

138.6 143 -4.4 21.4 

103 114 -11 17 

38.9 36.3 2.6 11.3 

88.7 73 15.7 16.9 

179.3 158 21.3 24.2 

157.4 158 -0.6 22.6 

97.3 90 7.3 18.1 

79.6 80.8 -1.2 16.4 

127.2 109 18.2 22.5 

80.2 78 2.2 17.8 

176.7 171 5.7 19.3 

104.2 87.9 16.3 16.5 

104.9 95 9.9 18.6 

103 96 7 18.5 

16.7 15.8 0.9 7.9 

164.9 146 18.9 21.1 
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Figure 59: Bland-Altman plot of inter-operator 3D-US (optical) measurements of AAA 

volume. 

 

Figure 60: Correlation between inter-operator 3D-US (optical) measurements of AAA 

volume 
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8.5 DISCUSSION 

 

This study compared measurements of AAA volume in post-EVAR patients using an 

optically tracked 3D-US system with CTA.  The results show that there remains a 

statistically significant difference in the volumes measured by 3D-US when compared 

to CTA with a mean difference of 13.64ml.  This is in comparison to a mean difference 

of 25ml in the previous study using magnetic tracking (Chapter 7) in patients with un-

treated AAAs.  Changes to the methodology of this study using optical tracking, 

applying a tracking filter and scanning post-EVAR patients offer possible explanations 

for these improvements.  However, is difficult to separate out the individual 

contributions of each factor entirely.  As the tracking-filter function is applied manually 

in post-processing and before 3D reconstruction, repeating the measurements without 

applying this step would provide insight into its importance.   Optical tracking is widely 

thought to be more accurate than magnetic tracking
175

 and in our recent experience 

has out-performed the magnetically tracked system for measuring volumes in an ex 

vivo porcine aorta model (currently unpublished data).  An ideal experiment would be 

to scan the same post-EVAR AAAs with both 3D-US systems to validate this in vivo.  

This was the original intention of the research team, however, the calibrated tracking 

sensor mountings on the transducer for the magnetic system failed when being used 

for another project.  Technical support for the magnetic system was no longer 

available and the transducer could not be re-calibrated.   

The effects of the stent-graft in reducing or eliminating AAA pulsatility is likely to be 

the most significant reason for the improvement in accuracy.  Maximal AAA diameter 

is known to vary throughout the cardiac cycle with a mean difference of 1.94mm 

(range 0-4.7mm) between systole and diastole.
199

  In the initial study using magnetic 

tracking and untreated AAAs, there was clearly more motion artefact evident in the 3D 

reconstruction than observed in the present study.  At this point, the optical system 

was not available to reproduce results.  Again, the original plan was to compare the 

performance of both magnetic and optical tracking in measuring AAA volume in post-

EVAR patients but the technical failure of the magnetic system made this impossible.  
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When compared with contemporary studies on 3D-US AAA volume measurements in 

post-EVAR patients the accuracy achieved in this work is comparable with the work by 

Arsicot (mean difference 12.75ml CT vs. 3D-US)
197

 but some way behind that from the 

Copenhagen group (mean difference 1ml CT vs.3D-US).
170

  Bredahl reports a method 

where the maximal aortic diameter on CT and 3D-US is automatically defined by a 

software algorithm using a central luminal line, which lead to a high level of 

reproducibility and accuracy in both the measurement of AAA volume and maximal 

diameter.  Arsicot defined the start of the measurement by loss of parallelism of the 

aortic wall and a diameter >30mm. 

The use of CTA as the ͚gold staŶdaƌd͛ iŶ this ǁoƌk is iŶ liŶe ǁith pƌeǀious studies.168-170, 

197, 200
 The first work on CT AAA volume measurements post-EVAR was completed by 

Wever in 2000,
164

 Prinssen
82

 in 2005 and Hahne
84

 in 2012.  Each uses different CT 

protocols and post processing/segmentation approaches.  However, the accuracy of 

the CT volume methods used in any of these studies has not been established in any 

published work. Such validation would require scanning a suitable phantom with a 

known volume, (e.g. determined by water displacement) with both CT and 3D-US. 

Similar difficulties in achieving acceptable inter-operator reliability were experienced 

in this study as in Chapter 7.   As previously discussed, the variation seen in the inter-

operator measurements on 3D-US could stem from differences in defining the same 

starting point for measurement.  Due to image quality it can be difficult to orientate 

the MPRs appropriately and ensure orthogonal measurements.  There will also be 

variation in the measurements taken to determine the maximal aortic diameter.  In 

addition, how the observers accommodate for loss of definition of the lateral walls, 

and image artefacts (such as speckle artefact) will affect how the splines are placed 

and the reproducibility of the results.  The work by Bredahl used a semi-automatic 

segmentation where the maximal aortic diameter was defined by the software 

orthogonal to a central-luminal line.
201

  They then measured a volume 3cm proximal 

and distal to this.  Automatic vessel detection and segmentation tools are available in 

the ImFusion software, but are designed for 3D-US datasets of relatively liner vessels 

such as the long saphenous vein and the carotid artery.  Attempts at applying them to 

AAA datasets was unsuccessful.  In addition, the interactive segmentation tool used in 
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other studies in this work did not allow for accurate definition of the start and end 

points.  Further software development is therefore needed to produce an appropriate 

tool.  

Although the correlation was not strong, there is a relationship between increasing 

AAA volume and the difference in CT and 3D-US measurements ;PeaƌsoŶ͛s ĐoƌƌelatioŶ 

0.61 p=<0.01, Figure 61).    

 

 

Figure 61: There is a moderate correlation between increasing AAA volume and the 

absolute difference between CT and 3D-US measurements.   

 

This would be expected as any difference in the placement of splines with be 

magnified with increasing diameter.  Given this, it is possible that a correction factor 

could be applied to reduce this error based on the size of the aneurysm.  However, 

when the difference is expressed as a percentage of the ͚tƌue͛ AAA volume there is no 

significant correlation and there is clustering between 0-23ml (Figure 62). 
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Figure 62: Weak correlation between increasing AAA volume with difference in 3D-US 

and CT measurements expressed as a percentage of AAA volume. 

 

An alternative approach would be to examine the differences between measurements 

in relation to maximal AAA diameter.  In this situation, there is only a weak correlation 

between increasing AAA diameter and the absolute difference between CT and 3D-US 

ǀoluŵe ŵeasuƌeŵeŶts ;PeaƌsoŶ͛s ĐoƌƌelatioŶ Ϭ.ϯϲͿ and no correlation between 

increasing AAA diameter and the difference expressed as a percentage of the ͚tƌue͛ CT 

ǀoluŵe ;PeaƌsoŶ͛s ĐoƌƌelatioŶ -0.5).  These relationships would be clarified by a 

greater number of patients, however, further work should focus on the accuracy of 

image acquisition and measurement rather than a correction factor. 

 

It was hypothesised that using a freehand ultrasound system would allow 

measurement of a greater and more representative portion of the AAA than the 

͚paƌtial͛ ǀoluŵes desĐƌiďed iŶ otheƌ studies.
170, 200-202

 This was true for most cases 

where the AAA could be imaged from neck to bifurcation.  Factors such difficult 

anatomy, bowel gas and obesity often made this impossible in some patients.  

Furthermore, performing the manual segmentation was time consuming, taking 
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around 20-30 minutes per case depending on the AAA size.  The use of a 4cm partial 

volume (2cm proximal and distal to the maximal aortic diameter) was selected as a 

trade-off between the time taken to perform the manual segmentation and having a 

standardised dataset.   For this potential benefit of freehand 3D ultrasound to be 

realised and for clinical use, further development to at least semi-automate the 

measurements is required. 

In this paper, the accuracy of measurement from a single 3D-US scans acquired by the 

same operator was assessed.  This neglects any variation that could be introduced by 

different US operators.  As US is operator dependent, perhaps a more robust 

methodology to assess the inter-operator reliability would have been to have two 

blinded operators perform a 3D-US scan on the same patient and independently 

measure their own scans. Such an approach has been taken by other authors.
170

 

However, this would have assessed the reliability of the whole process and made it 

increasingly difficult to ascertain where the differences in measurement stemmed 

from.   Additionally, error is introduced in 2D AAA measurements by the different 

transducer orientations and plane selected by each operator.  This is mitigated by 3D-

US as these differences are accounted for by tracking of the transducer orientation.  It 

is likely therefore that scans performed by different operators would not have affected 

the results to a significant degree. 

 

As discussed in the previous paper, the clinical value of AAA volume measurements has 

not been completely elucidated, and how measurements will be affected by aneurysm 

re-configuration following EVAR is yet to be determined.  If the accuracy of the AAA 

volume technique presented here can be made more accurate and less time-

consuming, further studies could be performed on patients in EVAR surveillance to 

answer these questions.  
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8.6 CONCLUSIONS 

 

There was a significant difference in AAA volumes measured on CT and 3D-US with a 

mean difference of 13.64 ml.  The optical system out performed the magnetic system 

however differences in study design make meaningful comparisons difficult.  Intra-

operator variability was acceptable, but improvements are needed to enhance inter-

operator accuracy.  This may be achieved by further software features to define the 

site of maximal diameter and placing of a central-luminal line.  The impact of image 

acquisition by different operators and the effects of AAA reconfiguration following 

EVAR need to be addressed in future work.    
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9.1 ABSTRACT 

 

Background:  The current use of a maximal aortic diameter of 5.5cm as an indication 

for AAA repair is unsatisfactory.  There is increasing evidence that biomechanical 

analysis of AAAs using techniques such as CFD and FEA may be more accurate and 

patient specific for identifying when AAA repair is indicated.  Current methods rely on 

CT to provide the AAA geometry for biomechanical simulation.  This study investigates 

the feasibility of using 3D-US to provide AAA geometries for FEA and CFD analysis. 

Methods: From August 2014 to March 2015 20 consenting patients undergoing CT for 

planning of AAA repair underwent 3D-US on the same day.  Both the CT and the 3D-US 

data was exported to a workstation.  Using an interactive segmentation technique, 

attempts were made to generate a geometrical representation of the AAA wall, 

intraluminal thrombus (ILT) and lumen.  The results from each modality were 

compared to assess any would be suitable to take to the simulation stage. 

Results:  20 patients were recruited to the study. There was significant variation in 

AAA anatomy.    In three patients the quality of 3D-US data was too poor to attempt 

segmentation.  Complete AAA wall geometries comprised of the neck, body and 

bifurcation were gained in only two patients on 3D-US.  Only one 3D-US dataset was 

suitable for segmentation of the wall, ILT and lumen of the entire AAA.   

Conclusions:  Significant software and hardware developments are required to make 

this a feasible approach.   Before CFD analysis is performed an additional smoothing 

step needs to be applied and the optimal method for this requires investigation.  The 

results of CFD and FEA simulation using the optimal results from this study will be 

informative for the further development of this technique. 
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9.2 INTRODUCTION 

 

The current use of a maximal aortic diameter of 5.5cm as an indication for AAA repair 

is unsatisfactory.  Although it is clear that increasing AAA size increases the risk of 

rupture, small AAAs may rupture and large AAAs may not. The law of Laplace is 

inadequate to explain the forces contributing to AAA rupture as AAAs are not a simple 

cylindrical or spherical shape of uniform radius or curvature.  There is increasing 

evidence that biomechanical analysis of AAAs using techniques such as CFD and FEA 

may be more accurate and patient specific for indicating when AAA repair is indicated.   

The use of these techniques requires the geometry of the AAA to be extracted from CT 

scans by means of image segmentation techniques.  Despite commercially available 

software able to perform both semi-automatic segmentation and subsequent 

biomechanical analysis, these methods have seen very limited uptake by the clinical 

community.
124

  Reasons for this include lack of validation of such techniques, variation 

in modelling approaches and the lack of agreed or standardised thresholds for repair 

based on biomechanical parameters.  In addition, as CT scanning is only indicated for 

treatment planning in patients with AAAs of 5.5cm of greater, CT data is not available 

for the key cohort of patients for whom this technique is relevant – those ǁith ͚suď 

thƌeshold͛ AAAs ǁho ŵaǇ ďe at gƌeateƌ ƌisk of AAA gƌoǁth aŶd ƌuptuƌe as suggested 

simply by diameter.  For the same reasons, there are no studies investigating how 

biomechanical indices such as wall sheer stress and peak wall stress evolve during the 

growth of small AAAs and if they relate to AAA growth rate. 

The key data supplied by CT scanning is the geometry of the AAA.  Three-dimensional 

ultrasound (3D-US) has the potential to provide 3D AAA geometries for use in 

biomechanical analysis.  This is a unique application of 3D-US and when compared to 

CT, is inexpensive and does not involve radiation or nephrotoxic contrast.  If accurate 

AAA geometries can be produced using 3D-US they may be used in biomechanical 

analysis in the same way as CT, widening the applicability of this technique in both 

research and clinical environments. 
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As there can be little justification for not repairing large AAAs in patients fit for surgery, 

the main clinical utility of this approach would be to identify smaller AAAs at higher 

risk of rupture than based simply on diameter.  Smaller aneurysms may be more 

suitable for EVAR with its associated reduction in mortality and increasing AAA size is 

predictive of stent-graft related complications.  In addition, patients with AAAs of 5.5-

6cm and with significant co-morbidities in who repair would usually be indicated may 

be found to be at lower risk of rupture than anticipated, allowing surgery to be safely 

deferred to allow optimization of co-morbidities or support a decision not to operate.  

Some patients who are at high surgical risk may decide not to undergo surgery if they 

haǀe a ͚loǁeƌ-ƌisk͛ AAA.  Furthermore, there is no research on how PWS evolves during 

AAA growth or on whether this predicts growth, the need for repair, or risk of 

premature rupture.   3D-US has no known risks, is inexpensive and could make 

biomechanical analysis available to thousands of patients on AAA surveillance and 

would open up new research opportunities on the development and growth of AAAs. 

The aim of this study was to examine the feasibility and identify the challenges of 

generating 3D AAA models using 3D-US as source data. 

 

9.3 METHODS 

 

Patients 

Twenty patients at University Hospital South Manchester undergoing CTA for planning 

of AAA repair or who were in AAA surveillance and had an incidental CT scan for other 

reasons were identified via the radiology department and gave informed consent. 

Ethical approval was granted by the National Research Ethics Committee 

(13/NW/0468). 
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3D-US scanning  

 

3D-US data was acquired using a Phillips IU22 ultrasound console (Phillips, Amsterdam, 

Netherlands) using a C5-1 curved array transducer.  In an attempt to optimise image 

quality by increasing the frame rate, the sector width was reduced as far as possible 

and the focus set at the posterior wall of the AAA.    An electromagnetic tracking 

system (Ascension, Vermont, USA) comprising of a field generator and two tracking 

sensors that attach to the ultrasound probe, is used together with a 3D guidance 

software. The positional information generated by the movement of the sensors in the 

magnetic field allows the system to orientate the US probe in time and space. This 

positional data allows the 2D-US frames to be assembled into a 3D volume. 

Patients were not routinely fasted. With the patient lying supine and during a breath 

hold, the 3D dataset was acquired by moving the transducer along the aorta from the 

level of the renal arteries to the aortic bifurcation.  In the event the renal arteries or 

bifurcation could not be seen, the acquisition was from the most proximal to the most 

distal section that could be visualised.  All scans were performed by the same vascular 

scientist with experience of 3D-US.  Patients were scanned a number of times acquire 

the best possible images, with a mean scanning time of 12 minutes. 

 

CT scanning  

CT angiography was performed using a 128-slice Siemens SOMATOM Perspective 

scanner (Siemens Medical, Munich, Germany). Patients were positioned supine and 

images at 1mm slices were acquired from the aortic arch to the femoral heads. Arterial 

phase images were acquired as per protocol using a bolus dose of 100 mL of the 

iodinated contrast medium Omnipaque 240 (GE Healthcare, UK) administered at a flow 

rate of 3 mL/s. 

   

CT in DICOM format and 3D-US data were exported to prototype analysis software 

able to perform segmentation on both datasets (ImFusion Suite, ImFusion GmbH, 

Munich).  It was anticipated that for each AAA the lumen, intraluminal thrombus and 
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wall could be segmented to create surface meshes suitable to export into software for 

biomechanical analysis. 

 

Image segmentation 

An interactive segmentation algorithm was used within the ImFusion Suite software. 

This process is covered in detail in Chapter 4.5.  Briefly, in both CT and 3D-US datasets 

the user places ͚seeds͛ iŶside aŶd outside of the structure to be segmented.  For 

example, when segmentation of the wall was performed, green seeds are placed inside 

the AAA wall and red seeds outside the wall.  The ͚iŶside͛ aŶd ͚outside͛ ƌegioŶs aƌe 

then propagated and defused in the whole image, defining  the wall from the 

surrounding structures.
186

  Other structures of the AAA (e.g. lumen, thrombus) can also 

be segmented in the same way.  Errors in the segmentation were manually corrected 

by placing more seeds and the algorithm re-run to produce an optimal result, as 

determined by the operator.  The ImFusion software then uses a marching cube 

algorithm to convert the contours generated by the segmentation into a surface mesh 

that can be exported as a stereolithography (STL) file.
187

  Time taken for segmentation 

varied depending on image quality, complexity of the anatomy and which structure 

within the AAA was being segmented. For the AAA wall, the median time taken for 

segmentation was 21 minutes for CTA and 32 minutes for 3D-US. 

For improved visualisation following segmentation, the STL files were imported into 

the mesh preparation software 3Matic (Materialise, Belgium). 

 

9.4 RESULTS 

 

20 patients were recruited to the study.  Median AAA size was 6.25cm (4.3 – 8.5cm).  

Mean body mass index (BMI) was 26.3 kg/m
2
.   The AAA wall models are shown in 

Figure 63.  There was significant variation in AAA anatomy as demonstrated by the CT 

derived models.    There was significant variation in the completeness of the 3D-US 

derived models.  The anatomical features retained for each patient are summarised in 

Table 12.  In patients 5, 8 and 9 the quality of 3D-US data was too poor to attempt 



 

 

168 

 

segmentation.  In patients 5 and 8 this was due to a combination of difficult anatomy 

and high BMI.  Patient five had a  8.5cm saccular aneurysm and a BMI of 30 kg/m
2 

while patient 8 had 7cm saccular aneurysm with a BMI of 28 kg/m
2
.  Although patient 

9 had 4.3cm aneurysm and a BMI of 25 kg/m
2 

bowel gas prevented adequate 

visualisation (Table 13).  

 

Table 12: Main anatomical features seen in 3D-US models 

Features Patients Total number 

Failed 5, 8, 9 3 

Neck, body and bifurcation 10, 14 2 

Neck and body 6, 11, 13, 16, 17, 19, 20 7 

Body only  1,2,3,4,7, 18 6 

Body and bifurcation 12, 15 2 

  20 

 

Luminal segmentation was possible in all 20 cases on CT due to the presence of IV 

contrast. Three AAAs (7, 11, 14) had no ILT.  There was variation in the degree to which 

ILT could be clearly seen on 3D-US, making segmentation of the lumen possible using 

3D-US in patients 10 and 12 only  (Figure 64). 

 

The most frequent problem was a failure to image the whole geometry of the AAA.  

There are a number of reasons why this was challenging.  Firstly, visualisation of the 

proximal abdominal aorta was often impaired due to gas in the transverse colon or 

stomach.  In addition, it was also difficult to image the proximal part of the AAA when 

it had a short infra-renal neck or was truly juxta-renal.  Secondly, imaging of the 

bifurcation was difficult in some cases due to vessel depth and tortuosity such that the 

common iliac arteries ran posteriorly from the main body of the distal AAA and could 

not be kept within the scanning field.  Bowel gas also made visualisation of bifurcation 

impossible in some cases.   
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Figure 63: AAA wall geometries derived from CT (left) and 3D US (right) 

Patient 1 

   

 

Patient 2 

   

 

Patient 3 

    

Patient 4 
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Patient 5 

 

 

Patient 6 

   

 

Patient 7 

   

 

Patient 8 
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Patient 9 

 

 

Patient 10 

   

 

Patient 11 

   

 

Patient 12 
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Patient 13 

  

 

Patient 14 

   

 

Patient 15 

   

 

Patient 16 
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Patient 17 

   

 

Patient 18 

    

 

Patient 19 

   

 

Patient 20 
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Figure 64: Segmentation of wall, lumen and thrombus (left to right) 

Patient 10 - CT 

 

Patient 10 – US 

 

Patient 12- CT 

 

Patient 12 – US 
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Therefore, only patient 10 had the potential to supply complete geometries of the 

wall, lumen and thrombus for use in both CFD and FEA. 

 

Table 13: Maximal AAA diameter and body mass index (BMI) in the study group.  

Patients that failed geometry generation are highlighted in red.  

Patient Max AAA diameter (cm) BMI (kg/m
2
) 

1 5.1 25 

2 6.2 25.5 

3 6.1 29.3 

4 7.9 24.4 

5 8.5 30 

6 7.9 23 

7 7.2 27.2 

8 7 28 

9 4.3 25 

10 6.9 23.7 

11 7.9 28.7 

12 5.7 21.9 

13 6.3 30.7 

14 5.8 20.2 

15 7.2 26.6 

16 5.6 26.8 

17 5.5 25.8 

18 5.6 29.3 

19 6.3 27.9 

20 6.2 28.5 

 

 

9.5 DISCUSSION 

 

Biomechanical simulation of AAAs has been widely studied using CTA as the source 

data.  This unique study evaluated the feasibility of generating geometries suitable for 

use in CFD and FEA using magnetically-tracked 3D-US and an interactive segmentation 

technique.   
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The results show that a number of technical problems currently prevent this from 

being a widely applicable technique.  Complete technical success was achieved in only 

one case (5%).  In a pilot study of 3D-US of 10 normal aortas, it was noted the 

abdominal aorta could be easily imaged from renal arteries to bifurcation in 90% of 

cases.  In a further pilot study in patients with small AAAs under surveillance, technical 

success of scanning from the neck to the bifurcation was achieved in 80% of patients.  

Based on these results, it was anticipated that such an approach would also be feasible 

in patients with larger AAAs undergoing CTA for treatment planning.   

Visualisation of the proximal AAA may be improved in future work by optimising 

patient positioning such as placing arms above the head or a break in the table.  We 

did not routinely fast patients prior to imaging, given the inconsistent benefit seen on 

doing this for imaging of the mesenteric vessels.  However, three patients were 

coincidentally fasted as they thought they should be for their subsequent CT scan.  This 

did not appear to significantly improve image quality.   It is possible that bowel gas 

may not have been present if the scan was repeated on a separate day.  This was not 

feasible in this study as patients quickly went on to have surgery.   

At least the main body of the AAA was visualised in 17 patients.  However, the quality 

of the 3D reconstruction and the 3D-US derived models was highly variable.  The 

ultrasound images were degraded in some cases, possibly due to vessel pulsatility and 

tracking inaccuracies.   This meant that the software has difficulty in defining the wall 

of the AAA and required significant user input to make corrections.  There are a 

number of potential ways this may be improved: 

 

1. Optical tracking.  Magnetic tracking is known to suffer from interference due 

the effect of metal in the scanning field.
175

  Use of an optically tracked system 

may improve results and the application of a tracking filter as described in 

section 8.3 would help improve accuracy – this feature was not available during 

recruitment to this study.  
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2.  A method of mitigating vessel pulsatility.  As previously discussed, ECG gating is 

technically challenging as it would require US data to only be acquired at a 

specific point during the cardiac cycle.  This would make the 

acquisition/scanning time unacceptably long.  A second option would be to 

perform a longer acquisition, for example, over 10 seconds.  This would create 

a large dataset.  A software algorithm could then be employed to discard US 

data at specific time points to provide US slices at the same point in the cardiac 

cycle. 

 

3. Upgrading of US unit.  The IU22 system has now been superseded by the next 

generation of industry-standard US scanners.  These systems offer improved 

image resolution and quality. 

 

4. Optimisation of scanner settings and transducer.   As described in the methods, 

number measures were taken to try and optimise image quality.  However, a 

number of 3D-US images lacked contrast between the inner and outer wall of 

the AAA to allow for improved segmentation.  Increasing the gain setting as 

high as possible to provide as optimal definition will be important in future 

work.  

 

5. Alternative method of vessel segmentation.  The application of the 

segmentation method used in this project for both CT and 3D-US data is 

unique.  In a recent study, a manual segmentation was used to generate 3D 

AAA models from 3D-US data.
172

  This required extensive and time-consuming 

processing in complex software.  A manual segmentation tool is available in the 

ImFusion suite.  It involves manually placing spline contours in each image slice, 

similar to the process outlined in chapter 7 and 8.  Once the splines have been 

placed, the software creates a surface mesh by interpolating between the 

contours (Figure 65).  This process is not currently able to include the 

bifurcation, though such a facility is in development.  Additionally, this method 

is very time consuming, taking around 60 minutes to place the required 

number of splines in the CT or 3D-U“ data.  As the algoƌithŵ, esseŶtiallǇ ͚fills iŶ 

the gaps͛ ďǇ connecting each spline contour, it Đƌeates a ͚jagged͛ suƌfaĐe.  Using 
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this method would also require a smoothing operation before the model could 

be prepared for simulation. 

 

 

Figure 65: Surface meshes of an AAA wall (left –CT, right– 3D-US) using the manual 

spline segmentation tool.  The current software version is not able to include the 

bifurcation. Smoothing will be required. 

 

In the majority of cases, the flow lumen could not be adequately seen as the ILT could 

not be clearly defined.  In a small number of patients, and after an ethical amendment 

was approved, a 2ml IV bolus of sulphur hexafluoride microbubble contrast was given.  

This demonstrated the lumen distinctly from the surrounding thrombus (Figure 66).  

Although promising, the analysis software was not optimised to process images from 

contrast-enhanced ultrasound and the results from segmentation were poor.  Further 

development is needed to assess if this will be an effective method of producing a 

luminal geometry.  
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Figure 66: Left – a US image of an AAA.  The AAA contains thrombus but it cannot be 

distinguished from the lumen.  Right – same site in the AAA after IV contrast.  The 

lumen and thrombus are now well visualised. 

 

CFD simulation is by far the most demanding, as it requires the full luminal geometry – 

flow is heavily dependent on the neck and the bifurcation.  For FEA, neglecting the iliac 

vessels from the simulation has been shown not to significantly alter wall stress 

distributions,
97

 therefore it is possible that a greater number of 3D-US geometries may 

be suitable for FEA.  In addition, as the main application of the 3D-US approach would 

be to identify patients with small AAAs at greater risk.  This potentially means that the 

AAAs would be easier to image, and technical success may be higher. 

 

9.6 CONCLUSIONS 

 

AAA geometry generation from 3D-US faces a number of significant challenges, but 

may be feasible with further methodological and technical development.  Complete 

technical success of a complete wall, lumen and thrombus geometry from AAA neck to 

aortic bifurcation was achieved in only 5% of patients.  Complex anatomy, particularly 

saccular and bi-lobed aneurysm configurations were the most challenging and lead to 

complete technical failure.  Stomach and bowel gas obscuring the image proximally 

may be improved by fasting and improved patient position, though this has 

inconsistent results in the authoƌ͛s experience of renal and mesenteric scanning.  

Image quality may be improved by updating the US hardware and optimisation of 
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settings.  An alternative segmentation method may be required for 3D-US data.  

Tracking accuracy may be improved by using an optical tracking system.  It is possible 

that visualisation of the lumen and thrombus may be improved by the use of an IV 

contrast agent.  Further mesh smoothing may need to be applied prior to CFD 

simulation.  The results of CFD and FEA simulation using the optimal results from this 

study will aid further development.  
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10.1 ABSTRACT 

 

Background:  The current criterion for surgical intervention in abdominal aortic 

aneurysms (AAAs), based upon a maximal aortic diameter, is considered conservative 

due to the high mortality rate in case of rupture. The research community is actively 

investigating the use of computational mechanics tools combined with patient specific 

imaging to help identify more accurate criteria. Widespread uptake of a successful 

metric will however be limited by the need for Computed tomography, which is at 

present the primary image extraction method on account of the location and complex 

shape of the aneurysms. The use of 3D ultrasound (3D-US) as the scanning method is 

more attractive on account of increased availability, reduced cost and reduced risk to 

patients.  

 

Methods: The suitability of 3D-US is assessed for this purpose in the present work; 

Computational Fluid Dynamics simulations were performed on geometries obtained 

from the same patient using both Ultrasound and Computed Tomography (CT). The 

influence of different smoothing algorithms is investigated in the geometry 

preparation stage. 

 

Results: The Taubin Low-Pass Filter was found to best preserve geometry features. 

Laminar, Newtonian, steady-state simulation analysis identified hemodynamic 

characteristics to be qualitatively similar in terms of Wall Shear Stress, Velocity and 

Vorticity.  

 

Conclusion: The study demonstrates the potential for 3D-US to be integrated into a 

more accessible patient specific modelling tool able to identify the need for surgical 

intervention of AAAs. 
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10.2 INTRODUCTION 

 

The pathogenesis of abdominal aortic aneurysms is complex. Inflammatory and 

proteolytic processes appear to be the dominant mechanisms controlling aneurysm 

expansion, acting in conjunction with other less well characterised mechanisms, 

including hemodynamic stress, infection and autoimmunity.
12

 The risk factors for AAA 

are well established - male sex, advanced age, smoking and a family history in first-

degree male relatives.
7-10, 12

  

 

Rupture of an AAA is catastrophic with an overall mortality of 90%,
1, 8

 and the cause of 

over 6000 deaths per year in the UK.
203

 The growth rate and rupture risk of AAAs is 

unpredictable; only smoking (increases growth, doubles rupture risk) and diabetes 

(slows growth) have been proven as patient-specific factors. The cause of rupture is 

thought to be due to a number of factors,
204

 one of which being low Wall Shear Stress 

(WSS) in specific areas of the aneurysm. 

 

Based on population studies, a maximal aortic diameter of 5.5cm is considered the 

threshold for elective repair
205

 equating to the point at which risk of rupture is thought 

to outweigh the risk of surgery. This is clearly not an individualised approach and 

means that the timing of surgery may not be optimal - currently around 10 AAA repairs 

are performed to prevent one rupture.
124

 There is clearly a need for more patient-

specific growth and rupture risk prediction to identify AAA patients at high rupture 

risk.
16

 

 

Recent attempts to improve this criterion have involved the use of CT scans to obtain 

3D models of patient specific geometry, often in conjunction with the application of 

Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA) to predict WSS 

in the aneurysm.
205-209

 These attempts have demonstrated the potential benefits of 

patient specific geometry in the prediction of rupture for AAAs, as the characterisation 

of aneurysmal flow patterns is most sensitive to aneurysm geometry over other 

variables.
210

  However, this technique has not been widely implemented clinically as CT 
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scanning is expensive, delivers a significant radiation dose and requires iodinated 

intravenous contrast, which is associated with cumulative nephrotoxicity.
183

 3D-US is a 

novel imaging modality that has the potential to overcome these issues and be applied 

to a wide patient population given that US is already used as the preliminary tool to 

identify AAAs in patients.
4
  

 

In the current work, additional smoothing is required to prepare the geometry for CFD 

simulation. A number of different algorithms have been identified as suitable for 

smoothing of patient specific geometries.
211

 We here focus on a paired CT-US data set, 

both of which are smoothed using each algorithm in turn (Laplacian, HC Laplacian and 

Taubin Low Pass Filter) in order to assess the importance and effects of geometry 

smoothing on fluid simulations. In this work, the accuracy of the simulation results 

using 3D-US geometries will be compared against those obtained through CT scans in 

order to validate this technique. While most patient-specific approaches reported in 

previous studies have focussed on structural analysis of the aneurysm wall using FEA, 

there is an identified need to incorporate effects of the blood flow in order to improve 

accuracy of rupture prediction and ultimately a coupled fluid-structure approach is 

sought.
12, 105, 124

 

 

In general, WSS induced by flow simulations will be more sensitive to geometric 

resolution and inlet/outlet effects than wall stresses obtained by structural analysis 

alone, whereby loading pressures are generally imposed to be constant. A more 

stringent test of the potential of 3D-US versus CT scan is thus identified in the 

comparison of CFD predictions from each source, which forms the focus of the present 

work. 

 

10.3 METHODS 

 

Figure 67 represents the tool chain for each of the two scanning techniques used in the 

present study. The current study is limited to a single paired optimal dataset in order 

to demonstrate the potential and the limitations of using the 3D-US approach, while 

future and on-going work will aim to quantify this across a wider range of paired 
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datasets. Patients undergoing CT angiography for planning of AAA repair at University 

Hospital South Manchester were identified via the radiology department and gave 

informed consent. Ethical approval was granted by the National Research Ethics 

Committee (13/NW/0468). 

 

 

Figure 67: tool chain employed for the present study. 

 

In the following we provide details of the independent steps in the process, as 

represented by Figure 67.  We differentiate between image segmentation and 

geometry preparation since the former requires physiological knowledge and the latter 

is associated with facilitation of the simulations.  

 

CT scanning  

 

CT angiography was performed using a 128-slice Siemens SOMATOM Perspective 

scanner (Siemens Medical, Munich, Germany). Patients were positioned supine and 

images at 1mm slices were acquired from the aortic arch to the femoral heads. Arterial 

phase images were acquired using a bolus dose of 100 mL of the iodinated contrast 

medium Omnipaque 240 (GE Healthcare, UK) administered at a flow rate of 3 mL/s. 
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3D-US scanning  

 

3D-US data was acquired using a Phillips IU22 ultrasound console (Phillips, Amsterdam, 

Netherlands) using a C5-1 curved array transducer. An electromagnetic tracking system 

(Ascension, Vermont, USA) comprising of a field generator and two tracking sensors 

that attach to the ultrasound probe, is used together with a 3D guidance software. The 

positional information generated by the movement of the sensors in the magnetic field 

allows the system to orientate the US probe in time and space. This positional data 

allows the 2D-US frames to be assembled into a 3D volume.  

 

Segmentation  

 

CT and 3D-US data were exported to prototype analysis software able to perform 

segmentation on both datasets (ImFusion Suite, ImFusion GmbH, Munich). An 

interactive segmentation algorithm was used where the operator briefly places seeds 

inside and outside the lumen in a Ŷuŵďeƌ of iŵages sliĐes. The ͚iŶside͛ aŶd ͚outside͛ 

regions are then propagated and defused in the whole image, defining  the lumen from 

the surrounding aortic wall or thrombus.
186

 Other structures of the AAA (e.g. wall, 

thrombus) can also be segmented in the same way. Errors in the segmentation were 

corrected by the user and the algorithm re-run to increase accuracy. The ImFusion 

software then uses a marching cube algorithm to convert the contours generated by 

the segmentation into a surface mesh
187

 that can be exported as a stereolithography 

(STL) file. Segmentation took less than 10 minutes for CT and less than 20 minutes for 

3D-US.  

 

Geometry Preparation  

 

Before smoothing each geometry, smaller arteries that branch from the abdominal 

aorta were removed, in this case flow from the lumen into a patent lumbar artery, as 

seen in Figure 68. By removing these smaller branches, the complexity of the 

simulation could be reduced. This decision was taken since the error associated with 

excluding these branches was deemed to be smaller than the effect from the simple 
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simulation set up for this preliminary study. However, it should be noted that both 

imaging techniques were able to identify this artery in the same location.    The 

resolution of each geometry was then increased further via the application of the 

Butterfly Subdivision algorithm.
212

 Each geometry was imported into MeshMixer
213

 to 

prepare the inlet and outlets of each aneurysm for fluid simulation.  

 

Due to the high acoustic impedance of bone, US does not pass well through the rib 

cage and the image can also be obscured by other features such as bowel gas; 

resulting in difficulty obtaining large portions of the upstream aortic geometry. 

Furthermore, the aneurysm outlet arteries (iliac arteries) tend to follow the downward 

curvature of the pelvis, increasing the distance between the skin and the artery. Thus 

making it challenging to obtain the downstream geometry using US. In an attempt to 

mitigate these restrictions we restricted our focus on the aneurysm itself, and 

assumed approximate constant cross-section in both up and downstream directions by 

extruding planar cuts of the available data as shown in Figure 68. 

 

 

Figure 68: Geometry preparation from CT and 3D-US data. 

 

The aneurysm lumen geometries were then smoothed in MeshLab
214

 using 

Laplacian,
215

 HC-Laplacian
216

 and Taubin Low-Pass Filter.
217

 The Laplacian algorithm is 
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widely used for a number of applications
218

 and is available in most commercial 

software packages.
219

 However, the Laplacian algorithm is known is suffer from 

shrinkage.
220

 Previous research has indicated HC-Laplacian and Taubin Low-Pass Filter 

are better optimized for medical applications in general
211

 however, it was crucial that 

this be validated for AAA geometries from 3D-US scans. 

 

CFD Pre-processing  

 

The inlet plane was extruded upstream by a distance of around three times the 

diameter of the abdominal aorta and an analytical profile was applied at the inlet, as 

defined by: 

 

 

where µmean is the mean velocity corresponding to the Reynolds number, r is the radial 

distance from the centre of the vessel and rmax is the vessel radius. This procedure 

enables the inlet section to be shortened in order to minimise the effects of boundary 

conditions, and thereby represent a more realistic blood flow profile in the region of 

the aneurysm. 

 

 

The outlets were also extended in a similar manner in order to prevent backflow from 

affecting the fluid characteristics inside the aneurysm. It was found that the process to 

prepare the 3D segmented geometry for simulation could be completed by an 

experienced user in under 10 minutes. The computational grid was generated using 10 

layers of prism cells with sufficient resolution to adequately resolve the boundary layer 

and polyhedral cells used in the remaining domain. A grid refinement study was 

conducted on a single geometry based on meshes generated with 3 cross-sectional 

resolutions corresponding to total cell counts of 0.5, 1.7 and 5 million polyhedral cells. 

It was found that mesh convergence was reached by the second mesh containing 1:7M 

cells, for which a view of the cross-section is displayed in Figure 69. 
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Figure 69: Mesh used in the CFD analysis (top) full domain, (bottom) cross sectional 

detail. 

 

 

CFD Simulation 

 

All simulations were conducted using the commercial finite-volume code, STAR CCM+. 

For the purpose of this pilot study, a steady segregated incompressible solver was 

employed, assuming Newtonian laminar flow. A second-order upwind scheme was 

used to discretise the convective terms of the momentum equations.  Since no patient 

specific flow velocity data was available, the Reynolds number was assumed to be 660 

based upon the average inflow velocity and inlet diameter.  The fluid͛s ǀisĐositǇ ǁas 

set to 0.004kg/m/s to represent a Newtonian blood flow and the density was set to 

1050kg/m
3
.  A Poiseuille Flow was used at the inlet to represent a more realistic blood 

flow profile
221

 while enabling a shortening of the inlet section as described above.  The 

cases were run on 64 cores for 1,700,000 cells (30,000 cells per core). Time per 

iteration was around 0.5s and the calculation continued until residuals dropped below 

1x10
6
; on average this required a total of 5,500 iterations, amounting to a simulation 

time of 45 minutes. 
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CFD Post-processing  

 

The resulting WSS was extracted and compared for both smoothing algorithms to 

assess the sensitivity of the flow simulation to different smoothing algorithms. The 

WSS characteristics of the CT and 3D-US scans were then compared to determine the 

potential viability of 3D-US scans as a basis for surgical intervention for AAAs. The 

internal flow field was also assessed via a combination of streamlines and contours of 

both flow velocity and vorticity. 

 

10.4 RESULTS 

 

Assessment of smoothing algorithms 

 

The geometry from the segmentation stage remains unsuitable for CFD analysis, on 

account of remaining protrusions and tight internal corners. As such additional 

smoothing was undertaken using several common approaches employed in the 

literature and for each algorithm applied, we assessed the quality of the resulting 

surface mesh. The quality metrics, summarised in Table 14 include the number of faces 

and vertices, rate of shrinkage and the mean aspect ratios of faces.  

 

Table 14: Mesh quality assessment of smoothing algorithms 

 

 

 

As mentioned previously, the Laplacian smoothing algorithm is known to suffer from 

shrinkage.
216

 This results in the geometry converging to a single point if applied 

excessively. Even small amounts of shrinkage can cause geometry detail levels to be 

significantly reduced as well as artificially reducing the patient specific Reynolds 
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number through the reduction of the characteristic distance, in this case the aorta 

diameter. 

 

The face aspect ratio profile of geometries is of particular importance when creating 

the mesh for CFD analysis. Low aspect ratios can cause mesh distortion resulting in 

inaccurate solutions and slow convergence. Figure 70 shows the distribution of face 

aspect ratio for each algorithm when applied to the geometry output from the 

segmentation stage. The Laplacian smoothing is shown to result in a greater number of 

faces which have a lower value aspect ratio. Indeed a smearing effect is evident. In 

contrast, the HC-Laplacian algorithm and Taubin Low Pass Filter retain a superior level 

of aspect ratio over the entire mesh; both exhibiting a modal face value of around 

0.75.  The HC-Laplacian algorithm and Taubin Low-Pass Filter were identified as 

suitable for CFD analysis based upon the superior quality of the resulting smoothed 

mesh and in the subsequent section we compare the impact of selecting either one or 

other of these approaches. 

 

 

Figure 70: Histogram of face aspect ratio for Laplacian, HC Laplacian, and Taubin low 

pass filter 
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Analysis of Wall Shear Stress 

 

In terms of providing evidence to assess the risk of aneurysm rupture, WSS levels are 

often deemed to play a crucial role, as reported in the introductory sections. Figure 71 

provides a comparison of WSS distribution for the selected combinations of image 

sources and smoothing algorithms. It can be seen that the differences between 

geometries resulting from the two smoothing algorithms are minimal when compared 

to those differences arising from the two methods of scanning. Negative axial WSS is 

shown in various locations indicating areas of flow recirculation. Encouragingly there 

are qualitative similarities between the predicted WSS distributions arising from both 

CT and 3D-US data. Areas of lowest WSS are identified in similar locations for both 

scanning methods and smoothing algorithms, as demonstrated by the minimum points 

located in the top right of the aneurysm wall in the front view and located at the top of 

the side view. In the clinical experience of the authors, the site of AAA rupture is highly 

variable but has been observed at sites similar to the region of low WSS identified in 

this simulation. It is therefore feasible to suggest this region may ultimately be the site 

of rupture and notable that it is unrelated to the site of maximal aortic diameter. 

 

 

Figure 71: Wall sheer stress for each combination of image source and smoothing 

algorithm. 

 



 

 

193 

 

Figure 72 provides the means for a closer inspection of WSS levels. The axial WSS, τwall, 

is plotted along the artery walls along a probe in both a vertical plane (dark blue) and a 

horizontal plane (light blue) for all combinations of imaging technique and smoothing 

algorithm. It can be seen that the range of results all follow a trend, picking up maxima 

and minima at similar locations. In the vertical plane (on the left of Figure 72 and 

corresponding to the dark blue plane), there is an initial rise at a distance of 0.02m 

from the inlet, followed by a drop and a plateau in the region 0:03 < x < 0:08. Beyond 

this point, the variation of WSS is heavily influenced by the exit and bifurcation region; 

giving rise to a large negative value corresponding to a flow recirculation. While the 

qualitative trends are similar, values arising from the 3D-US derived data are higher by 

a factor of between 1.5 and 2 than values from the CT data.  

 

Differences are expected to be more pronounced at the start and end of the 

aneurysm, on account of the non-linear influence of small geometric variations in 

these regions. Nevertheless, away from these locations the agreement is observed to 

be within 10%. Oscillations in the magnitude of WSS can be seen around the exit of the 

aneurysm. This is partly caused by the irregularity of the cross sectional area of the 

aneurysm geometry in this region and also the increased complexity of the flow due to 

the bifurcation of the aorta into the iliac arteries and the wall between the branches. 

 

 

Figure 72: Axial wall sheer stress for each scanning technique. 

 

The axial WSS profiles obtained in the horizontal (light blue) plane indicate a 

somewhat broader variation. Again, the agreement between CT and 3D-US derived 
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simulations is reasonably close. Peak values are once again predicted at around 0.02m 

from the inlet, but there is a difference in the subsequent predicted variation in that 

3D-US predictions indicate an earlier minima than that from CT simulations. This 

corresponds to variations in the profile of the aneurysm geometry and the associated 

distribution of the WSS as seen in Figure 71 (Front Views). 

 

 

Analysis of predicted flow field 

 

Switching attention to the internal flow field, we consider here a comparison between 

CT and 3D-US geometries smoothed using the Taubin Low-Pass Filter only, on account 

of small details reported in the previous section.  Figure 73 displays streamlines of 

velocity and contours of vorticity plotted at various cross-planes. The streamlines 

demonstrate once again that the overall bulk flow is comparable between simulations 

derived from both CT and US sources; with the majority of the flow identified as high 

velocity bulk flow passing through the middle of the aneurysm. There are notable 

differences which occur in the lower velocity (blue) streamlines, in the vicinity of the 

aneurysm walls where geometric inconsistencies are more pronounced. Fortunately, 

the pƌediĐted leǀels of W““ doŶ͛t appeaƌ to ďe oǀeƌlǇ seŶsitiǀe to these diffeƌeŶĐes. 

This pattern is also demonstrated in the vorticity contour plots. The flow is observed to 

become more complex as it reaches the aneurysm outlets, with counter rotating 

vortices forming inside the aneurysm (shown in vorticity image 1 and 2). These vortices 

then breakdown as the flow approaches the outlets of the aneurysm resulting in non-

uniform flow properties along the aneurysm wall. This results in the variation in the 

WSS across the wall that were previously identified. 
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Figure 73: Streamlines and contours of velocity (m/s) and vorticity (l/s) for Taubin low 

pass filter smoothed CT (left) and 3D-US (right) geometries. 

 

10.5 DISCUSSION 

 

Steady CFD simulations of AAA patient specific geometries obtained from a single 

patient through CT and 3D-US scans were performed and analysis of the derived 

hemodynamic conditions conducted. In addition, the effects of commercially available 

smoothing algorithms were assessed with the aim of identifying an optimum algorithm 

in the fluid simulation of AAAs.  

 

It was found that the basic Laplacian smoothing algorithm was not suitable for AAA 

applications, creating meshes with higher rates of shrinkage and lower average aspect 

ratios than the HC-Laplacian and Taubin Low Pass Filter. The Taubin Low Pass Filter 

provided the highest quality meshes causing no shrinkage to the geometry, the least 

reduction in visual detail and the highest quality average aspect ratio. 

 

The Taubin Low Pass Filter and HC-Laplacian methods were then selected for CFD 

simulation. From the results it could be seen that there was little variation 

quantitatively in the hemodynamic characteristics between the smoothing algorithms. 

However, given that the HC-Laplacian algorithm causes higher levels of mesh 
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shrinkage, for future simulations incorporating a patient specific inlet velocity profile, 

the flow Reynolds number will be artificially reduced using the HC-Laplacian algorithm.  

 

The hemodynamic characteristics exhibited a larger dependence on imaging source, as 

can be expected. However, it is noted that these geometric differences were not so 

great as to significantly impact the predicted distribution of wall shear stress, which is 

commonly understood to be one of the most important metrics in computational 

hemodynamic analysis of aneurysm rupture. Predictions resulting from the 3D-US 

derived data identified broadly the same locations of minimum WSS as those from CT 

scans, with predicted values remaining close across the majority of the flow. In 

addition, the axial WSS profiles obtained through both scanning techniques indicated 

very similar qualitative flow characteristics in terms of flow recirculation and the 

presence of bifurcation. The velocity streamlines and cross sectional contours were 

again qualitatively similar.  

 

The tool chain for patient-specific geometries obtained through 3D-US methods is 

more efficient than its CT counterpart, and more practical; and its usage would 

radically broaden accessibility of patient specific computational haemodynamics 

analysis. Geometries obtained through CT scan require more outsourced steps in the 

tool chain, therefore increasing the time before a decision for surgical intervention can 

take place.  Additionally, given the cost and risk to the patient, CT cannot be 

performed on multiple occasions if the aneurysm grows. This leads to a conservative 

criterion for surgical intervention given the mortality rate of an aneurysm rupture. In 

contrast, the 3D-US technique can be performed as and when necessary given the 

availability and relatively small cost in comparison to CT scanning. This also allows the 

3D-US scan to be iterated if the quality of the geometry is not sufficient after the 

segmentation and smoothing stages.  

 

The research presented in this paper demonstrates the potential for 3D-US to be used 

as an alternative to CT scanned patient specific geometries in the decision to surgically 

intervene for AAAs. The hemodynamic characteristics have been shown to be 

quantitatively similar for a relatively simple CFD simulation. Additionally, the tool chain 
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for the technique incorporating 3D-US scanning was found to be more favourable to 

clinicians, allowing more of the method to be conducted bedside and iterated due to 

the low cost and high availability relative to CT scanning.  

 

Mesh quality analysis found the Taubin Low-Pass Filter to be the most optimal 

commercially available smoothing algorithm producing high quality faces and 

preventing shrinkage of the geometry during smoothing iterations. The HC-Laplacian 

smoothing algorithm also performed favourably.  

 

It should be emphasised that the research presented here is preliminary in nature, and 

aims only to demonstrate the potential of the 3D-US technique as a viable alternative 

to CT derived geometry.  

 

10.6 CONCLUSIONS 

 

To this end, it has been shown that careful execution of the segmentation, image 

smoothing and CFD pre-processing stages can enable comparable analysis under the 

conditions of steady, laminar and Newtonian flow. Ongoing work will endeavour to 

repeat simulations for a number of additional pairs of CT and 3D-US derived 

geometries to understand limitations and the sensitivity to different body types and 

aneurysm configurations. Furthermore, analysis will incorporate increasing complexity 

in order to move towards more realistic simulation. Work will continue by assessing 

the impact on wall shear stress prediction when using a pulsatile velocity inlet 

condition, as well as a non-Newtonian model for blood. We also plan to incorporate 

finite element analysis of the artery wall, as well as the thrombus if present, in an 

attempt to identify a more accurate and efficient metric to indicate the risk of rupture. 
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CHAPTER 11: WALL STRESS ANALYSES OF ABDOMINAL AORTIC ANEURYSMS: 3D 
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11.1 ABSTRACT 

 

Background: Biomechanical analysis using finite element analysis (FEA) to estimate 

peak wall stress (PWS) has been proposed as superior to maximal aortic diameter as a 

patient-specific indicator of rupture risk of AAAs.  Current approaches to wall stress 

analysis using FEA rely on CT scans to provide the AAA geometry.  Such an approach is 

not feasible for patients in AAA surveillance and has limited the clinical 

implementation of this approach.  3D-US may be able to replace CTA for this purpose, 

though it faces a number of technical challenges.  The aim of this study, using one 

optimal paired 3D-US and CT geometry, was to generate a proof-of-principle and 

inform further work.   

Methods:  The optimal paired 3D-US and CT scan from a patient being assessed for 

elective AAA repair was selected from a previous study.  An interactive segmentation 

tool was used to create surface meshes from each dataset.  These were exported to 

3Matic software and prepared for FEA which was performed using Abaqus.  The 

resulting was stress values and distributions in the CT and 3D-US were compared.    

Results: FEA simulation for both the CT and 3D-US model was successful.  The location 

of PWS was identified in the same region in both simulations, on the right postero-

inferior AAA wall.  The peak von Mises stress in the CT model was 536 KPa and in the 

3D-US model was 761 KPa.  Therefore, the 3D-US geometry over-estimated the PWS 

by 42%. The site of maximal principle stress was also at the same location in both 

models and was the same site as the region of peak von Mises stress.  Maximum 

principle stress in the CT model was 600 KPa and in the 3D-US model was 911 KPa.  

Therefore, the site of maximal principle stress was overestimated in the 3D-US model 

by 51%. 

Conclusion: Although the FEA simulations were successful and the site of PWS was 

identified in the same anatomical location in each model, peak von Mises stress and 

maximal principle stress was overestimated in the 3D-US model by 42% and 51% 

respectively.  Before increasing the complexity of the modelling, further work should 

concentrate on improving the accuracy of the 3D-US approach, examining the 
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reproducibility of the CT and US segmentation and validating the segmentation 

method used against an industry standard.  
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11.2 INTRODUCTION 

 

Selecting the appropriate threshold for AAA repair is critical.  Based on population 

studies, a ŵaǆiŵal aoƌtiĐ diaŵeteƌ of шϱ.ϱĐŵ is ĐoŶsideƌed the thƌeshold foƌ eleĐtiǀe 

repair,
1
 equating to the point at which risk of rupture is thought to outweigh the risk of 

surgery.  This is clearly not an individualised approach and means that the timing of 

surgery may not be optimal - currently around 10 AAA repairs are performed to 

prevent one rupture.
124

 The applicability of estimates of AAA tensile stress and wall 

strength or derived parameters to identify patients at risk for rapid growth or rupture 

has been identified as a research priority by the American Society of Vascular 

Surgery.
65

  

The current clinical threshold for repair in men of 5.5cm assumes that AAAs obey the 

͚laǁ of LaplaĐe,͛ ǁith the stƌess oŶ the AAA ǁall pƌopoƌtioŶal to its diaŵeteƌ. However, 

AAAs are not siŵple ĐǇliŶdeƌs oƌ spheƌes to ǁhiĐh the ͚laǁ͛ applies; ƌatheƌ, theǇ haǀe 

complex three-dimensional geometries.
127

  As rupture occurs when wall stress exceeds 

wall strength, the strength and material properties of the aortic wall are also key 

issues.  There is increasing evidence that estimating PWS using finite element analysis 

FEA can more accurately predict rupture risk than AAA diameter.
97

 Stress is a measure 

of the internal forces induced in the vessel wall due to blood pressure.  PWS describes 

the region in a structure or geometry where the stress is highest. 

FEA is a computational modelling technique that is established in industry to design, 

prototype and test complex structures and geometries.  Current FEA techniques for 

AAAs
95

 rely on CTA to provide the geometry of the aneurysm, with the material 

properties of the AAA wall defined by bench-top mechanical testing of explanted aortic 

tissue and mathematical models.
121

  However, as CTA is expensive and exposes 

patients to both ionizing radiation and intravenous contrast that is potentially 

nephrotoxic, it would be completely inappropriate for patients undergoing AAA 

surveillance.  CTA is only indicated in AAA patients to plan repair.  As a result, despite 

the recent availability of commercial FEA software for AAA 

(http://www.vascops.com/en/vascops-home.html) the approach is not in routine 
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clinical use.  There is no research on how PWS evolves during AAA growth or on 

whether this predicts growth, the need for repair, or risk of premature rupture. 

3D-US has the potential to replace CTA for this purpose and make such analysis 

possible on a large number of patients.  An approach using matrix 3D-US has recently 

been described, but this approach is hampered by the need to assemble the geometry 

from multiple acquisitions in lengthy post-processing.
172

  Using a tracked freehand 

ultrasound system avoids this problem, but has also proven to be technically 

demanding.  In a feasibility study, it was identified that complete wall geometry was 

acquired in 10% of patients (Chapter 9).  Nonetheless, when the optimal result was 

used in CFD simulations, the results were encouraging (Chapter 10).   

The aim of this study, using one optimal paired 3D-US and CT geometry, was to 

generate a proof-of-principle and inform further work.   

 

11.3 METHODS 

 

This current study is limited to a single paired optimal dataset in order to demonstrate 

proof-of-principle and explore the potential and the limitations of using 3D-US for this 

application.  The optimal results from a single patient in a previous study (Chapter 9) 

were selected to investigate the feasibility of this approach.  The patient had 

undergone CTA for planning for repair of a 6.9cm AAA at University Hospital South 

Manchester and was identified via the radiology department records.  They gave 

informed consent. Ethical approval was granted by the National Research Ethics 

Committee (13/NW/0468). 

 

CT scanning  

CT angiography was performed using a 128-slice Siemens SOMATOM Perspective 

scanner (Siemens Medical, Munich, Germany). Patients were positioned supine and 

images at 1mm slices were acquired from the aortic arch to the femoral heads. Arterial 

phase images were acquired using a bolus dose of 100 mL of the iodinated contrast 

medium Omnipaque 240 (GE Healthcare, UK) administered at a flow rate of 3 mL/s. 
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3D-US scanning  

3D-US data was acquired using a Phillips IU22 ultrasound console (Phillips, Amsterdam, 

Netherlands) using a C5-1 curved array transducer. An electromagnetic tracking system 

(Ascension, Vermont, USA) comprising of a field generator and two tracking sensors 

that attach to the ultrasound probe, is used together with a 3D guidance software. The 

positional information generated by the movement of the sensors in the magnetic field 

allows the system to orientate the US probe in time and space. This positional data 

allows the 2D-US frames to be assembled into a 3D volume.  

 

 

Segmentation  

CT and 3D-US data were exported to prototype analysis software able to perform 

segmentation on both datasets (ImFusion Suite, ImFusion GmbH, Munich).   The 

method using an interactive segmentation algorithm has previously been described in 

detail (Chapter 4.5).  To briefly reprise, the operator briefly places seeds inside and 

outside the wall in a number of image slices. The ͚iŶside͛ aŶd ͚outside͛ ƌegioŶs aƌe theŶ 

propagated and defused in the whole image, defining  the wall from the surrounding 

aortic wall or thrombus.
186

 Other structures of the AAA (e.g. lumen, thrombus) can also 

be segmented in the same way. Errors in the segmentation were corrected by the user 

and the algorithm re-run to increase accuracy. The ImFusion software then uses a 

marching cube algorithm to convert the contours generated by the segmentation into 

a surface mesh
187

 that can be exported as a STL file.  The maximum mesh resolution 

was selected in each case.  A number of meshes were generated with different levels 

of smoothing.  The optimal result was selected such that anatomical features were 

retained but extraneous points were removed (Chapter 4.5.2).   Segmentation took 

less than 10 minutes for CT and less than 20 minutes for 3D-US. 

 

Geometry preparation 

The STL files were imported into 3Matic software (Materialise, Belgium).  Any obvious 

extraneous points were removed usiŶg the ͚loĐal sŵoothiŶg͛ tool, hoǁeǀeƌ, Ŷo fuƌtheƌ 

smoothing step or algorithm was applied.  To create the AAA wall, the surface was 



 

 

204 

 

expanded outwards by 1.5mm for the 3D-US model and inwards by 1.5mm for the CT 

model usiŶg the ͚holloǁ͛ opeƌatioŶ.  This was done as the 3D-US segmentation 

captures the inner wall of the AAA and the CT segmentation captures the outer wall of 

the AAA.  The method of expanding the AAA surface to create the wall, and the 

assumed wall thickness of 1.5mm is in line with other studies.
172

  The influence of ILT 

was neglected in this study to focus on the accuracy of the wall simulation and due to 

contention in the literature about its influence on wall stress.  The immediate aortic 

bifurcation was included in the model but not considered further downstream as it 

was poorly imaged on 3D-US and removal of the iliac vessels from FEA simulations 

does not appear to significantly influence wall stress distributions.
97

 

 

Mesh generation 

 

The prepared model was imported from 3Matic to Abaqus v6.14 (Dassault Systèmes, 

Paris, France).  A plug-in within Abaqus, ͚Mesh to Geometry͛, was used to convert the 

STL model into a native Abaqus part in order to reduce the simulation time.  A re-

meshing procedure to create a tetrahedral volume mesh on each of the AAA surface 

meshes was performed.  To determine the optimal number of elements and therefore 

the optimal mesh, mesh independence was performed at a level of ±2% in peak wall 

stress.  This gave an optimal number of 284,313 elements. 

 

Boundary conditions    

The AAA wall was modelled as a homogenous isotropic hyperelastic material as 

described by Rhagavan and Vorp.
103

 A PoissoŶ͛s ƌatio of Ϭ.ϰ ǁas applied desĐƌiďiŶg an 

almost incompressible wall. These properties have been used in a number of previous 

studies.
97, 102, 104, 119, 135

 The AAA was constrained proximally and distally to simulate the 

fixation of the aorta at the renal arteries and bifurcation.  A static systolic pressure of 

120mmHg (16 KPa) was applied as in most studies.  The patient-specific blood pressure 

was available but was not used to allow better comparison with other studies and 

keep the simulation straightforward in this preliminary work.  Shear stress caused by 
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blood flow was not considered for the same reasons, but has previously been 

investigated. 

 

 

Post-Processing 

The FEA simulation was performed in Abaqus to produce detailed stress distributions 

on the AAA wall.  Peak wall stress (PWS) was reported as von Mises stress (KPa) for 

means of comparison with other studies.  The von Mises stress is a stress index 

especially suited for failure analysis, as stress is a tensor quantity with nine 

components, with the von Mises stress being a combination of these components. 

Maximal principle stress was also calculated for each model. 

 

This process in summarised in Figure 74 below: 

 

 

Figure 74: Workflow to prepare models for simulation 
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11.4 RESULTS 

 

FEA simulation for both the CT and 3D-US model was successful.  Wall stress 

distributions and the location of PWS in the CT and 3D-US models is shown in Figures 

75-76.  The location of PWS was identified in the same region in both simulations, on 

the right postero-inferior AAA wall.  The PWS in the CT model was 536 KPa and in the 

3D-US model was 761 KPa.  Therefore, the 3D-US geometry over-estimated the PWS 

by 42%. 

 

 

 

Figure 75: Posterior-anterior view of von Mises stress distribution in CTA (left) and 3D-

US (right) derived models. 
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Figure 76: Lateral view of von Mises stress distribution in CTA (left) and 3D-US derived 

models. 

 

 

 

 

Figure 77: Section through AAA models at level of the aortic bifurcation demonstrating 

von Mises wall stress distributions.  Left CTA, right 3D-US.  
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The site of maximal principle stress was also at a similar location in both models and 

was the same site as the region of maximal von Mises stress.  Maximum principle 

stress in the CT model was 601KPa and in the 3D-US model was 911 KPa (Figures 78-

79).  Therefore, the site of maximal principle stress was overestimated in the 3D-US 

model by 51%. 

 

 

Figure 78: Posterior-anterior view of maximal principle stress distribution in CTA (left) 

and 3D-US (right) derived models. 

 

 

 

 

Figure 79: Section through AAA models at level of the aortic bifurcation demonstrating 

maximal principle distributions (MPa).  Left CTA, right 3D-US. 
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11.5 DISCUSSION 

 

This paper compared the performance of a CT and 3D-US derived geometry of the 

same AAA in FEA.   It is the first work to describe the use of freehand 3D-US for this 

application and acts as a proof-of-principle.  The anatomical site of maximal von Mises 

stress and maximal principle stress was comparable in both models; however, the 3D-

US model over- estimated magnitude of the von Mises stress and maximal principal 

stress by 42% and 51% respectively.  The study by Kok is the only study that allows for 

any comparison.
172

  They analysed paired 3D-US and CT images from 15 patients.  3D-

US was performed using a matrix transducer.  Due to the limited sweep range of the 

matrix 3D-US transducer, multiple acquisitions were performed to image the AAA in 

each patient.  The 3D-US data was then manually segmented before assembling the 

acquisitions into a single geometry in extensive post-processing.  The 3D-US and CT 

based models were then compared using FEA.  In the eight successful FEA simulations, 

the 3D-US models over-estimated PWS by an average of 23%.   

 

The differences in PWS and stress distributions observed between the two models in 

this study relate to the geometrical differences between the two models, which 

appear minimal on simple inspection but are significant in FEA simulations.  This 

emphasises that the large majority of geometries produced by 3D-US in Chapter 9 are 

unsuitable for FEA simulation.  Other authors have had the facility to directly compare 

aŶd ƋuaŶtifǇ the diffeƌeŶĐes iŶ the geoŵetƌies ďǇ ŵeaŶs of a ͚siŵilaƌitǇ iŶdeǆ͛ aŶd the 

Hausdorff distance using a custom built graphic user interface (GUI) in MATLAB 

software.
172

 This was not possible in this work but may prove a useful tool for 

validating future results. 

 

It is notable that the site of PWS was unrelated to the maximum diameter of the 

aneurysm, a finding that has been replicated in a number of other studies.
96, 97, 126, 134

  

Indeed, if the wall stress distributions are examined through a plane at the maximal 

diameter, the wall stress in this region is between 2-3MPa in the CT model and 2-4Mpa 

in the 3D-US model.  This highlights the limitations of maximal aortic diameter as an 

individual marker of rupture risk.  Furthermore, some authors have suggested that the 
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bifurcation area can be neglected in FEA simulation.  Although it is difficult to 

comment from one case, failure to include the aortic bifurcation in this simulation 

would have given a misleading location and magnitude of PWS.
97

   

 

As alluded to in previous work, there are a number of developments that may improve 

the accuracy of the 3D-US simulation at each stage in the process.  Firstly, optimisation 

of scanning technique is essential, including patient positioning and acquiring well-

contrasted images using high-gain settings on the console.  The benefits of fasting are 

unclear but may be important to minimise gas in the viscera and allow visualisation of 

proximal portion of the AAA geometry.  Upgrading the ultrasound unit may improve 

image quality, while using a linear transducer in slimmer patients may be possible and 

allow a greater US frame-rate and therefore image resolution.  Optical rather than 

magnetic tracking is theoretically more accurate and requires assessment.  However, 

side-by-side comparison will not be possible due to technical failure of the magnetic 

system.  Application of a tracking filter (in the same way as in Chapter 8) may also 

ƌeduĐe ͚Ŷoise͛ aŶd aƌtefaĐt iŶ the ϯD-US reconstruction.  There is scope to improve the 

performance of the interactive segmentation technique, however, as its success is 

mostly dependant on image quality these are likely to be time-saving features such as 

increased automation and faster computation times. 

 

This work is clearly limited by the analysis of a single geometry.  In addition, the 

modelling approach excluded the effects of ILT but this can be justified by the on-going 

contention on how the ILT should be modelled and the need to focus on the basic 

geometry in this preliminary work.   In addition, the interactive segmentation 

technique used derive the geometries has not been validated.  An ideal study would be 

to derive geometries from CT using the ImFuision software and compare the results in 

FEA with those from established software such as Mimics (Materialise, Belgium).  

However, the user-dependency of image segmentation procedures is a problem 

inherent in the field of computational modelling as a whole at present. 

A difficulty comparing the CT and 3D-US models is the assumption the value given by 

the CT model is correct and the most accurate.  Authors have sought to evaluate their 

modelling approaches experimentally using bench-top testing of silicone models of 
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patient specific AAAs and FEA simulations.
222, 223

  It would be possible to 3D-print 

physical models of the AAA geometries used in this study and subject them to 

mechanical testing.  This would at least confirm that the wall stress values are correct 

for each model and also if the location of PWS is ultimately where rupture would occur 

when wall stress exceeds wall strength.  Funding has been secured to conduct these 

experiments at MACE.       

The application of biomechanical techniques to the individualisation of rupture risk 

faces a number of problems.  A significant drawback is the reliance on CT data, which is 

not available for most patients with AAAs other than those being evaluated for repair – 

a matter this work aims to address.  Secondly, a number of modelling parameters are 

assumed about the AAA wall, including its thickness (usually assumed to be 1.5-2mm 

and based on autopsy studies) and mechanical response to stress that is taken to be 

homogenous with isotropic and linear elastic properties.   In reality, the response of 

the wall to stress will differ across the whole AAA and in multiple directions (i.e. 

anisotropy).  Local differences in wall strength should be acknowledged, and the 

precise influence of ILT needs to be elucidated.   Additionally, the effects of wall 

calcification are often excluded as there is on-going contention of how it should be 

modelled in FEA.
126

  Thirdly, as alluded to above, a large number of segmentation 

approaches exist to extract the geometry from CT images and very few have been 

tested for inter-observer variability.     Fourthly, there is no defined and validated 

threshold or ďioŵeĐhaŶiĐal paƌaŵeteƌ that sepaƌates aŶ AAA of ͚high-ƌisk͛ of ƌuptuƌe 

fƌoŵ oŶe of ͚loǁ-ƌisk.͛  Fifthly, the influence of blood flow and WSS stress is neglected 

and it is clear an optimal approach utilising fluid-structure interaction modelling should 

be pursued.  Finally, there is no ͚gold staŶdaƌd͛ ŵethod or consensus to follow when 

modelling AAA wall stress.
124

 

 

11.6 CONCLUSIONS 

 

Although the FEA simulations were successful and the site of PWS was identified in a 

comparable anatomical location in each model, peak von Mises stress and maximal 

principle stress was overestimated in the 3D-US model by 42% and 51% respectively.  
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This is due to geometrical differences between the models and serves as in indicator of 

the sensitively of FEA to these differences.  Before increasing the complexity of the 

modelling, further work should concentrate on improving the accuracy of the 3D-US 

approach, examining the reproducibility of the CT and US segmentation and validating 

the segmentation method used against an industry standard.  
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SECTION 4: OVERALL DISCUSSION
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CHAPTER 12: DISCUSSION 

 

This final chapter provides an overarching discussion and assessment of the results in 

relation to the thesis aims.  Potential changes in clinical practice as a result of this work 

are identified and relevant future work is suggested. 

 

12.1 INTRAOPERATIVE IMAGING 

  

3D-US has been shown to be a robust and accurate modality for detecting endoleaks 

during endovascular aneurysm repair.  Its use as an intra-operative imaging modality is 

novel and most likely has utility for completion imaging for patients when the minimal 

or no use of iodinated contrast media is required.  It remains to be seen if this will be a 

viable application with the advent of hybrid operating theatres as studies have shown 

that both fluoroscopy time and contrast doses can be reduced significantly with the 

improved image quality and use of image fusion technology.
224

  Facilities such as 

rotational angiography that are integrated into hybrid suites may offer further options 

for quality control but still require iodinated contrast.  

The concept of ͚daǇ Đase͛ EVA‘ may be an opportunity to exploit this concept.  As CIN 

manifests 48 hours post contrast administration, performing EVAR with no post-

operative monitoring of renal function, especially in patients with established CKD, is 

unappealing and would restrict the number of patients suitable for this approach.  

However, the combination of EVAR with favourable anatomy, percutaneous access, a 

low profile delivery system, CO2 angiography for stent-graft deployment and 3D-CEUS 

for completion imaging may make this concept more widely applicable.  A further 

study is underway to compare a new-generation 3D-US system with rotational 

angiography for completion imaging following EVAR.      

The scenario of a type I or III endoleak seen on 3D-CEUS but not seen on DSA warrants 

further consideration.  As highlighted in the paper, the clinical relevance of such 

endoleaks is debateable, as these endoleaks are likely to be small.  It is possible as the 

heparin anticoagulation reverses and the stent-graft conforms to the proximal and 
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distal sealing zones, such endoleaks will resolve.  However, this has not been 

investigated in any studies.   Therefore, an attempt to treat a type I or III endoleak 

seen on 3D-CEUS should be made by balloon moulding provided this is thought to be 

safe.  It is difficult to advocate the use of other adjuncts such as proximal extension 

cuffs or palmaz stenting if balloon moulding is unsuccessful.  A trial of conservative 

treatment and a pre-discharge 3D-CEUS may be an acceptable alternative.    However, 

another possible approach would be to formally reverse the heraparinisation with 

protamine and see if the endoleak is subsequently obliterated on repeat scanning. 

 

12.2 ENDOLEAK DETECTION FOLLOWING EVAR 

 

3D-CEUS appears more accurate than CT for endoleak detection and classification.  

However, the additional cost of the contrast agent and the capital cost of the 3D-US 

unit makes it too expensive to justify use in routine EVAR surveillance.   More likely, it 

should be used to answer specific clinical questions when standard duplex is non-

diagnostic (to avoid CTA) or when CTA is indeterminate.   The enhanced ability to 

classify endoleaks is related to  i) the ability to view images in MPR format, ii) a 3D 

volume reconstruction that can be enhanced with post-processing and improve 

visualisation (Figure 80)  iii) the ability to combine findings on 3D-US with dynamic 

imaging from conventional 2D-US and iv) the reduction in operator dependency.  
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Figure 80: A type II endoleak seen on post processing of 3D-CEUS.  The stent-graft has 

been segmented in red.  The endoleak is clearly seen – yellow arrows. 

 

The delineation of sub-types of type II endoleak may not have significant clinical 

implications, however if an interventional procedure is planned for endoleak 

embolisation then definition of the inflow and outflow vessels may aid in treatment 

planning.
155

  Although not investigated in this study, the possibility of using CT and US 

fusion has been proposed by some authors.
225

  This is technically feasible using the 

current hardware and software available for this work, but would only have potential 

value in a very small number of cases and is time consuming.  The main utility of 3D-

CEUS lies in the classification of indeterminate endoleaks seen on other imaging 

modalities such as 2D-CEUS or CTA.  This work suggests the indication for 3D CEUS in 

EVAR surveillance are: 

i) Increase in AAA size with no visible endoleak seen on standard DUS. 

ii) New endoleak seen on DUS during surveillance. 

iii) Indeterminate endoleak seen on CTA.  Most commonly this will be difficulty 

differentiating a type II from a type III endoleak. 
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The availability of this technology at UHSM has generated referrals from other vascular 

units for assessment.  A modified surveillance programme incorporating 3D-US is 

suggested in Figure 81.  The financial implications have not been formally assessed.  

Other than the capital cost of the 3D-US system, the main cost of performing the scan 

is the contrast agent.  A full financial analysis is beyond the scope of this thesis, 

however, as this protocol has the potential for reducing the need for CT scanning and 

catheter angiography this may result in cost savings in the longer term.  How quickly 

this would occur is debateable as the number of patients avoiding CTA or catheter 

angiography is relatively small.  Another option would be to replace the three month 

CT with 3D-CEUS and an abdominal radiograph.  Lack of financial saving may be a 

barrier to widespread clinical adoption of this technique.  Further work should 

examine the financial implications of integrating 3D-CEUS into the diagnostic 

armamentarium for patient in EVAR surveillance programmes and if similar results can 

be replicated in other units.
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Figure 81: Proposed EVAR surveillance programme integrating 3D-CEUS. 
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12.3 AAA VOLUME MEASUREMENT 

 

The thesis aims were well addressed by the work in chapters 7 and 8.  At present, one 

would conclude that either 3D-US approach is not yet able to provide sufficiently 

accurate AAA volume measurements to translate to clinical practice.  Also, The value of 

AAA volume measurement in EVAR surveillance remains a matter of debate with 

conflicting evidence.     

 

In this work, it appears that optical tracking is likely to be most accurate but it is a 

weakness of this thesis that both modalities could not be compared side-by-side.  

Furthermore, the small patient numbers in each study reduces their impact, and they 

are essentially pilot studies.  However, the data will be informative for a larger trial 

once the necessary technical improvements have been made.  In addition, there were 

significant other methodological differences that made comparing these two studies 

difficult.  The most major of these differences was scanning untreated AAAs in one 

study and post-EVAR AAAs in the other.  The elimination/reduction of pulsatility by the 

in-situ stent-graft is likely to have been the main influence in demonstrating an 

improvement the accuracy of optical 3D-US measurements when compared to CT.  

Further work is needed to define a role for AAA volume measurements.   Previously, 

the reliance on CT images has been a major drawback for this concept and 3D-US does 

offer the potential to make this a clinically applicable technique.  In addition to 

improved accuracy and inter-operator reliability, further automation is needed to 

reduce the time taken for volume measurement such that it is feasible in a busy 

vascular clinic and this should form part of any further work. 

 

12.4 BIOMECHANICAL ANALYSIS  

 

Both studies investigating the results of CFD and FEA demonstrate that simulation 

using 3D-US based models is technically possible.  However, even in this optimal paired 
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dataset, there remained significant differences in the results.  This highlights the 

sensitivity of these techniques and the need for accuracy when both acquiring and 

segmenting the 3D-US data.  Coupled with the difficulties encountered in Chapter 7, 

when trying to generate comparable geometries in a variety of patients, significant 

hardware and software development is needed to improve the rate of technical 

success and accuracy.  In addition, there are a number of patient-related factors that 

will be difficult to overcome such as obesity and bowel gas.  The most difficulty was 

encountered in patients with high BMI and large aneurysms, for example, one patient 

had a BMI of 30 kg/m
2
 and a 8.5cm saccular aneurysm.  Given that the intention of 

biomechanical analysis of AAAs is to identify those that may be at a higher risk of 

rupture than their diameter would suggest, one could argue that such an approach is 

most applicable to patients with AAAs of 4.5-6cm.  In general, smaller AAAs are less 

tortuous and may be easier to image on US.  For the purposes of this study, a cohort of 

patients with CT scans was needed, leading to a wide range of AAA sizes with only two 

patients with AAAs less than 5.5cm in maximal diameter. 

There are difficulties relating to AAA modelling in general.   As outlined previously, 

there is no agreed method and significant heterogeneity between studies. There are 

no clinical trials that have investigated threshold values for any biomechanically 

derived parameter so the biomechanical approach has little clinical impact to date.  

Such a study would be difficult as it would essentially involve prospective study of AAA 

patients from diagnosis until rupture, which clearly unfeasible.   However, a number of 

studies have attempted to bring the concept of PWS estimation to the fore in other 

ways, with the approach of ĐoŶĐept of ͚ƌisk-eƋuiǀaleŶt͛ diaŵeteƌ pƌoposed ďǇ Gasseƌ 

the most developed.
95

  It may be that the biomechanical approach will not stand alone 

as an independent measure of risk, but be integrated into other clinical decision tools 

that aim to individualise indications for AAA repair.
226, 227

 

 

12.5 OVERALL CONCLUSIONS 

 

This thesis has explored and developed potential applications of 3D-US that may 

improve the management of patients with abdominal aortic aneurysm.  Overall, this 
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programme of research has added the currently sparse literature on this emerging 

imaging technology and developed two applications that are ready for clinical 

implementation.  Further minor technical improvements hold promise for AAA volume 

estimation, while the use of 3D-US for biomechanical analysis requires significant 

further development.
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