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Introduction and outline of  the thesis

Introduction

Aneurysmatic Disease of the Aorta

Aneurysmatic disease refers to the pathological dilatation of  an artery (Greek: 

ανευρυσμα = widening). An abdominal aortic aneurysm (AAA) is defined as a dila-

tation of  the infrarenal aorta, with a diameter increase of  over 50%.1 The dilatation 

should affect all three layers of  the vascular tunic: intima, media and adventitia. The 

overall AAA incidence – incidentally found on ultrasound – in people aged over 50 

years is 4.9%.2 Males are affected more commonly than females (8.8% versus 2.1%).2 

The nature of  an aortic aneurysm is to dilate and ultimately rupture. From 1991 

through 2000, 5593 patients underwent operative treatment for a ruptured infrarenal 

AAA in the Netherlands.3 Aneurysm rupture is a highly lethal condition, with an in-

hospital mortality rate of  41% over the last decade in the Netherlands.3 As approxi-

mately 50% of  the patients with a rupture die before reaching the hospital, the overall 

mortality is even higher.4 The risk of  rupture increases with aneurysm size; the 1-year 

incidence of  probable rupture by initial AAA diameter is 9.4% for an AAA of  5.5 to 

5.9 cm, 10.2% for an AAA of  6.0 to 6.9 cm (19.1% for the subgroup of  6.5-6.9 cm), 

and 32.5% for an AAA of  7.0 cm or more.5 However, the rupture rate in patients with 

an aneurysm of  4.0 to 5.4 cm is substantially lower.6 

When contemplating aneurysm repair in patients with an asymptomatic aneurysm, 

a risk analysis is being made with on the one hand the expected life years and risk of  

rupture, and on the other hand the operative mortality.  The traditional intervention 

is open aortic surgery, which is associated with severe morbidity and mortality (peri-

operative mortality ~ 4.7%).7,8 The procedure consist of  a laparotomy, followed by an 

aortotomy, and placement of  an aortic prosthesis by sewing the proximal and distal 

anastomosis. To this end, it is necessary to cross-clamp the aorta.  Open aortic sur-

gery procedure is commonly followed by admittance to the intensive care unit. The 

high morbidity and mortality rates for traditional open repair prompted the search 

for a less invasive alternative.

Endovascular Aneurysm Repair

In 1991 the first endovascular aneurysm repair (EVAR) procedures were described by 

Parodi et al. in Argentina,9 and by Volodos et al. in the Ukraine.10 With this procedu-

re a folded covered stent – referred to as stentgraft or endograft – is introduced in the 

aorta via the femoral or iliac arteries. The device is deployed at the intended landing 

zone to exclude the aneurysm from the circulation; to depressurize the aneurysm sac; 

and to subsequently prevent the aneurysm from rupture. Since the introduction of  
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EVAR, treatment algorithms for aortic pathology have changed dramatically. In the 

beginning of  EVAR, its use was limited to the elective treatment of  abdominal aortic 

aneurysms in patients unfit for open repair. Large multicenter randomized control-

led trails have proven that EVAR improves peri-operative mortality in patients fit for 

open repair.7,8 The Dutch Randomized Aneurysm Management trial showed a 30-

day mortality of  1.2% in the endovascular repair group compared to 4.6% in the open 

repair group (risk ratio (RR) 3.9, 95% percent confidence interval (CI), 0.9-32.9).8 

Similarly, the British Endovascular Aneurysm Repair trial EVAR-1 demonstrated a 

peri-operative mortality of  1.7% for endovascular repair compared to 4.7% with open 

repair (RR 0.35, 95% CI 0.16-0.77).7 Four years after endovascular aneurysm repair, 

the EVAR-1 trail demonstrated a similar all cause mortality in the endovascular and 

open group (about 28%; RR 0.90, 95% CI 0.69-1.18), although a persistent reduction 

in aneurysm-related deaths was observed in the EVAR group (4% versus 7%; RR 

0.55, 95% CI 0.31-0.96).11 The EVAR-2 trial compared endovascular repair to no 

intervention in patients unfit for surgery, and showed that EVAR did not improve 

survival in this group.12 The peri-operative mortality (9%) was significantly higher 

than that for the patients who underwent endovascular repair in the EVAR-1 trial.   

With growing experience and confidence in the benefit of  this minimally invasive 

treatment, the application of  EVAR has been extended to treatment of  aneurysms,13 

dissections14 and ruptures of  the thoracic aorta.15-17 Additionally, there is growing 

evidence that EVAR has superior outcome compared to open repair for emergent 

treatment of  symptomatic and ruptured abdominal aortic aneurysms.18,19 It must be 

noted however that the results in non-teaching centers are substantially worse than 

those in specialized teaching hospitals.20 The territory of  EVAR is rapidly expanding 

and hybrid approaches allow for the extension to endovascular treatment of  patho-

logy of  the ascending aorta and the proximal aortic arch: endografting, facilitated by 

debranching techniques.21,22 The most recent advance is the development of  branched 

and fenestrated endografts to treat patients with a complex anatomy, without sacrifi-

cing aortic sidebranches (e.g. renal and celiac arteries) by overstenting them.23, 24  

Early endograft devices suffered complications such as stent fractures and poro-

sity.25-27 With growing experience, stentgraft design is continuously evolving and 

optimised.28,29 However, complications such as endoleaks,30-32 device infolding (col-

lapse),33 material fatigue resulting in stent fracture,34 and stentgraft migration are still 

being reported.35 Endoleak is defined as flow in the aneurysm sac, with subsequent 

repressurization of  the sac and a persistent risk of  aneurysm rupture.36 Endograft 

migration is potentially dangerous as it can results in proximal endoleak with a sub-
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sequent risk of  aneurysm rupture. Device infolding results in unsuccessful exclusion 

of  the aneurysm sac or false lumen, and may compromise blood flow in the aorta 

and aortic sidebranches distal to the endograft, with subsequent decreased perfusion 

and ischemia. 

Although on the short-term EVAR has superior outcome compared to open repair, 

more re-interventions are needed on the long-term. For example, in the EVAR-1 trial, 

the proportion of  patients that underwent at least one re-intervention by 4 years was 

20%.11 Re-interventions are most commonly called for by proximal fixation-related 

complications: the proximal aneurysm neck is the Achilles-heel of  EVAR.37 There-

fore, to decrease the occurrence of  stentgraft migration and proximal (type I) endo-

leaks and subsequently improve EVAR durability, good proximal fixation and proper 

sealing of  the stentgraft is needed.37,38 An adequate fixation and sealing can be ac-

complished by optimizing stentgraft design and sizing. Most physicians agree that 

stentgrafts should be oversized, usually 10-20% as advised in most instructions for 

use of  current endograft devices. It has been argued that inappropriate oversizing 

might actually induce complications. 

Outline of the thesis

In this thesis, the influence of  proximal stentgraft oversizing on complications has 

been investigated in Chapter 2.1 through a systematic review. Based on the best avai-

lable evidence, recommendations are made for optimum and safe endograft sizing. 

Chapter 2.2 presents a new observation of  relative graft undersizing in the case of  

hypovolemic shock after traumatic aortic rupture. This illustrates that endograft 

sizing in acute cases is extra challenging. 

An additional complicating factor regarding endograft sizing is that stentgrafts are 

currently being sized based on static computed tomography angiography (CTA) ima-

ges, whereas the aortic diameter changes during the cardiac cycle due to cardiac 

output and elasticity of  the aortic wall.39-44 Knowledge of  these dynamic aortic shape 

changes has consequences for endograft design, influences endograft sizing decisions 

and may offer more insight in aneurysm pathophysiology.  The dynamics of  the 

aorta can be visualized by ECG-synchronized CTA and magnetic resonance imaging 

(MRI),40,41 M-mode ultrasound,43 and intravascular ultrasound (IVUS).44 Subsequent 

image post-processing algorithms allow for quantification of  the aortic movements 

and distention. In this thesis we used ECG-synchronized CTA and MRI to assess the 

dynamic morphology of  the aorta.
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In Chapter 3.1 and 3.2 ECG-synchronized CT angiography is used to study dynamic 

aortic diameter changes during the cardiac cycle in the thoracic aorta. In Chapter 3.1 

the dynamic movements of  the native ascending aorta and its sidebranches are inves-

tigated at relevant landmarks for future endovascular repair. Chapter 3.2 studies the 

influence of  endograft placement on pulsatile distention in the descending aorta. 

Previous dynamic imaging studies have suggested that the aortic distention is asym-

metrical.40,41,44 An asymmetric expansion will further complicate the accomplishment 

of  a proper endograft fixation and sealing, and may therefore have consequences for 

aortic stentgraft design. 

In Chapter 4.1 a post-processing method for quantification of  asymmetric aortic 

distention using ECG-synchronized magnetic resonance imaging is described and 

validated. This method is applied in Chapter 4.2 to assess asymmetry in the aortic 

distention over the cardiac cycle in healthy volunteers: a frame of  reference is of-

fered for the dynamic changes seen in the pathologic aneurysmatic aorta. Chapter 

4.3 describes the asymmetric aspect of  the aortic expansion in the abdominal aortic 

aneurysm neck. 

For the follow-up of  EVAR, imaging is vital. It is necessary to confirm successful 

and persistent exclusion of  the aneurysm and to exclude complications. CTA is the 

current gold standard.45,46 The most commonly used indicator of  a successful EVAR 

procedure is aneurysm shrinkage or growth arrest.47 This is often measured by maxi-

mum aneurysm diameter. Intuitively, volumetric measurements are more sensitive 

and reflect the behavior of  the aneurysm as a whole.48 However, volumetry is not 

widely applied in clinical practice since such measurements have been time-consu-

ming. The concept of  a new and fast method to measure aortic aneurysm volume is 

validated in Chapter 5.1.  Finally, the value of  aneurysm sac volume measurements 

for follow-up after EVAR is studied by comparing volumetry to diameter measure-

ments in Chapter 5.2.

In summary, this thesis aims to image the dynamics of  pre- and postoperative aortic 

morphology, to ultimately improve endovascular outcome.
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Risks and benefits of  stentgraft oversizing

Abstract

Objective

Sizing of  aortic stentgrafts is an essential step in successful endovascular treatment 

of  aortic pathology but consensus regarding the optimal sizing strategy is lacking.  

Some proximal oversizing is necessary to obtain a seal between the stentgraft and the 

aortic wall and to prevent the graft from migrating, but too much oversizing might 

influence the results negatively. In this systematic review, we investigated the current 

literature in order to obtain an overview of  the risks and benefits of  oversizing and 

to determine the optimal degree of  oversizing of  stentgrafts used for endovascular 

abdominal aortic aneurysm repair.  

Methods

PUBMED, EMBASE and Cochrane Library databases were searched for articles 

about the impact of  proximal endograft oversizing on complications after endovas-

cular aneurysm repair. After in- and exclusion, 22 relevant articles reporting on 8302 

patients remained for analysis and critical appraisal.  

Results

Most studies that investigated neck dilatation are flawed by poor methodology. No 

clear relationship between proximal oversizing and neck dilatation relative to the first 

post-operative scan was found. None of  the studies described a positive relationship 

between the degree of  oversizing and the incidence of  endoleaks. Rather, oversizing 

up to 25% seems to decrease the risk of  proximal endoleaks. There is conflicting data 

regarding the risk of  graft migration when oversizing more than 30%.

Conclusions

Based on the best available evidence, oversizing of  20% is safe and preferable. Over-

sizing more than 30% might influence the outcome after EVAR negatively. Studies of  

higher quality are needed to assess the relationship between proximal oversizing and 

the incidence of  complications, in specific aneurysm neck dilatation.
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Chapter 2.1

Introduction

Sizing of  aortic stentgrafts, also referred to as endografts, is an essential step in suc-

cessful endovascular treatment of  aortic pathology but consensus regarding the 

optimal sizing is lacking.  It is well established that endovascular aneurysm repair 

(EVAR) has superior peri-operative mortality when compared with open repair, in 

properly selected patients.1,2 However, on the long term, EVAR is associated with 

specific complications which may require reintervention. Among those complica-

tions the most worrisome include neck dilatation, graft migration, and type I endo-

leaks.3-5  In fact, in many centers most re-interventions are necessary due to proximal 

aneurysm neck related problems.6 Most physicians agree that for the prevention of  

complications, accurate endograft sizing is of  utmost importance. With appropriate 

sizing, a proper fixation and seal can be accomplished. Undersizing of  a stentgraft 

will result in incomplete and inadequate apposition of  the endograft to the aortic wall 

with subsequent perigraft flow (endoleak) or inadequate fixation with the potential 

risk of  migration. Oversizing of  self-expandable stentgrafts appears to be beneficial, 

because oversizing will increase the radial force which will subsequently lead to im-

proved proximal fixation and sealing. Excessive oversizing may however increase the 

risk of  complications, such as endograft infolding or dilatation of  the aneurysm neck 

with subsequent migration of  the endograft.7-9 Most instructions for use (IFU) of  the 

current endografts recommend 10-20% oversizing with respect to the pre-operative 

aortic diameter. However, there is currently no consensus with regard to the optimal 

strategy for sizing of  endografts for endovascular aortic aneurysm repair (EVAR). 

Endograft sizing is not uniformly being performed among the different medical cen-

ters. Some physicians measure the outer to outer diameter of  the aneurysm neck, 

while others base their sizing decisions on inner to inner (luminal) measurements. 

The purpose of  this systematic review of  available literature is to provide insight 

into the optimal strategy for sizing of  stentgrafts for treatment of  aortic aneurysmal 

disease. To this end, evidence is searched for proximal endograft oversizing (relative 

to the pre-operative aortic diameter of  the aneurysm neck) as a determinant for pre-

vention and/or induction of  complications in patients treated by EVAR.

Methods

Literature search

PUBMED, EMBASE and Cochrane Library databases were searched on October 

twentieth, 2008.  For PUBMED and EMBASE specific search strings were used, 

which consisted of  the following combination of  terms and synonyms:  (1) aortic 
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aneurysms, (2) endografts, and (3) sizing. The exact search strings can be found in 

Appendix I, and a flowchart of  the search strategy is shown in Figure 1. The search 

strategy resulted in 682 PUBMED articles and 580 EMBASE articles. A manual 

search of  the Cochrane Library database did not reveal any relevant articles. After 

removal of  duplicate articles, 957 unique articles remained.

Selection of articles

Titles and abstracts were screened for relevance by two independent investigators 

(JvP and FJS). Full-text versions of  relevant articles were obtained, and all observa-

tional studies that (a) provided a measure of  association between (b) proximal en-

dograft sizing and (c) complications after EVAR in (d) patients with an abdominal 

aortic aneurysm, were included for analysis. In addition, all experimental articles 

that adressed the relation between abdominal endograft sizing and complications 

were also included. All articles that were not written in English were excluded. The 

articles with the smallest number of  patients were excluded when several different 

articles reported about the same outcome in a similar cohort.  In this fashion one 

article was excluded for the outcome neck dilatation, although it was included for 

the outcome migration, see Figure 1.The strategy resulted in a final selection of  22 

relevant articles.

Data extraction

The following data was extracted from all articles that met the in- and exclusion cri-

teria: author, publication year, study design, number of  patients, type of  endograft 

used, follow-up findings and duration, the precise extent of  oversizing that was used, 

number and moment of  complications, performed imaging and sizing methods, re-

peatability of  measurements, and all results about the association of  oversizing of  

stentgrafts with the risks of  complications, including hazard ratio’s, correlation coef-

ficients, absolute and relative differences between groups, relative risks, p-values and 

95% confidence intervals. Validity of  the selected articles was appraised according to 

the levels of  evidence from the Oxford Center For Evidence-Based Medicine.10 

Results

The final selection of  articles consisted of  22 articles, of  which 5 were experimental 

studies and 17 observational studies including 8302 patients who underwent EVAR 

(Figure 1). All these studies reported about benefits or risks of  oversizing of  EVAR 

stentgrafts. Identified articles investigated the association between oversizing (relative 

to the pre-operative aneurysm neck diameter) and the risk of  endoleak, neck dilatati-
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on and/or graft migration. One article reported about all mentioned complications,9 

and another article reported about both dilation and migration.8 No articles studied 

the influence of  endograft oversizing on other complications during follow-up after 

endovascular aortic aneurysm repair. We will here describe our main findings by type 

of  complication.

Figure 1 Flowchart Search Strategy
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Endoleaks

In 6 studies proximal endograft sizing was investigated as one of  the determinants of  

endoleak after EVAR (Table 1).3,9,11-14  No randomized controlled trials were found. 

Three studies (Dias, Petrik and Matsumura) searched for differences in the amount 

of  oversizing between patients with or without endoleak, but none of  them found a 

statistical difference.11-13 However, the statistical power of  all three studies was limi-

ted by small sample sizes of  n=33, n=87, and n=68, respectively. Sternbergh studied 

351 patients of  the Cook Zenith multicenter phase II trial and compared the risk 

of  endoleak in patients with (n=27) and without (n=229) >30% proximal stentgraft 

oversizing.9 This study failed to demonstrate a significant difference between these 

groups with regard to the risk of  type I, II and III endoleaks at 12 and 24 months 

after EVAR (p≥0.17).9 Sampaio studied the association between proximal oversizing 

and the risk of  type I endoleak with univariate Cox proportional hazard analysis 

in 202 patients after EVAR (median follow-up 340 days).14 Their results showed no 

significant association (per 10% sizing increment: hazard ratio 0.82, 95% confidence 

interval 0-1.59).  Mohan studied 2164  patients from the EUROSTAR database.3 By 

modeling the device diameter to the aortic neck diameter, they found a significant 

decrease of  the risk of  proximal endoleak that started at 10% oversizing, with narrow 

confidence intervals for up to 25% oversizing.3 This suggested that oversizing by at 

least 10% and even up to 25% will reduce the risk of  proximal endoleak. 

Two experimental studies investigated the relation between sizing and endoleaks.7,15  

Schurink studied placement of  Gianturco Z-stents and Palmaz stentgrafts in human 

cadaveric aortas coupled to an in vitro circulation.7 Stentgraft diameters were 16 to 

24 millimeter (mm), with 2 mm increments, resulting in under-/oversizing of  -2 mm 

to +6 mm. For the Gianturco stent a significant relation (p=0.04, r=0.83) between the 

biggest fold and percentage oversizing was observed.7 Endoleaks were observed after 

reopening of  a previously ligated aortic sidebranch. The grade of  endoleak was cor-

related to the sizes of  the fabric folds (p=0.022, r=0.88). With the Palmaz stents no 

folds were observed, but in case of  an undersized graft, space was seen between the 

graft and the wall.7 It was concluded that Gianturco stentgrafts should be oversized 

as little as possible to prevent infolding with the subsequent risk of  endoleak. Am-

blard developed a finite element model of  the endograft-plaque-aorta system.15 It was 

confirmed that a decrease of  radial force will induce the presence of  type I endoleak 

through graft-wall separation and that oversizing of  at least 20% may help prevent 

the occurrence of  type I endoleaks.15
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Author Study Design LOE N Devices Follow Up 
(months)

Sternbergh9

2004
Prospective multicenter trail
Prospectively collected data
Retrospective analysis

2B 351 Zenith 12, n=256
24, n=169

Sampaio14

2004
Single center (?) 
Cohort study
Retrospective analysis

2B 202/257 175 AneuRx
  38 Ancure
   17 Others

Median 340
Range 22-1954

Mohan3

2001
Muliticenter clinical study
Retro- + prospective*

2B 2146/2194 40% Vanguard
18% AneuRx
15% Stentor
13% Talent
14% Others 

Per-operative

Dias13

2001
Single center cohort study
Retrospective (?) analysis

4 33 12 custum        
     Z-stent 
21 Zenith

Per-operative

Petrik12

2001
Single center cohort study
Retrospective analysis

2B 87/100 EVT Range 3-72

Matsumura11

1998
Multicenter trail
Retrospective analysis

2B 59/68 EVT Mean 27
Range 2-48

Table 1 Sizing and endoleaks – clinical studies

N= number of  patients analyzed/number of  patients in cohort; LOE= level of  evidence; EL= endoleak; NOL= no 
endoleak; CI= confidence interval; ?=not properly described; †= not described if  mean or median; 
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Oversizing Endoleaks (n) Conclusion

≤30% vs.  >30% 12M: 
EL 18/229 vs 3/27 
p=0.47
EL1&3: 5/229 vs 0/27 
p=0.99
EL2 11/229 vs 3/27 
p=0.17

Oversizing > 30% not associated with 
more endoleaks (type 1&3, type 2, all) 

24M:

EL 10/150 vs 2/19
p=0.63

EL1&3 0 vs 0

EL2 7/150 vs 2/19 
p=0.27

10% increment 8 proximal type 1 Percentage oversizing not associated with 
probability of  EL type 1
HR 0.82 (95%CI: 0-1.59) p =0.555

proximal oversizing ratio 
modelled to risk of  proxi-
mal EL 

359 total
70 proximal type 1
78 distal type 1
144 type 2
35 type 3

Significant decrease incidence of  proxi-
mal EL at 10% oversizing, narrow CI up 
to 25%.

EL:     median 4.0mm
NOL:  median 4.0mm

10 proximal type 1 No difference oversizing EL vs NOL
p=0.47

EL:     1.7; 2.0; 1.4mm^†
NOL:   1.4; 1.4; 0.24mm^†

34 total
(14; 13; 7^)

No difference oversizing EL vs NOL 
p=0.88; 0.63; 0.54^

EL:      5±12%†
NOL:  7±12%†

28 postoperative:
6 proximal type 1,
14 distal type 1, 
3 proximal and distal
type 1, 
5 indeterminate
4 late leaks 
(1 recurrent; 1 second)

No difference oversizing EL vs NOL 
p=0.43

*= data from the EUROSTAR registry consist of  a retrospective cohort and a prospective cohort from July ’96 onwards; 
^= for tube, bifurcated and aortoiliac grafts respectively
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Aneurysm Neck Dilatation

The search strategy yielded 9 clinical articles that investigated the association between 

proximal endograft sizing and proximal neck dilatation after endovascular aneurysm 

repair. These 9 articles all retrospectively analyzed CTA-scan findings.4,8,9,16-21 All stu-

dies that expressed dilatation as diameter change, measured the minor axis of  the 

aortic neck, to minimize the influence of  angulation on diameter measurements. The 

aortic level that was measured was the level on which the graft was first (partially) 

visible,4,8,16,18,19 or at a fixed distance from the renal arteries. 9,17,20,21 The exact metho-

dology of  the studies can be found in Table 2. 

Three articles (Connors, Badran and Sampaio) compared the neck diameter measu-

red on follow-up scans to the pre-operative scan (Table 3A).8,20,21  All these studies did 

describe a significant positive correlation between proximal oversizing and neck di-

latation at the proximal attachment site. 8,20,21 Connors studied 69 patients and found 

that oversizing was correlated with dilatation at 1 (r2=0.3861, p<0.05) and 2 years of  

follow-up (r2=0.4325, p<0.05).8 Badran had 68 patients in his study and also demon-

strated a significant correlation (r=0.30,  p=0.14) between oversizing and dilatation.20 

The most pronounced mean increase in neck diameter (1.6 mm) was between the po-

stoperative scan and 1 year of  follow-up. The study of  Sampaio included 144 patients 

and a correlation between stentgraft oversizing and dilatation direct postoperatively 

was demonstrated for both the AneuRx (r=0.469, p<0.001) and the Ancure (r=0.464, 

p=0.011) endograft.21 Although, at 1 and 1.5 years no significant correlation was 

demonstrated anymore for the AneuRx (r=-0.205, p=0.34; r=0.274, p=0.34) and An-

cure (r=0.213, p=0.10; r=0.246, p=0.17) grafts.21  

Six articles used the first post-operative scan as a baseline for the calculation of  the 

aneurysm neck dilatation during follow-up (Table 3B).9,16-19 Two studies used area 

measurements, in a reconstructed plane perpendicular to the aorta, to assess aneu-

rysm neck dilatation.17,18 Of  those two, Wever’s study (n=33) revealed no correla-

tion between oversizing and dilatation (r=0.08, p=0.67).17  In contrast, Prinssen et al 

(n=27) described a significant correlation between oversizing and dilatation (r=0.55, 

p=0.03) at the level of  the proximal attachment site.18 Cao, Matsumura and Maka-

roun also studied dilatation of  the proximal attachment site.4,16,19 Cao studied a co-

hort of  which 230 patients had a minimum of  1 year follow-up scans available.4 Six-

ty-five of  these patients developed ≥3 mm neck dilatation at a median follow-up of  2 

years.4 Twenty-eight percent of  patients with >15% oversizing (30/106) developed ≥3 

mm neck dilatation compared with 31% of  patients with ≤15% oversizing (35/114).4 

Univariate analysis did not reveal a significant association between >15% oversizing 

and neck dilatation (p=1.00).4 The article of  Matsumura also found no correlation 



29

Risks and benefits of  stentgraft oversizing

between dilatation and endograft oversizing at 1 and 2 years (ρ=0.131; ρ=-0.088) in 51 

and 35 patients, respectively.16 Makaroun did found a significant association between 

oversizing and >2.5 mm dilatation in univariate analysis, although only at two years 

(p=0.038).19 This study has a large sample size of  314 patients, with 226 analyzed at 

2 year.19  However, multivariate analysis, adjusted for initial neck diameter, showed 

no independent correlation between oversizing and dilatation. Sternbergh studied 

dilatation directly distal to the lowest renal artery. This study also has a large sample 

size (264 patients at 1 year and 171 at 2 year).9 The percentage oversizing (>30% 

versus ≤30%) did not correlate with aneurysm neck dilatation at 1 (r2=0, p=0.86) and 

2 years (r2=0.001, p=0.69). No experimental studies were identified that investigated 

the impact of  endoprosthesis oversizing on aortic neck dilatation.

Graft Migration

Five clinical articles studied the association between proximal oversizing and graft 

migration (Table 4).5,8,9,22,23 No randomized controlled trials were found. Three studies 

defined migration as an increase in distance between the lowest renal artery to the top 

of  the stent of  5 mm or more.8,9,23 Zarins noted any reported migration,5 and Mohan 

also noted clinically relevant migration, as deemed by the interventional team, in ad-

dition to the 5 mm treshold.22 

The five studies included two single center studies. Sampaio studied 109 patients with 

an implanted AneuRx graft, of  which nine suffered migration, and showed no signi-

ficant association between oversizing and migration per 10% increment: hazard ratio 

0.89, 95% confidence interval 0.48-1.54; p=0.7).23 Connors also presented results of  a 

small single center study and detected that 15 of  69 patients with AneuRx endografts 

had migration. 8 The overall risk of  graft migration was 29% in patients with >20% 

oversizing and 19% in patients with ≤20% oversizing. The difference in oversizing 

between migrators and non-migrators was not significant (p=0.11) and the majority 

of  patients with migration (8/15) were not oversized >20%.8 It is noteworthy that late 

neck dilatation was associated with graft migration during follow up.  

Sternbergh, Zarins and Mohan conducted large multicenter studies with implanta-

tion of  the Zenith, AneuRx and different types of  stent-grafts respectively.5,9,22 The 

only study that found a significant association was described by Sternbergh et al., 

who studied 351 patients.9 They found that >30% oversizing significantly increased 

the risk of  migration compared to patients with ≤30% oversizing (14% versus 1%, 

Odds Ratio 18.4; 95% confidence interval 3.22-106.01; p=0.002).9 Zarins studied 

1119 patients and found graft migration in 11% (25/222) of  patients with oversizing 

<10%; in 8% (62/800) of  patients with 10-30% oversizing; and in 10% (6/60) of  pa-

tients with >30% oversizing.5 Univariate analysis could not demonstrate a significant 
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Author Study Design LOE N Devices Follow Up (months) Domain

Sampaio21 
2006

Single Center
Retrospective cohort

2B 144 112 AneurX 
  32 Ancure 

AneurX:  median 257
Ancure:  median 629

EVAR

Sternbergh9

2004
Prospective
Multicenter Trail
Retrospective Analysis

2B 351 Zenith 1yr n=264
2yr n=171

EVAR

Cao4

2003
Single Center
Prospective Cohort
Retrospective Analysis

2B 230/318 176 AneurX 
 26  Excluder 
 14  Zenith 
 13  Talent 
  1   Endologix

median 24 (12-54) EVAR
infra- + suprarenal

Badran20

2002
Single Center
Retrospective cohort

2B 68/73 23 Vanguard
19 AneurX 
10 Talent 
 21 Others 

mean 25.5
range 6-61

EVAR

Conners8

2002
Single Center
Prospective Cohort
Retrospective Analysis

2B 69/94 AneurX mean 33.2±1.1 EVAR infrarenal

Makaroun19

2001
Multicenter Trail
Retrospective Analysis

2B 314/>700 Ancure 1yr n=314
2yr n=226
3yr n=59

EVAR

Prinssen18

2000
Single Center
Retrospective cohort

2B 27/37 EVT / Ancure 1yr n=27
2yr n=13

EVAR infrarenal

Wever17

2000
Single Center
Retrospective cohort

2B 33/54 EVT ½yr n=33
1yr n=24
2yr n=9
3yr n=5

EVAR infrarenal

Matsumura16

1998
Multicenter Trail
Retrospective analysis

2B 54/59 EVT mean 27±8.6
range 2-46

EVAR

Table 2 Sizing and dilatation – methodology of  studies

LOE= level of  evidence; N= number of  patients analyzed / number of  patients in cohort; *=secondary endpoint; NR=not 
reported; 
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End-points CT section Measurement Method Observer Variability

D 2.5 mm Shortest axis
midneck (between distal renal artery and AAA)

NR

M, S, D, E, R, C, 
DE

≤3 mm Shortest axis
1st slice distal to lowest renal artery

Measurements by core laboratory
No variability analysis

D ≤5 mm Shortest axis
1st slice half  portion of  graft visible

Agreement K = 0.64

D, S*, M*, E* ≤5 mm Shortest Axis
7.5mm distal to lowest renal artery

Intra-observer 1.6mm

M, D* 2.5mm Shortest Axis
1st slice portion of  graft visible

NR

D ≤5mm Shortest axis
1st slice half   circumference of  graft visible

Measurements by core laboratory
No variability analysis

D NR Area, Center Lumen Line
1st slice complete graft hook set

NR

D NR Area, Center Lumen Line
10mm below lowest renal

NR

D NR 1st slice complete graft hook set NR

D=dilatation; M=migration; E=endoleak; S=aneurysm sac size; R=rupture; C=conversion; DE=death
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Author Subgroup Postoperative 1 year 2 year

dilatation n dilatation n dilatation n

Sampaio21 
2006

AneurX 5.7±0.7%

144

5±0.8%

81

6.5±1%a -

Ancure 4.5±1.2% 4.7±1.3% 6.5±1.3%a -

Badran20

2002

- 1.0mm - 1.63mm*  62 0.52mm* 27

-1 to 6 -1 to 3

(7.7%) (8.6%)

Conners8 
2002

Migrators - - 2.8±1.8 5 4.8±1.7 6

Non-migrators - - 0.6±0.3 64 1.3±0.4 39

Table 3A Sizing and dilatation (compared with pre-operative scan) – results

n=number of  patients; a =at 1.5 year; ^=at 5 year;  *=yearly increment wit cumulative percentage from baseline

Table 3B Sizing and dilatation (compared with first post-operative scan) – results

$=compared to pre-operative scan;  n=number of  patients; ^=area increase;

Author Subgroup Postoperative
dilatation$ n

6 months
dilatation n

1 year
dilatation

Sternbergh9

2004
- 0.7±0.12mm 298 1.3±0.1mm 278 1.4±0.1mm

3.0±0.4% 5.6±0.4% 5.9±0.5%

Cao4

2003
All 0.5mm 230 - - -

>15% 0versizing - - - - -

Makaroun19

2001
All 1.6mm 314 - - 0.7 mm

>10% oversizing
10-20% oversizing
20-30% oversizing

-
-
-

-
-
-

-
-
-

-
-
-

>2.5mm n=20
>2.5mm n=14
>2.5mm n=2

Prinssen18

2000
- - - - - -

Wever17

2000
- - - median 10.3% ^  

(IQR 4.9-15.1)
33 median 15.5% ^  

(IQR 11.7-24.4)

Matsumura16

1998
All

Endoleak
No Endoleak
Migration
No Migration

-

-
-
-
-

-

-
-
-
-

-

-
-
-
-

-

-
-
-
-

-

0.8±2.1mm*
0.5±2.1mm*
0.6±1.9mm*
1.5±3.0mm*
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3 year 4  year Conclusion

dilatation n dilatation n

- - - -
Oversizing correlated with dilatation direct postoperatively 
for AneurX (r=0.469, p<0.0001) and Ancure (r= 0.464, 
p=0.011)

- - - -
No correlation oversizing and dilatation at 1 and 1.5 year 
for AneurX (r=-0.205, p=0.34; r=0.274, p=0.34) and An-
cure (r=0.213, p=0.10; r=0.246, p=0.17) 

0.25mm* 16 0.33mm*^ 9 Oversizing correlated with dilatation

-1 to 2 -1 to 2 r=0.30, p= 0.014

(7.4%) (10.3%)

- - - -
Bivariate analysis:  oversizing correlated with dilatation (1yr 
r2=0.3861, p<0.05; 2yr r2=0.4325, p<0.05)

- - - -
 >20% oversizing significant greater diameter changes, 
p<0.05

pre-operative scan; Dilatation is presented as mean ± standard deviation or with range

*=yearly increment; Dilatation is presented as mean, ± standard deviation, unless stated otherwise

n
2 year
dilatation n

3 year
dilatation n

Conclusion

264 1.4±0.2mm 171 - - % oversizing (≤30% vs. >30%) not  
correlated with dilatation 
1yr  r2=0;  p=0.86 
2yr  r2=0.001; p=0.69

6.1±0.7%

- ≥3mm n=65 230 - - Univariate analysis: no association  
oversizing >15% and dilatation p=1

- ≥3mm n=30 106 - -

314 - - - - Univariate analysis: at 2 yr significant 
association oversizing and dilatation 
p=0.038

149
92
32

>2.5mm n=18
>2.5mm n=19
>2.5mm n=8

102
67
21

>2.5mm n=4
>2.5mm n=4
>2.5mm n=1

21
20
5

Multivariate analysis: no independent 
correlation between oversizing and 
dilatation

- median 20% ^ 
(16-27)

27 median 23% ^ 
(18-28)

13 Significant correlation oversizing and 
dilatation r=0.55; p=0.03

24 - - - - No correlation oversizing and dilatation 
r=0.08 p=0.67

-

25
26
44
7

1.9±2.3mm

0.3±1.2mm*
1.5±2.2mm*
1.0±1.9mm*
0.5±1.5mm*

35

17
18
29
6

-

1.7±0.7mm*
-0.1±1.3mm*
0.3±1.5mm*
1.2mm*

-

2
4
5
1

Endograft size mismatch (mm) not  
correlated with dilatation

1yr ρ= 0.131 
2yr ρ=-0.088
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association between the degree of  oversizing and graft migration.5 Mohan interroga-

ted the EUROSTAR multicenter database (n=2862) and found 99 patients with mi-

gration (3.5%). Univariate analysis revealed no association between oversizing and 

graft migration.22

In addition to the clinical articles, three experimental studies were identified which 

investigated the influence of  oversizing on the required force to dislodge endografts 

distally. Malina used cadaveric aortas to measure the longitudinal distraction that 

was required to dislodge Z-stents from the aorta.24 Stentgraft oversizing only slight-

ly increased the required  force for displacement of  stentgrafts without hooks and 

barbs. Stentgraft oversizing had no effect on the required force for displacement of  

stents with hooks and barbs. Lambert investigated the longitudinal load needed for 

5 mm dislodgement of  24 mm nitinol self  expandable stents in cadaveric aortas. 

Wider aortas with a relatively less oversized stent needed less load to dislodge stents 

compared with smaller aortas with relatively more oversizing: 336 gram versus 305 

gram for aorta diameters <20 mm and >20 mm respectively.25  Further, a second ex-

periment measured an increased radial depression of  the stent with an increasing ap-

plied radial load: more deformation of  the graft will generate a greater radial force.25 

This supports the advantage of  oversizing.  Zhou assesed the force needed for 5 mm 

Author Study Design LOE N Devices Follow Up 
(months)

Sampaio23

2005
Single center
Cohort study
Retrospective analysis

2B 109/186 Aneurx median 8.6
(1-30.6)

Sternbergh9

2004
Prospective multicenter trail
Retrospective analysis

2B 351 Zenith 12, n=256
24, n=69 

Zarins5

2003
Multicenter trail
Retrospective analysis

2B 1119/1193 Aneurx 30±11
(0.5-61)

Mohan22

2002
Multicenter clinical study
Retro- + prospective*

2B 2862 891
706
310
375
125
19

Vanguard
AneurX
Stentor
Talent
EVT
Lifepath

NR

Connors8

2002
Single Center 
Prospective Cohort
Retrospective Analysis

2B 69/94 AneurX 33.2±1.1

Table 4 Sizing and migration – clinical studies

N= number of  patients analyzed/number of  patients in cohort ; LOE= level of  evidence; HR= hazard ratio; OR= 
odds ratio; CI= confidence interval
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Imaging Migration  (n) Conclusion

CTA
≥5 mm = migration

9 (8.3%) Migration independent of  oversizing
HR 0.89 (95%CI 0.48-1.54) with 10% 
increment; p=0.7

CTA
>5 mm = migration

12M:
>30% oversizing: 4/29 (14%)
≤30% oversizing: 2/232 (0.9%)

>30% oversizing increased risk of  mi-
gration OR 18.4 (95%CI 3.22-106.01); 
p=0.002 

CTA, abdominal X-ray, 
angiography, pathologic 
analysis: any dislocation

94 (8.4%)
<10% oversizing: 25/222 (11%)
10-30% oversizing: 62/800 (8%)
>30% oversizing: 6/60 (10%)

Univariate analysis: degree oversizing 
and correct (10-30%) vs incorrect 
(<10% or >30%) oversizing no signifi-
cant predictors

CTA, angiography, MRI
>5 mm or clinically relevant

99 (3.5%) Univariate analysis:
oversizing not associated with migra-
tion

CTA
≥5 mm = migration

15 (22%) Non-significant difference oversizing 
in migrators compared to non-migra-
tors 23.5±3.6% vs 18.2±1.4%; p=0.11

≤20% oversizing: 8
>20% oversizing: 7

NR= not reported; *= data from the EUROSTAR registry consist of  a retrospective cohort and a prospective cohort 
from july ’96 onwards

and final dislodgement of  regular and fenestrated Zenith grafts.26 This was measu-

red by a digital force gauge attached to the distal end of  the stentgrafts, which were 

deployed in bovine aorta’s.26 The mean force for 5 mm migration increased from 3.4 

N with 5% oversizing to 7.7 N with 20% oversizing for non-fenestrated stents.26 For 

final displacement, 8.1 and 16.8 N was needed respectively.26 Fenestrated stents nee-

ded significant (p<0.001) higher distraction forces at all levels of  oversizing.26  

Discussion

In this study a systematic review was conducted to investigate the relationship 

between proximal endograft oversizing and complications after EVAR. We will here 

discuss the main findings by type of  complication.

Endoleak

In the current literature, two mechanisms are suggested by which endograft sizing 

may induce and prevent proximal type I endoleaks. Oversizing might cause endograft 

folding with subsequent risk of  endoleak. On the other hand, an endograft needs 

to be oversized to accomplish radial force to maintain adequate graft-wall integrity 

(proximal seal). Undersizing will result in a compromised seal. Most clinical stu-
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dies did not found a significant association between proximal graft oversizing and 

endoleak,11-14 also not when exceeding 30% oversizing (of  Zenith devices, is outside 

IFU).9 However, Mohan described a protective effect of  oversizing of  10% and even 

up to 25% oversizing.3 This study appears to be the most valid article in our selection, 

because of  a large sample size, the multicenter aspect and  prospectively collected 

data. 

Aneurysm Neck Dilatation

Regarding aneurysm neck dilatation after EVAR, two mechanisms are suggested by 

which oversizing might either prevent or cause neck dilatation. On the first place, 

stentgrafts should be oversized and be able to self  expand after implantation to com-

pensate for ‘natural’ neck dilatation which may otherwise lead to proximal endoleaks 

and migration. Secondly, the increased radial force of  oversized endografts might 

actually induce or accelerate aortic wall degeneration and dilatation. The three ar-

ticles that compared the neck diameters during follow-up to the pre-operative scan 

found a significant relation between oversizing and neck dilatation, but all are limi-

ted by small patient numbers during follow-up (Connors n=69, Badran n=62, and 

Sampaio n=81, at 1 year).8,20,21 The association that was found was only moderate 

(correlation coefficients <0.5) and is likely to be caused by an initial neck dilatation, 

shortly after implantation of  the oversized endografts. In contrast, the three studies 

with the largest cohorts, Cao, Sternbergh, and Makaroun, compared neck diameters 

to the first postoperative scans.4,9,19 Only the latter found a significant correlation at 

2 year with univariate analysis.19 With multivariate analysis however no significant 

correlation could be demonstrated. By threshold, oversizing self-expandable devices 

>15%,4 and >30% (of  Zenith devices, is outside IFU),9 did not increase the risk of  

dilatation.  

It is striking that except for the study of  Badran (intra-observer variability 1.6 mm), 

no other papers performed a formal repeatability analysis to validate their measure-

ments.27 This is especially relevant in the aortic aneurysm neck, as most reported di-

ameter changes approximate or are within a repeatability of  2 mm. The approach of  

Cao and Makaroun, who defined a threshold of  significant diameter change (2.5 and 

3 mm repectively) therefore seems most reliable.20 Further, the majority of  studies 

used axial reconstructions and measured the minor axis of  the aorta. However, if  the 

aorta is not totally circular, or expands elliptically during the cardiac cycle, implanta-

tion of  a circular endograft will automatically result in an increase of  minor diameter 

by changing the aortic geometry.28,29 In addition, the progression of  aortic pathology 

and aortic wall degeneration may also play a role in the incidence of  complications 

such as aneurysm neck dilatation. In conclusion, most studies investigating neck dila-
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tation are flawed by an inadequate methodology and therefore more studies of  higher 

quality are needed. The best available evidence shows no direct correlation between 

proximal endograft oversizing and aneurysm neck dilatation during follow-up.

Graft Migration

With respect to endograft migration, the experimental studies that were found in-

dicate that radial force exerted by an endograft is increased by oversizing.24-26 Zhou 

and Lambert found that the proximal endograft fixation strength is increased by 

oversizing, although Malina only noted a small increase in fixation strength with 

increasing radial force.24-26 Of  the five clinical studies, one described a significant as-

sociation between >30% oversizing (of  Zenith devices, is outside IFU) and graft mi-

gration. The other studies did not found significant associations between oversizing 

and migration, also not with incorrect oversizing of  <10% and >30% (of  AneurX 

devices, is outside IFU).5 Oversizing of  less than 30% appears to be most safe for the 

patient with regard to the risk of  graft migration.

General Discussion

Our study is the first systematic review that touches upon the benefits and risks of  

proximal endograft oversizing when performing EVAR. The advantage of  the cur-

rent study is that we do not merely present the results of  selected studies. Instead, an 

overview of  the best available evidence is given. To this end, a thorough and syste-

matic review of  the literature was conducted with a wide and sensitive string search.   

The results of  this review are somewhat limited, because no randomized controlled 

trails were found. All clinical studies were retrospective single or multicenter cohort 

studies, except the results from the prospective multicenter EUROSTAR registry. 

Furthermore, a meta-analysis could not be performed because of  the heterogeneity 

between the studies with regard to materials and methods. The studies used different 

endografts from several manufacturers. Each device has a specific design with speci-

fic mechanical properties and radial forces, which probably influences the outcome. 

The AneuRx device for example is a self  expandable stent with columnar strength 

and no proximal attachment hooks, while the Zenith graft has hooks in addition, 

and the Ancure graft is a self  expandable stent without any columnar strength but 

with hooks. Currently, most stentgrafts mentioned in the presented studies have un-

dergone modifications or have been replaced by newer models. This may complicate 

extrapolation of  these studies to the current medical practice. However, generaliza-

tion is possible to some extent, since the vast majority of  the patients studied had 

self-expandable stents implanted. 
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In clinical practice, additional aspects should be taken into account when planning 

EVAR and choosing the appropriate endograft size. For calculation of  the degree of  

oversizing and the size of  the endograft needed, exact diameter measurements are 

necessarry. The incidence of  complications is likely to be related to the accuracy of  

the measurements taken. Ideally measurements should be taken in a plane perpen-

dicular to the aorta, using center line reconstructions.18,30 On the other hand, when 

an endograft is implanted in an angulated aortic neck, it might not land in line with 

the aorta, but rather angulated, which decreases the ‘effective’ amount of  oversizing. 

Therefore, more oversizing might be benificial in patients with severly angulate 

necks. Additionally, recent studies have reported on aortic pulsatile diameter changes 

throughout the cardiac cycle, which propably complicates endograft sizing in spe-

cific patients as with the current high speed multi-detector row CT acquisition, the 

obtained images may be anywhere in diastole, systole, or in between.31,32 What also 

should be taken into account, and what most studies failed to report, is the inter- and 

intra-observer variability of  diameter measurements, which are both up to 2 mm in 

the abdominal aortic aneurysm neck.20 

Because new devices are on the market, new studies are warranted to carefully mo-

nitor follow-up to assess dilatation, migration and complication rates. The majority 

of  studies that investigated neck dilatation are characterized by poor methodology, 

and therefore more studies of  higher quality are needed. This is in line with the 

conclusion of  a recently published review about aortic neck dilatation covering the 

majority of  the articles that were included in this study, although the authors did not 

assessed the influence of  endograft oversizing on dilatation.33 Future studies should 

ideally collect the measurements prospectively through a standardized protocol with  

a predetermined definition of  significant dilatation and migration, based on observer 

variability coefficients. Ideally, measurements should be made using high resolution 

digital CT images (slice thickness ≤1 mm) and center lumen line reconstructions. 

Pre-operatively, computed tomography angiography scans should be carefully assed 

to measure neck diameter and calculate oversizing. Other possible important con-

founding anatomic characteristics such as neck length, neck diameter, neck shape, 

neck angulation, the presence of  thrombus and aneurysm sac diameter should also 

be assessed.

Conclusions

This review shows that there are theoretical advantages and disadvantages of  proxi-

mal endograft oversizing. On the one hand oversizing improves radial force, enhanc-

es a good seal, and can compensate for natural aortic aneurysm neck dilatation. On 
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the other hand it may lead to graft folding and might induce neck degeneration and 

dilatation with subsequent migration. None of  the studies described a positive rela-

tionship between the degree of  oversizing and the incidence of  proximal endoleaks. 

Rather, we found that up to 25% oversizing seems to decrease the risk of  proximal 

type I endoleaks. No clear correlation between oversizing and aortic neck dilation 

relative to the first postoperative scan was found. There is conflicting data regarding 

the risk of  graft migration when oversizing more than 30%. In conclusion, oversizing 

more than 30% might influence the outcome after EVAR negatively and proximal 

endograft oversizing of  20% is safe and preferable. 
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Appendix I

The following search string was used for PUBMED:

(("aneurysm"[Title/Abstract] AND "aorta"[Title/Abstract]) OR "aneurysms"[Title/

Abstract] AND "aorta"[Title/Abstract]) OR ("aneurysm"[Title/Abstract] AND 

"aortic"[Title/Abstract]) OR ("aneurysms"[Title/Abstract] AND "aortic"[Title/Ab-

stract]) OR "AA"[Title/Abstract] OR "AAA"[Title/Abstract] OR "TAAA"[Title/

Abstract] OR "TAA"[Title/Abstract] OR "aorta, thoracic"[MeSH Terms] OR "Aor-

tic Aneurysm, Thoracic"[MeSH Terms] OR "aortic aneurysm, abdominal"[MeSH 

Terms]) AND ("stent-graft"[Title/Abstract] OR "stent-grafts"[Title/Abstract] 

OR "stentgraft"[Title/Abstract] OR "stentgrafts"[Title/Abstract] OR "stent 

graft"[Title/Abstract] OR "stent grafts"[Title/Abstract] OR "endograft"[Title/

Abstract] OR "endografts"[Title/Abstract] OR "endovascular"[Title/Ab-

stract] OR "endoluminal"[Title/Abstract] OR "intraluminal"[Title/Abstract] 

OR "endoprosthesis"[Title/Abstract] OR "endoprostheses"[Title/Abstract] OR 

"EVAR"[Title/Abstract] OR "TEVAR"[Title/Abstract] OR "Stents"[MeSH Terms] 

OR "Prostheses and Implants"[MeSH Terms]) AND ("sizing"[Title/Abstract] 

OR "size"[Title/Abstract] OR "sizes"[Title/Abstract] OR "oversizing"[Title/

Abstract] OR "undersizing"[Title/Abstract] OR "oversized"[Title/Abstract] OR 

"undersized"[Title/Abstract])

For EMBASE the following search string was used: 

(('aneurysm'/exp AND 'aorta'/exp) OR ('aneurysms' AND 'aorta'/exp) OR ('aneu-

rysm'/exp AND 'aortic') OR ('aneurysms' AND 'aortic') OR 'aa' OR 'aaa' OR 'taaa' 

OR 'taa') AND ('stent-graft' OR 'stent-grafts' OR 'stentgraft' OR 'stentgrafts' OR 'stent 

graft' OR 'stent grafts' OR 'endograft' OR 'endografts' OR 'endovascular' OR 'endo-

luminal' OR 'intraluminal' OR 'endoprosthesis'/exp OR 'endoprostheses' OR 'evar' 

OR 'tevar') AND ('sizing' OR 'size' OR 'sizes' OR 'oversizing' OR 'undersizing' OR 

'oversized' OR 'undersized') AND [embase]/lim.
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Abstract

Purpose

To stress important differences in pre- and postoperative aortic diameters in a patient 

with a traumatic rupture of  the thoracic aorta and hypovolemic shock. 

Case report

A patient with traumatic thoracic injury and hypovolemic shock is presented.  With 

a blood pressure of  80/40 mmHg a diagnostic CTA was performed, which revealed 

a rupture of  the thoracic aorta. A thoracic stentgraft was sized based on this data. 

However, postoperative CTA (RR 164/70 mmHg) showed an increase in aortic dia-

meters of  about 30% at multiple levels. 

Conclusion

In this patient with rupture of  the thoracic aorta and hypovolemia the aortic diame-

ter was significantly decreased.  This indicates that adequate  preoperative sizing for 

endovascular repair of  vascular pathology in patients in shock is complicated. 
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Introduction

Since the introduction of  thoracic endovascular aneurysm repair (TEVAR), an incre-

asing number of  centers have adopted TEVAR as the treatment of  choice in properly 

selected patients for thoracic aortic aneurysms, complicated type B aortic dissections, 

and traumatic ruptures of  the descending thoracic aorta.1-3 Complications including 

type I endoleaks, stentgraft migration and device infolding have all been reported.4,5 

The etiology of  these complications is multifactorial, but most physicians agree that 

the risk is minimized by appropriate endograft sizing. 

Thoracic endografts should be appropriately oversized based on accurate diameter 

measurements. These measurements should be perpendicular to the aorta using Cen-

ter Lumen Line (CLL) reconstructions, since the lumen may falsely appear ellipti-

cal on axial reconstructions, leading to overestimation of  the diameter.6,7 Also, the 

aorta exhibits significant diameter changes throughout the cardiac cycle (pulsatility), 

which should be taken into account.8-12 

Further, cholinergic respons to hypovolemic shock increases heart rate and causes 

peripheral vasoconstriction  The extend to which this respons and the diminished 

circulating volume affect the macrocirculation and the aortic morphology is unclear. 

With the advent of  (thoracic) endograft treatment for aortic rupture, the importance 

of  proper endograft sizing and diameter differences of  the aorta in the hypovolemic, 

hypotensive state has become more important.  We report a patient with a traumatic 

rupture of  the thoracic aorta in which the decreased aortic diameter, secondary to 

hypovolemia, has lead to relative endograft undersizing.

Case

A 44 year old male motorcycle driver (length: 1.85 m, weight: 90 kg) without signi-

ficant medical history sustained thoracic trauma after being struck by a car.  Upon 

arrival to the emergency room, the patient’s Glasgow Coma Scale was 15.  His vital 

signs revealed a respiratory rate of  30 breaths per minute, a saturation of  90% and 

hemodynamic instability with a blood pressure of  70/30 mmHg and a heart rate of  

110 bpm.  Physical examination revealed paradoxical chest movements with crepi-

tus over the thorax.  Neurologically, he had no sensation below the fourth thoracic 

dermatome, and was paraplegic.  Chest radiograph and CT imaging of  the chest, 

abdomen and pelvis revealed a traumatic rupture of  the descending thoracic aorta, 

at the inner curvature 15 mm distal to the left subclavian artery, with an extensive 

hemothorax and an unstable fracture of  the third thoracic vertebra (Figure 1).  Blood 

pressure during CT acquisition was 80/40 mmHg with a heart rate of  110 per mi-

nute. While radiographic trauma screening was being performed, the patient required 
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approximately three liters of  fluid, as well as doses of  ephedrine and phenylephrine 

for resuscitation. The decision was made to proceed with TEVAR, followed by spon-

dylodesis of  the thoracic spine.  

Determination of  the appropriate graft was based on aortic diameters on axial recon-

structions and central luminal line measurements. A Relay thoracic endograft (Bol-

ton Medical, Sunrise, Fl ) of  22 x 90 mm was chosen.  The endograft was introduced 

into the aortic arch and deployed just distal to the origin of  the left carotid artery, 

intentionally covering the left subclavian artery.  During the procedure RR was about 

100/50 mmHg (HR 70 bpm). Completion angiography revealed appropriate endo-

graft position, without endoleak (operation time: 80 min, contrast load: 150 cc). 

As per our protocol, a follow-up CTA was performed once the patient was clinically 

stable – 17 days after TEVAR (RR 164/70 mmHg HR 93 bpm).  Follow-up images 

revealed exclusion of  the aortic tear, with incomplete apposition of  the endograft at 

the inner curvature, proximal to the left subclavian artery (intraluminal lip length 

25 mm, Figure 2).  A substantial difference in aortic diameter, at multiple levels, was 

noted between the pre- and post-TEVAR scan. One year follow-up has not revealed 

any complications and this patient is continuing revalidation therapy. 

Pre- and post-TEVAR Differences in Aortic Diameter

The radiologists noted a remarkable difference between pre and post-TEVAR aortic 

diameters. We verified this observation by measuring aortic diameters at four levels 

by two observers independently, using CLL reconstructions (3Surgery 3.0, 3mensio 

Medical Imaging B.V., Bilthoven, the Netherlands). The left subclavian artery was 

used as landmark along the CLL to ensure that the measurements were taken at the 

Figure 1 Axial computed tomography  
angiography shows traumatic rupture 
of  the descending thoracic aorta (ar-
row), located at the inner curvature 15 
mm distal to the left subclavian artery.  
Note the extensive hemothorax.
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Figure 2 Postoperative computed tomography angio-
graphy in a  sagittal maximum intensity projection 
reconstruction shows complete apposition of  the aortic 
tear and incomplete apposition at the inner curvature 
resulting in an intraluminal lip.

Observer 1                      Observer 1, 2nd measurement                   Observer 2

Mean diameter 
(mm)

Difference Mean diameter
(mm)

Difference Mean diameter 
(mm)

Difference 

Location Pre Post mm % Pre Post mm % Pre Post mm %

Ascending Aorta 24 29.5 5.5 23 24.5 30 5.5 22 23.5 30 6.5 28

Proximal 
Sealingzone

21 28.5
Stent 22

7.5 36 21 28
Stent 22.5

7 33 21 29
Stent 22

8 38

Descending Aorta 18 24 6 33 17.5 24 6.5 37 19 25 6 32

Abdominal Aorta 17.5 22.5 5 29 17 22 5 29 18 22.5 6.5 36

Table 1 Diameter measurements before and after thoracic endovascular aneurysm repair.

Figure 3 Perpendicular computed tomography angiography reconstructions at different levels along the center lumen 
line are shown (top row) before and (bottom row) after thoracic endovascular aneurysm repair. (A) The ascending aorta 
25 mm proximal to proximal sealing zone; (B) the proximal sealing zone between the left carotid and subclavian artery; 
(C) the descending aorta 80 mm distal to proximal sealing zone; and (D) the abdominal aorta 210 mm distal to the 
proximal sealing zone.
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exact same aortic level. The measurements were standardized by using minimum 

and maximum aortic diameter and calculation of  the mean (Table 1, Figure 3). 

In the ascending aorta, 25 mm proximal to the proximal sealing zone, the first obser-

ver measured a difference of  5.5 mm (23%). The proximal sealing zone, between the 

left subclavian and carotid artery, differed 7.5 mm (36%). In the descending aorta, 80 

mm distal to proximal sealingzone, the difference was 6 mm (33%). In the abdominal 

aorta, 210 mm distal to proximal sealingzone, the difference was 5 mm (29%). The 

second observer measured differences of  6.5 mm, 8 mm, 6 mm and 6.5 mm, corres-

ponding to 28%, 38%, 32% and 36% respectively. 

Discussion

This case describes relative endograft undersizing due to a decrease in aortic diameter 

in a patient with aortic rupture and hypovolemia. To our knowledge no such report 

has been previously described. During a state of  hypovolemic shock the cardiovas-

cular system responds by increasing the heart rate and peripheral vasoconstriction. 

In the literature a hypovolemic shock complex (HSC) has been described with decre-

ased caliber of  the inferior vena cava and aorta.13 Shin et al. presented 6 cases with a 

blood pressure in the range of  80/40 mmHg and measured mean aortic diameters on 

CT, 1 cm below the orifice of  the superior mesenteric artery.14 Diameters were mea-

sured 10-12 mm versus 15-19 mm in a matched cohort of  20 subjects. Although level 

of  evidence is low, this equals a decrease of  33%, similar to our findings.

This case demonstrated impressive discrepancies between pre- and post-TEVAR aor-

tic diameters. Discrepancies at the level of  the proximal sealing zone and slightly 

distal to the endograft could be explained due to the radial force of  the actual endo-

graft. The endograft might even cause differences in aortic compliance.15  However, 

we have also measured diameter discrepancies in the ascending and abdominal aorta, 

far proximally and distally of  the endograft sealing zones. 

The thoracic aorta exhibits pulsatility leading to diameter changes of  about 10-15% 

in the ascending and descending aorta.8,10 Because of  the emergent setting the CTA 

scans of  the presented case lacked ECG-triggering so that we were not able to mea-

sure during different phases of  the cardiac cycle, which we ideally would have done. 

However, the measured differences exceed this pulsatility significantly. The diameter 

measurements were done twice and repeated by a second observer to give an indica-

tion of  the reliability of  the measurements. 

At the time of  the pre-TEVAR scan the patient’s blood pressure was low, due to 

traumatic aortic rupture. This hypovolemic state could well be an explanation for 

the decreased aortic diameters.  There was incomplete apposition at the inner aortic 
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curvature distal to the left subclavian artery resulting in an intraluminal lip length of  

25 mm. However, the patient had successful exclusion of  the aortic tear, because of  

a 15 mm proximal sealing zone. The placement of  an undersized graft could have 

resulted in a type I endoleak during aortic expansion with resuscitation, leading to 

persistent flow through the traumatized region.  

Hypothetically, the shortage of  circulating fluid volume decreases pressure on the 

aortic wall, theoretically causing the aorta to collaps. There could be other explanati-

ons for the decreased aortic diameters. An alternative explanation could be contrac-

tion of  the aorta due to traumatic spinal cord injury and subsequent vasospasm. The 

decreased diameter may also be caused by an intramural hematoma. However, we 

have observed diameter decreases in the ascending and abdominal aorta as well. Re-

gardless of  the mechanism of  the decreased aortic diameters, the decrease has impact 

on endograft sizing. We think that in similar cases more vigorous oversizing of  over 

20% should be contemplated. Future research is needed to extend this observation 

to a broader population. In older patients suffering atherosclerosis, the diameter dif-

ferences are probably less pronounced due to decreased elasticity of  the aorta.

In conclusion, this case illustrates decreased aortic diameters in a patient with trau-

matic aortic rupture and hypovolemia. We believe this is an important observation 

of  which physicians should be aware when sizing an endograft in the hypovolemic 

patient with a traumatic aortic rupture.  This report merits future research to quan-

tify this observation, ideally using dynamic CTA or MRA, differentiating between 

hypovolemic patients with and without aortic ruptures and differentiating between 

traumatic and atherosclerotic ruptures, since it may have consequences for clinical 

practice.
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Abstract

Purpose

To evaluate pulsatility and movement along the ascending thoracic aorta using dyna-

mic electrocardiographically-gated 64-slice cine computed tomographic angiography 

(CTA).

Methods

Diameter and area change and center of  mass (COM) movement of  the ascending 

thoracic aorta was determined per cardiac cycle in 15 patients at surgically relevant 

anatomical levels: (A) 5 mm distal to the coronary arteries, (B) 5 mm proximal to 

the innominate artery, and (C) halfway up the ascending aorta. Additionally, COM 

movement was determined 1 cm (level P) and 2 cm (level Q) distal from the origins 

of  the innominate, left carotid, and left subclavian arteries. Eight gated datasets co-

vering the cardiac cycle were used to reconstruct images at each level perpendicular 

to the aortic lumen. The distance between important anatomical landmarks was de-

termined.

Results

All levels showed significant cardiac cycle–induced diameter and area changes 

(p<0.001), with the largest pulsatility 5 mm distal to the coronary arteries. Mean 

maximum diameter changes were (A) 17.4% ± 4.8% (range 7.5%–27.5%), (B) 13.9% 

± 3.5% (range 10.6%–25.0%), and (C) 12.9% ± 3.4% (8.3%–19.6%). Mean area chan-

ges were (A) 12.7% ± 5.5% (range 4.3%–21.8%), (B) 7.5% ± 2.0% (range 4.1%–11.0%), 

and (C) 5.6% ± 2.2% (range 1.9%–11.4%). Mean maximum COM movements were 

(A) 6.1 ± 2.0 mm (range 2.7–9.0), (B) 2.3 ± 1.1 mm (range 1.1–5.6), and (C) 3.6 ± 

1.5 mm (range 1.4–6.5). Mean COM movements of  the innominate, left carotid, and 

left subclavian arteries, respectively, were (P) 1.9 ± 0.7 mm (range 0.9–3.7), 2.4 ± 0.6 

mm (range 1.4–3.3), and 1.9 ± 0.6 mm (range 0.8–2.8), and (Q) 1.8 ± 0.7 mm (range 

0.8–3.5), 1.8 ± 0.6 mm (range 0.8–2.7), 1.9 ± 0.6 mm (range 1.1–3.4).

Conclusions

The dynamics of  the ascending thoracic aorta and the arch vessels are impressive, 

showing a wide range of  3-dimensional motions. Future ascending arch branched 

and fenestrated thoracic endograft designs must consider this active local environ-

ment, as it may have implications for durability, sealing, and ultimate clinical suc-

cess. 
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Introduction

Thoracic endovascular aneurysm repair (TEVAR) has recently emerged as an at-

tractive alternative to open surgical repair in properly selected patients.1–3 Although 

less developed than endovascular aneurysm repair for abdominal aortic aneurysms 

(AAA), TEVAR has already revolutionized the treatment of  thoracic aortic disease, 

with substantially less surgical morbidity, quicker return to normal activities, decre-

ased hospital stay, and improved clinical outcomes.4,5 The primary limitation to suc-

cessful TEVAR has historically been related to unfavorable anatomy, which most 

often includes poor proximal or distal sealing zones, small access vessels, and aneu-

rysms involving or proximal to great vessels of  the aortic arch.6 Of  these, a good 

proximal neck distal to the left carotid artery represents the most common contrain-

dication to standard TEVAR with commercially available devices. Clinicians have 

attempted to solve the proximal neck problem through a variety of  innovative and 

creative means, including relocation of  the great vessels, hybrid devices, and deploy-

ment of  fenestrated and branched stentgrafts.7–11 However, the only currently availa-

ble thoracic devices approved by the US Food and Drug Administration or that have 

obtained the European Union CE (Conformité Européene) mark remain stentgrafts 

designed for the descending thoracic aorta. 

Extension of  TEVAR toward the ascending aorta is appealing. In this way, ascen-

ding aortic pathology, including type A dissections and proximal aneurysmal disease, 

could be treated via a minimally invasive technique, with its inherent benefits. 

Furthermore, the ascending aorta could be used as a landing zone for more proximal 

arch pathology, utilizing either a debranching technique or by using fenestrated or 

branched stentgrafts.7,12–14

One should not assume that the ascending thoracic aorta is simply an extension of  

the descending or abdominal aorta. Devices designed for this anatomical location 

will likely encounter forces rather different than those in more distal locations. We 

have previously shown that the abdominal aorta experiences sizable pulsations that 

may affect stentgraft durability.15,16 These pulsations affect AAA stentgrafts of  vari-

ous designs in different ways.17 Recently, our group investigated the normal aortic 

pulsatility of  the descending thoracic aorta to improve understanding of  the native 

aortic environment into which thoracic endografts are placed.18 In the current study, 

we attempt to gain insight into the natural dynamics of  the ascending thoracic aorta, 

possibly leading to improved endograft designs capable of  extending stentgraft treat-

ment further up the thoracic aorta.

The purpose of  this study was to characterize normal ascending thoracic aortic pul-

satile motion and center of  mass (COM) movement during the cardiac cycle using 
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high-resolution electrocardiographically (ECG)-gated cine-CTA. Furthermore, we 

determined COM movement of  the large side branches of  the aortic arch and the 

distance between relevant landmarks for future (fenestrated) stentgrafting.

Methods

Images were obtained from 15 consecutive patients (15 men; mean age 72.2 years, 

range 58–85) with AAAs (mean diameter 6.5 cm, range 5.5–9.0) using a retrospec-

tive ECG-gated scan on a 64-slice Philips Brilliance CT scanner (Philips Medical 

Systems, Best, The Netherlands) during a single 20-second breath-hold. The ima-

ging protocol has previously been described.18  Briefly, ECG-gated retrospective re-

constructions were made at 8 equidistant time points over the R-R cardiac cycle. 

Pulsatility measurements were performed in the axial plane, perpendicular to the 

center lumen line of  the vessel, with automatic computer segmentation. Relevant 

anatomical levels of  the ascending thoracic aorta for potential future fenestrated 

devices were selected for analysis. These anatomical levels were (A) 5 mm distal to 

the coronary arteries, (B) 5 mm proximal to the innominate artery, and (C) halfway 

up the ascending aorta (Figure 1).

Analysis of  the dynamic scans was performed using Dynamix automated segmen-

tation and measurement software (Image Sciences Institute, Utrecht, The Nether-

lands). Two blinded observers independently reviewed all automated segmentations 

and made adjustments as necessary (Figure 2). Areas and minimum/maximum dia-

meters at 256 axes equally spaced along and through the center of  mass of  the aortic 

lumen were calculated during cardiac cycles as described elsewhere.18 The pulsatility 

was calculated as the largest difference in both area and diameter. 18 Significance was 

analyzed using the paired Student t test. The results were validated by calculating the 

intra- and interobserver variability coefficient according to the method of  Bland and 

Altman.19 COM movement at each predetermined level was calculated and presented 

as maximal COM displacement. Additionally, COM movement was determined 1 

cm (P) and 2 cm (Q) distal from the origins of  the innominate, left carotid, and left 

subclavian arteries (Figure 3).

Utilizing the composite sum average of  the ECG-gated datasets, the center lumen 

line from the aortic valve to the descending aorta was manually determined (Easy 

Vision Workstation, Philips Medical Systems).20 Axial reconstructions perpendicular 

to this line made it possible to determine central lumen line distances between fixed 

anatomical landmarks, including 5 mm distal to the coronary arteries (A), 5 mm 

proximal to the innominate artery (B), and proximal and distal to the origin of  the 

innominate, carotid, and subclavian arteries.



60

Chapter 3.1

Figure 2 CTA of  the aortic lumen before (A) and after (B) automated segmentation. Software measures diameter and 
area changes as well as COM movement on the basis of  these segmentations (red).

Figure 3 CTA of  the aortic arch showing, from left 
to right, the innominate, left carotid, and left subcla-
vian arteries. COM  movement is measured 1 cm (P) 
and 2 cm (Q) distal to the origins of  these arteries. 

A

C

B

Figure 1 Diagram showing the 3 measured aortic 
levels with center lumen line: Level (A) 5 mm distal 
to the coronary arteries, (B): 5 mm proximal to the 
innominate artery, and (C): halfway up the ascen-
ding aorta.
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Results

All scans were of  excellent quality for analysis. Minor adjustments were required in 

circa 35% of  images for improper aortic segmentation, typically at the site of  vessels 

branching off  the aorta or overlying major vascular structures. 

Maximum Aortic Diameter

All 3 levels showed significant maximum diameter change (Table 1 and Figure 4, 

p<0.001). Level A displayed significantly higher pulsatility compared with levels B 

and C (p<0.05). Levels B and C did not differ significantly (p=0.57). Level A demon-

strated a mean maximum diameter change of  17.4% ± 4.8% (range 7.5%–27.5%), le-

vel B 13.9% ± 3.5% (range 10.6%–25.0%), and level C 12.9% ± 3.4% (8.3%–19.6%), 

which corresponded to absolute changes of  4.9 ± 1.3 mm (range 2.3–7.5) at level A, 

4.0 ± 0.8 mm (range 3.0–6.8) at level B, and 3.9 ± 1.0 mm (2.4–6.2) at level C. The 

intra-observer repeatability coefficient was 0.9 mm for maximum diameter change, 

and the interobserver repeatability coefficient was 1.1 mm, indicating good repeata-

bility within or between observers (Figure 8).

Aortic Area

All 3 levels showed significant area change (p<0.001); the difference among all levels 

was significant (p<0.05). Levels A, B, and C demonstrated mean aortic area changes 

(Table 1 and Figure 5) of  12.7% ± 5.5% (range 4.3%–21.8%), 7.5% ± 2.0% (range 

4.1%–11.0), and 5.6% ± 2.2% (range 1.9%–11.4%), respectively, which corresponded 

to absolute changes of  92.9 ± 37.1 mm2 (range 36.0–169.2), 58.6 ± 15.3 mm2 (range 

33.2–92.2), and 47.5 ± 17.6 mm2 (range 15.9–87.4), respectively. The intra-observer 

repeatability coefficient was 15.9 mm2 for area change, and the interobserver repeata-

bility coefficient was 61.4 mm2, indicating good repeatability within or between ob-

servers (Figure 9).

Center of Mass Movement

The maximum COM displacement differed significantly among all levels (p<0.001) 

along the aorta (Table 1, Figure 6). The mean maximum COM displacement was 6.1 ± 

2.0 mm (range 2.7–9.0) at level A, 2.3 ± 1.1 mm (range 1.1–5.6) at level B, and 3.6 ± 

1.5 mm (range 1.4–6.5) at level C. The maximum COM displacement of  the innomi-

nate and carotid arteries (Table 2, Figure 7) differed significantly between levels P and 

Q (p<0.05). At level P, there was a significant difference between the carotid artery 

and the other 2 arch side branches (p<0.05). Mean maximum COM displacement of  

the innominate artery at level P (n=10) was 1.9 ± 0.7 mm (range 0.9–3.7) and at Q 
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5 mm distal to 
coronaries

5 mm proximal to 
innominate

halfway ascending  
aorta

Maximum diameter change

 mean ± SD (%) 17.4 ± 4.8 13.9 ± 3.5 12.9 ± 3.4

 range  (%) 7.5-27.5 10.6-25.0 8.3-19.6

 mean ± SD (mm) 4.9 ± 1.3 4.0 ± 0.8 3.9 ± 1.0

 range (mm) 2.3-7.5 3.0-6.8 2.4-6.2

 p (pulsatility) < 0.001 < 0.001 < 0.001

 p (level A vs B+C) <0.05

 p (level B vs C) 0.57

Area change

 mean ± SD (%) 12.7 ± 5.5 7.5 ± 2.0 5.6 ± 2.2

 min (%) 4.3-21.8 4.1-11.0 1.9-11.4

 mean ± SD (mm2) 92.9 ± 37.1 58.6 ± 15.3 47.5 ± 17.6

 range (mm2) 36.0-169.2 33.2-92.2 15.9-87.4

 p (pulsatility) < 0.001 < 0.001 < 0.001

 p (difference between all levels) < 0.05 < 0.05 < 0.05

Maximum COM movement 

 Mean ± SD (mm) 6.1 ± 2.0 2.3 ± 1.1 3.6 ± 1.5

 range (mm) 2.7-9.0 1.1-5.6 1.4-6.5

 p (difference between all levels) < 0.001 < 0.001 < 0.001

Table 1 Measurements of  the ascending aorta. COM: center of  mass, SD: standard deviation.

Figure 4 The mean percentage of  maximum diameter change is shown at each of  the 3 measured 
levels. Maximum diameter change at all levels is significant (*p<0.001). Level A differs significantly 
from B and C  (†p=0.02). 
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(n=11) 1.8 ± 0.7 mm (range 0.8–3.5). COM displacement of  the left carotid artery at 

P (n=11) was 2.4 ± 0.6 mm (range 1.4–3.3) and at Q (n=9) 1.8 mm (range 0.8–2.7). 

COM displacement of  the left subclavian artery at level P (n=11) was 1.9 ± 0.6 mm 

(range 0.8–2.8) and at Q (n=10) 1.9 ± 0.6 mm (range 1.1–3.4). The intra-observer 

repeatability coefficient was 0.25 mm for maximum COM displacement, and the 

interobserver repeatability coefficient was 0.47 mm, indicating good repeatability 

within or between observers.

Length Measurements

Length measurement was possible in 14 patients (Table 3); the scan in 1 patient was 

not proximal enough to determine the branching of  the great vessels. Five patients 

had a bovine arch. Mean distance from level A to level B was 58 ± 7.6 mm (n=14; 

range 43–73). Mean distance from level A to distal to the origin of  the subclavian 

artery was 101 ± 9.8 mm (n=14; range 86–120). Mean distance between the origin of  

the innominate and the carotid arteries was 1.1 ± 1.3 mm (n=9; range 0.0–4.0). 

Innominate Artery Left Carotid Artery Left Subclavian Artery

1 cm 2 cm 1 cm 2 cm 1 cm 2 cm

Maximum COM movement

 mean±SD (mm) 1.9 ± 0.7 1.8 ± 0.7 2.4 ± 0.6 1.8 ± 0.6 1.9 ± 0.6 1.9 ± 0.6

 range (mm) 0.9-3.7 0.8-3.5 1.4-3.3 0.8-2.7 0.8-2.8 1.1-3.4

 p (1 cm vs. 2 cm) < 0.05 < 0.05 0.63

 p (carotid vs. other arteries) < 0.05

Figure 5 The mean percentage of  area change is shown at each of  the 3 measured levels. Area change at all 
levels is significant (*p<0.001). Difference between all levels was significant  (†p<0.05).

Table 2 Measurements of  the Side Branches.
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Mean distance between the origin of  the carotid artery or bovine trunk and the sub-

clavian artery was 4.8 ± 2.2 mm (n=14; range 1.0–9.0). Mean diameters of  the origins 

were 13.8 ± 4.8 mm (n=9; range 4.0–21.0) for the innominate, 6.4 ± 1.4 mm (n=9; 

range 4.0–9.0) for the left carotid artery, 18.2 ± 2.4 mm (n=5; range 14–204) for the 

bovine trunks, and 13.8 ± 3.3 mm for the subclavian artery (n=14; range 9.0–23.0).

Figure 6 The mean maximum COM movement is shown for each of  the 3 measured levels. Difference 
between all levels is significant (†p<0.001).

Figure 7 The mean maximum COM movement of  the innominate, left carotid, and left 
subclavian arteries is shown 1 and 2 cm distal to the origin. The innominate and left carotid 
arteries show a difference  in movement between the levels 1 and 2 cm distal to the origin 
(*p<0.05). At 1 cm distal to the origin, COM movement differs significantly between the 
carotid artery and the other arteries (†p<0.05).
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CORONARIES INNOMINATE CAROTID SUBCLAVIAN

n Aortic 
valve

distal
5mm 

distal (A)
5mm  

proximal (B)
proximal distal proximal distal proximal distal

1 0 22 27 87 92 104 104 108 114 130

2 0 20 25 91 96 117 119 125 128 143

3 0 18 23 80 85 x x 102 110 133

4 0 16 21 77 82 x x 102 106 121

5 0 21 26 80 85 99 101 110 115 128

6 0 14 19 79 84 97 98 105 112 123

7 0 20 25 94 99 103 104 112 116 129

8 0 22 27 82 87 x x 101 104 113

9 0 18 23 79 84 96 96 102 103 116

10 0 19 24 67 72 86 90 95 100 115

11 0 16 21 78 83 104 104 111 113 127

12 0 24 29 82 87 x x 107 113 122

13 0 18 23 71 76 89 89 95 99 113

14 0 16 21 94 99 x x 119 128 141

Table 3 Length Measurements of  the center lumen line. n= patient number; X = bovine trunk.

Discussion

The endovascular treatment of  aortic disease has rapidly evolved since the introduc-

tion of  the transfemoral endovascular stentgraft to treat AAA disease in 1990s.21 Pre-

sently, we are on the frontier of  complex fenestrated and branched techniques to treat 

complex thoracic and aortic arch disease. These techniques have evolved from the 

treatment of  AAA and thoracoabdominal aneurysms and have only recently been 

applied in limited numbers to more proximal lesions.22–25 However, the anatomy and 

physical environment of  the ascending thoracic aorta present to vascular surgeons 

and stentgraft engineers unique challenges that are not encountered in the descen-

ding thoracic or abdominal aorta. This study begins to elucidate the dynamic nature 

of  this environment, with implications for future stentgraft treatment.

To our knowledge, has not been previously used cine-CTA to evaluate the pulsatility 

of  the ascending thoracic aorta or to assess complex COM movement of  both the 

aorta and the large arteries originating from the aortic arch. Previous publications 

presenting cardiac cycle–dependent changes and distensibility of  the proximal thora-

cic aorta by echocardiography and magnetic resonance imaging have been limited by 

a lack of  segmentation and imaging technology.26–29

Pulsatility, as defined by the longitudinal displacement of  the aortic wall perpendi-

cular to the aortic flow lumen, is greatest in the ascending thoracic aorta compared 

to our previous evaluation of  the descending thoracic and abdominal aorta.15–16,18 
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This study demonstrated maximum diameter changes of  up to 27.5%, corresponding 

to a 7.5 mm diameter change. Progressing more distally, mean maximum diameter 

changes decrease to 12.9% and 13.9% , respectively. Any stentgraft placed within the 

confines of  this dynamic environment must take into account this potential for wide 

variations in diameter changes and the subsequent possibility for intermittent type I 

endoleaks, graft migration, and poor patient outcomes. Furthermore, the repeated 

stress of  continuous expansion and contraction of  stentgrafts placed in this loca-

tion deserves consideration. Previous thoracic stentgrafts experienced stent fractures, 

presumably from similar repeated stresses in the descending thoracic aorta.30,31 This 

study suggests that forces may be even greater in the ascending aorta.

The COM movement was presented as the maximal displacement in any direction. 

Due we were measuring in only 2 dimensions, the true absolute vector cannot accu-

rately be established. Nevertheless, these data are intriguing and provide new insight 

into aortic movement, suggesting that increased stresses will be placed on endografts 

deployed within the ascending aorta. We have shown that the COM of  the ascending 

aorta moves up to 9.0 mm with each heartbeat, and the COM of  the side branches 

moves up to 3.7 mm. The COM movement is most pronounced nearer to the heart, 

where the forces are presumably greatest. Fenestrated and branched systems in the 

future will certainly be subjected to this increased stress.

Limitations

Figure 8 Intra-observer variability for diameter change. Scatter plot showing mean of  paired 
measurements plotted against difference of  maximum diameter change. SD= standard devia-
tion. The mean difference is close to zero, and the limits of  agreement (± 2SD) are  acceptable.

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5 6 7 8 9

mean (mm)

di
ffe

re
nc

e 
(m

m
)

mea

- 2SD

+ 
2SD

mean



67

Dynamic morphology of  the ascending aorta

-30

-20

-10

0

10

20

30

0 20 40 60 80 100 120 140 160 180

mean (mm2)

difference (mm2)

+ 
2SD

mean

- 2SD

Our population consisted of  patients with a known AAA but not a thoracic aneu-

rysm. This group may have a different constitution and elasticity of  the aortic wall. 

As our objective was to evaluate the native environment of  the ascending aorta in 

patients most at risk for thoracic disease, we selected this population because they 

represent the group most likely to develop thoracic aneurysms in the future, and they 

had similar comorbidities. However, patients with traumatic injuries or type A dis-

sections are often younger and may present with more compliant, elastic aortas. In 

the future, studies of  pre- and post-TEVAR patients would be useful.

We evaluated dynamic scans based on 8 phases per cardiac cycle. We believe that we 

were able to accurately determine relevant maximum and minimum diameters based 

on this number of  phases. However, it must be acknowledged that the maximum 

and minimum diameters may have been missed. An increased number of  phases 

per heart cycle would provide improved temporal resolution at the expense of  image 

quality. We feel that 8 phases is sufficient for our requirements.

About 35% of  the segmentations required minor manual adjustments. Most adjus-

tments were made because the pulmonary trunk was included in the arterial seg-

mentation due to the close anatomical relationship between the aorta and pulmo-

nary trunk. However, this ‘‘segmentation junction’’ could be corrected easily since 

the rounding of  the aortic lumen is straightforward to extrapolate, and the junction 

represented only at a small portion of  the aortic lumen. It is likely that these adjus-

tments did not influence the results, as we have demonstrated excellent repeatability.

Figure 9 Intra-observer variability for area change.Scatter plot showing mean of  paired mea-
surements plotted against difference of  area change measurements. SD= standard deviation.  
The mean difference is close to zero, and the limits of  agreement (± 2SD) are acceptable.
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Conclusion

This study introduces the use of  dynamic cine-CTA to characterize the pulsatility 

and movement of  the ascending thoracic aorta, an anatomical area that represents 

the frontier of  TEVAR. Pulsatility of  this portion of  the aorta is significant and may 

have serious consequences for endograft durability and efficacy. Will endovascular 

stenting of  the aorta replace most open surgery for proximal thoracic aneurysms 

and type A aortic dissections in the future? We believe it will. The development of  

fenestrated grafts plays a major factor in the evolution of  ascending aortic stentgraf-

ting. Fenestrated grafts may make obsolete a purely open or combined open and 

endovascular approach. With this study, we believe that we are one step closer to 

fully understanding the dynamics of  the ascending aortic environment and eventual 

routine endovascular treatment of  this region.
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Abstract

Objective

The purpose of  this study was to utilize dynamic computed tomographic angiogra-

phy (CTA) on pre- and postoperative thoracic endovascular aneurysm repair (TE-

VAR) patients to characterize cardiac-induced aortic motion on essential proximal 

sealing zones and to study the influence of  endograft placement.

Methods

Six pre- and 6 postoperative dynamic CTA studies were obtained in 6 patients with 

thoracic aortic aneurysms (TAA) undergoing TEVAR. Data was acquired using a 

retrospective ECG-gated dynamic CTA scan, with 8 reconstructed phases over the 

cardiac cycle. Scans were acquired during a single breath hold. Multiplanar recon-

structions were made perpendicular to the aorta at 5 surgically relevant anatomic 

thoracic landmarks: 1 cm proximal to the innominate trunk; 1 cm proximal and 1 cm 

distal to the left subclavian artery; and 1 cm proximal and 3 cm distal to the proximal 

end of  the stentgraft. After segmentation of  the aortic lumen in the images, diameter 

change and area change over the cardiac cycle were measured. Diameter change was 

measured through the center of  mass of  the aortic lumen and the average change over 

180 axis is presented.

Results

We found a significant distention of  the thoracic aortic arch and descending thoracic 

aorta during the cardiac cycle before and after TEVAR. Distention ranged  from 

3-12% in diameter and 2-20% in area. This distention was preserved after TEVAR. 

Conclusions

Patients with thoracic aneurysm experience aortic diameter and area changes during 

the cardiac cycle. The magnitude and hence the clinical importance of  this aortic dis-

tention varies among patients. After stentgraft placement, aortic distention through-

out the cardiac cycle is preserved. This all may have major implications for correct 

sizing of  the endograft as well as for stentgraft design and durability as the forces on 

the stents may be much larger after implantation than initially anticipated by stent 

manufacturers. 
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Introduction

In properly selected patients, thoracic endovascular aneurysm repair (TEVAR) of  the 

descending thoracic aorta or even the distal aortic arch, is an attractive alternative to 

open surgical repair.1,2 TEVAR has demonstrated less surgical mortality and morbi-

dity, decreased hospital stay and improved clinical outcomes in suitable patients.3,4 

The anatomy and morphology of  the proximal aortic neck where stentgraft sealing 

occurs is the most critical factor for determining suitability for TEVAR.5,6 Static com-

puted tomographic angiography (CTA) is the most commonly used modality for pre- 

and postoperative thoracic aortic aneurysm imaging and therefore patient and device 

selection is usually based on static images.7,8 

Aortic distensibility may play a causative role in the development of  TEVAR com-

plications, such as endoleaks, stentgraft migration, rupture, or even stentgraft col-

lapse. With the development and application of  dynamic imaging techniques such as 

ECG-synchronized CTA and MRA it has become possible to study the aortic motion 

and distention during the cardiac cycle.9,10 Previous reports from our group showed 

significant aortic distention at important anatomical landmarks in the abdominal, 

ascending and descending thoracic aorta.9,11-13 In other studies similar observations 

were made using different modalities such as M-mode ultrasound and intravascular 

ultrasound (IVUS).14,15 Aortic distention of  the aneurysm neck remains preserved 

after endovascular abdominal aortic repair (EVAR), but no prior reports have analy-

zed postoperative aortic distention after TEVAR.9,13 An improved understanding of  

pre- and postoperative changes after endovascular repair aids both device selection 

and endograft design.  With knowledge of  aortic diameter changes over the cardiac 

cycle better sizing decisions can be made and clearly endograft design should be able 

to adapt to aortic conformational changes. 

The purpose of  this study was to utilize ECG-synchronized CTA to characterize pul-

satile aortic distention at important thoracic aortic anatomic landmarks in patients 

with a thoracic aortic aneurysm (TAA) before TEVAR and to investigate the influ-

ence of  thoracic endograft placement on aortic distention.

Methods

Between 2005 and 2008 six patients (2 male, 4 female, mean age 69 years, range 56-

79) with a thoracic aortic aneurysm distally to the left subclavian artery (4 located 

in zone 3, and 2 in zone 4), who were evaluated for TEVAR at our institution, were 

scanned pre- and postoperatively using dynamic cine CTA. All of  them were trea-

ted by TEVAR, using the Relay stentgraft (Bolton Medical, Sunrise, FL, USA). The 
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proximal sealing zone was proximal to the left subclavian artery in 4 patients, and 

distally in 2 patients. Postoperative scans were performed between 2-219 days after 

TEVAR (median 88 days).  

The retrospective ECG-gated CTA data sets were acquired on a 64-slice Philips Bril-

liance CT-scanner (Philips Medical Systems, Best, The Netherlands). Images were 

acquired during a single breath-hold phase of  20 seconds during which the thoracic 

aorta was imaged. Scan parameters were as follow: slice thickness 0.9 mm, incre-

ment 0.7 mm, collimation 64 x 0.625 mm, and pitch 0.25. Field of  view was 250 x 

250 mm2 and the reconstructed matrix size was 512 x 512 resulting in a voxel size 

of  0.5 x 0.5 x 0.9 mm3. Radiation exposure parameters were 120 kVp and 300 mAs, 

resulting in a CT dose index (CTDI
vol

) of  17.6 mGy.  Intravascular non-ionic contrast 

(pre-operative 150 ml; postoperative 120 ml) (Iopromide, Schering, Berlin, Germany) 

followed by a 60 ml saline chaser bolus was injected at a flow rate of  6 ml/s. The scan 

was started using bolus triggering software with a threshold of  100 HU over baseline.  

ECG gated retrospective reconstructions were made at 8 equidistant time points over 

the cardiac cycle. The data set of  each patient was loaded into a separate workstation 

(Extended Brilliance Workspace, Philips Medical Systems B.V., Best, The Nether-

lands) and processed using the cardiac review program function. 

Multiplanar reconstructions were made perpendicular to the thoracic aorta and 8 

images over the cardiac cycle were reconstructed, resulting in a 2D-t dataset. We se-

lected 5 relevant anatomic levels for the evaluation and follow-up of  typical thoracic 

aneurysms and proximal sealing zones (Figure 1). These 5 anatomic levels were: 1 cm 

proximal to the innominate trunk (Level A);  1 cm proximal (Level B) and 1 cm distal 

to the left subclavian artery (Level C); and 1 cm proximal (Level D) and 3 cm distal to 

the proximal origin of  the endograft (Level E). The proximal origin of  the endograft 

was defined as the first orthogonal slide on which the first stent strut became visible. 

To measure level D and E at the same level pre- and postoperatively, the center lumen 

line distance from the supra-aortic trunks to the proximal origin of  the endograft was 

determined on the postoperative scan and applied to the pre-operative exam. 

The 2D-t datasets were imported in Dynamix software (Image Sciences Institute, 

University Medical Center, Utrecht, The Netherlands) for analysis. The aortic lumen 

was semi-automatically segmented in each phase-image based on the grey values. A 

seeding point was placed in the aortic lumen and a threshold was defined (threshold 

technique) after which the segmentations were manually corrected.  The first obser-

ver performed the segmentations twice for calculation of  the intra-observer repeata-

bility. A second observer also performed the segmentations for calculation of  the 

interobserver repeatability. On the post-operative images the stent struts were taken 

as the outer border of  the segmentation at Level E (Figure 2).

After segmentation of  the aortic lumen in each cardiac phase, diameter change and 
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area change over the cardiac cycle were measured. Diameter change (difference 

between minimum and maximum diameter during the cardiac cycle) was measured 

through the center of  mass of  the aortic lumen over 180 axes, with an angular incre-

ment of  1 degree. The average change over these 180 axes is presented. Data on area 

and diameter change is expressed as mean of  all patients ± standard deviation. The 

presented data is the average of  the first and second measurement of  observer 1.

Statistical analysis of  differences between minimum and maximum diameter during 

the cardiac cycle over al 180 axes at each level in each patient was performed using 

the Student t test for paired data. Significance was assumed at p<0.05. The repeatabi-

lity of  measurements was analyzed with Bland and Altman’s difference against mean 

analysis.16 The intra- and interobserver variability coefficients (RC) were calculated 

as two times the standard deviation of  the differences.16  Difference between pre- and 

postoperative diameter and area changes were considered significant when the dif-

ference was larger then the intra-observer repeatability coefficient (RC) .

Figure 2 Segmentation. CTA multiplanar reconstruction perpendicular to the aorta at level E, before and after 
segmentation (red).

Figure 1 Anatomical levels. CTA maximum intensity projec-
tion reconstruction on which the levels studied are shown: 1 cm 
proximal to the innominate trunk (level A), 1 cm proximal (level 
B) and 1 cm distal (level C) to the left subclavian artery, and 1 
cm proximal (level D) and 3 cm distal (level E) to the defini-
tive proximal sealing zone. Levels in red depend on endograft 
position.
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Results

Mean Aortic Diameter

The results are shown in Figure 3A and 4A. The aortic diameter demonstrated signi-

ficant change (p<0.05) during the cardiac cycle at each anatomic level, in each pa-

tient, in both pre- and postoperative exams. Preoperatively, the mean (of  all patients) 

diameter change 1 cm proximal to the innominate trunk (Level A) was 5.6% ± 1.9% 

(range 3.4%–9.1%); 1 cm proximal the left subclavian artery (Level B) 5.9% ± 2.3% 

(range 3.4%–10.0%); 1 cm distal to the left subclavian artery (Level C)  5.9% ± 1.0% 

(range 4.6%–7.3%); 1 cm proximal to the definitive sealing zone (Level D) 5.9% ± 

2.4% (range 3.9%–10.8%) and 3 cm distal to to the definitive sealing zone (Level 

E) 6.1% ± 1.9% (range 3.7%-9.5%).  This corresponds to changes of  1.8 ± 0.5 mm 

(range 1.1–2.5); 1.5 ± 0.5 mm (range 0.9–2.3); 1.5 ± 0.2 mm (range 1.1–1.7); 1.6 ± 

0.4 mm (range 1.0–2.2) and 1.5 ± 0.3 mm (range 1.3–2.2). The maximum and rela-

tive diameter change of  all patients was 2.5 mm at Level A and 10.8% at Level D. 

Figure 3A Mean percentage diameter 
change. The mean percentage diameter chan-
ge is shown at each of  the 5 measured levels, 
pre- and postoperatively.
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Figure 3B Mean percentage area change. 
The mean percentage area change is shown at 
each of  the 5 measured levels, pre- and post-
operatively.
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Postoperatively, Level A demonstrated a mean diameter change of  6.0% ± 1.7% 

(range 3.9% – 8.9%); Level B 6.3% ± 1.8% (range 4.5%– 9.7%); Level C 5.6% ± 1.6% 

(range 3.9% – 8.9%); Level D 6.2% ± 2.9% (range 3.5% – 11.7%) and Level E 5.0% 

± 0.9% (range 3.3% - 5.9%). This corresponds to absolute changes of  1.9 ± 0.5 mm 

(range 1.3–2.6); 1.7 ± 0.3 mm (range 1.3–2.2); 1.4 ± 0.3 mm (range 1.1–2.0mm); 

1.8 ± 0.5 mm (range 1.3–2.7) and 1.3 ± 0.1 mm (range 1.2–1.5). The maximum and 

relative diameter change of  all patients was 2.7 mm and 11.7% at Level D.

For diameter change, the intra-observer repeatability coefficient was 0.5 mm and 

the interobserver variability coefficient was 0.7 mm, indicating good repeatability 

within and between observers (Figure 5A). The mean differences between post- and 

Figure 4A Absolute diameter change per patient. The pre- and postoperative absolute measurements for all patients 
are plotted and connected with a line.

Figure 4B Absolute area change per patient. The pre- and postoperative absolute measurements for all patients are 
plotted and connected with a line.
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pre-TEVAR diameter changes were smaller then the repeatability coefficients, indica-

ting no statistical differences between pre- and post-TEVAR mean diameter changes 

(distentibility) at any of  the measured levels. One patient had a significant decrease 

in diameter change within the endograft (Level E) of  0.9 mm (4.5%) with an increase 

of  0.6 mm (2.6%) proximal to the endograft (Level D).

Figure 5 Intra-observer variability of  mean diameter (A) and area (B) change. Difference of  pairs is plotted against the 
mean of  pairs. The mean difference is close to zero and the limits of  agreement (2 SD) are within acceptable limits.
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Aortic Area

The results are shown in Figure 3B and 4B. Level A demonstrated a mean (of  all 

patients) aortic area change of  6.3% ± 4.1% (range 3.3%–14.9%); Level B 6.2% ± 

3.6% (range 2.2%–12.0%); Level C 6.3% ± 1.4% (range 4.4%–8.5%); Level D 6.8% ± 

4.4% (range 3.4%–15.7%) and Level E 6.6% ± 3.1% (range 2.6%–12.4%). This cor-

responds to 51.4 ± 22.2 mm2 (range 31.8–94.2); 34.4 ± 15.2 mm2 (range 12.9–57.2); 

33.2 ± 8.0 mm2 (range 22.9–48.5); 42.6 ± 14.0 mm2 (range 22.2–60.4) and 35.9 ± 

14.9 mm2 (range 18.9–56.7). The maximum and relative aortic area change of  all 

patients was 94.2 mm2  at Level A and 15.7% at Level D.

Postoperatively, Level A demonstrated a mean aortic area change of  7.8% ± 3.6% 

(range 3.0%–13.7%); Level B 6.4% ± 2.2% (range 4.4%–10.0%); Level C 5.9% ± 3.0% 

(range 3.0%–12.3%); Level D 7.5% ± 6.4% (range 2.5%–20.2%) and Level E 4.7% ± 

1.3% (range 2.6%–6.8%). This corresponds to 64.5 ± 27.2 mm2 (range 28.5–106.2); 

37.7 ± 7.0 mm2 (range 28.7–46.7); 29.6 ± 11.0 mm2 (range 19.8–53.2); 52.2 ± 28.1 

mm2 (range 19.5–102.3) and 27.7 ± 2.6 mm2 (range 23.4–30.9). The maximum and 

relative area change of  all patients was 106.2 mm2  at Level A and 20.2% at Level D.

For area change, the intra-observer repeatability coefficient was 31.2 mm2 and the in-

terobserver variability coefficient was 36.5 mm2, indicating good repeatability within 

or between observers (Figure 5B). The mean differences between post- and pre-TE-

VAR area changes were smaller then the repeatability coefficients, indicating no sta-

tistical differences between pre- and post-TEVAR mean area changes (distentibility) 

at any of  the measured levels. One patient had a significant post-operative increase 

in area change of  51.7 mm2 (6.2%) at level A and 41.9 mm2 (6.5%) at level D and a 

nearly significant decrease of  29.6 mm2 (7.5%) at level E.

Discussion

In this study, we utilized dynamic cine-CTA to assess diameter and area changes 

of  the thoracic aorta throughout the cardiac cycle, before and after TEVAR. ECG-

synchronized 64-slice CTA was used to acquire a 2D-t dataset consisting of  8 images 

per cardiac cycle, providing excellent temporal and spatial resolution.  This imaging 

tool provides a unique opportunity to study aortic distention before and after endo-

graft placement. Knowledge of  a patient’s specific aortic distention at a specific level 

enables better endograft sizing decisions. The influence of  endograft placement on 

this distention can also be studied and yields valuable information that is relevant for 

endograft design.

We have selected 5 positions along the thoracic aorta to measure aortic distention. 

The position 1 centimeter proximal to the innominate trunk was selected, because 
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this level is relevant as it is a potential future landing zone for fenestrated thoracic 

endografts. The levels 1 centimeter proximal and distal to the left subclavian artery 

were chosen as these levels are relevant landing zones for TEVAR. Finally, we also 

selected the locations 1 centimeter proximal and 3 centimeters distal to the definitive 

proximal sealing zone, to measure the distention in the native and covered aorta next 

to proximal graft fixation.

We found a significant distention in the thoracic aortic arch and descending thoracic 

aorta before and after TEVAR. The mean diameter change over the 180 axes ranged 

from 3-12% and area change ranged from 2-20%. It can easily be calculated that the 

expected relative area change should be twice the relative diameter change. As this 

is not the case for our data, this discrepancy indicates an asymmetric distention. 

Because the expansion is not evenly distributed along the aortic circumference, the 

maximum diameter changes of  all 180 axis are even higher (3-23%) and are similar 

to results of  previously conducted studies of  distention in the thoracic aorta in pa-

tients with abdominal aortic aneurysm’s.11,12 In healthy adults free from vascular cal-

cification, the aortic distention during the cardiac cycle is expected to be even more 

pronounced, which could effect the durability of  endovascular repair of  traumatic 

aortic ruptures and dissections. There was a non-significant trend towards increased 

distensibility proximal to the endograft (Level D) and decreased distensibility within 

the endograft (Level E). We have observed that thoracic aortic distention during the 

cardiac cycle remains preserved after endograft placement. Preservation of  distensi-

bility after endograft placement  may have major implications for stentgraft design 

and durability as the forces on the stents may be much larger after implantation than 

initially anticipated by stent manufacturers. In addition, endograft sizing decisions 

are currently based on static imaging techniques, neglecting the aortic diameter chan-

ges throughout the cardiac cycle. With current high-speed multislice CTA acquisition 

protocols the aortic landing zone is scanned within a fraction of  the cardiac cyle. 

The acquired images may be anywhere in diastole, systole, or in between. When the 

difference between maximum and minimum diameter is 12%, this could have ma-

jor implications for stent graft sizing and durability, which may be compromised by 

improper proximal fixation, migration and (intermittent) endoleaks. We think that 

the 10% oversizing, as advised by most manufacturers, should be based on systolic 

diameters. When sizing on static images, 10% oversizing may be inadequate in some 

patients and a more liberal oversizing regime of  at least 20% would be preferable.  

As our data indicates that the aortic distention is variable among patients it might be 

that those patients with more pronounced distention are the patients that will have 

compromised graft durability.  However, clinical trials are necessary to support the 

hypothesis that endograft sizing and patient selection based on dynamic imaging 



84

Chapter 3.2

indeed improves graft durability and patient outcome. Ideally, in the future, the aor-

tic distention will be determined per patient per aortic level, resulting in improved 

patient selection and customized stentgraft selection. 

Limitations

To the best of  our knowledge this is the first study with cine-CTA into the aortic dyna-

mics in patients with thoracic aneurysm, both pre- and post-TEVAR. We have done a 

pre-post study (pre-TEVAR scans served as control for each patient), which decreases 

group variability. We acknowledge that our results are preliminary due to a small 

sample size. However, as the TEVAR procedure in TAA patients is not as commonly 

performed as EVAR in AAA patients and endograft designs are rapidly evolving, 

we do think that these preliminary results are valuable. Future studies with larger 

samples will probably make the results more significant. Further, the segmentations 

were semi-automatically made and this may have induced some observer dependent 

errors. However, the intra- and interobserver variability analysis demonstrated good 

repeatability of  measurements. We also acknowledge the potential drawback of  per-

forming measurements utilizing a 2-dimensional approach, which does not comple-

tely characterizes complex 3D aortic movement. We are currently developing the 

resources required for dynamic volumetric evaluation (3D-t) of  the thoracic aorta.

Conclusion

This study demonstrated the feasibility of  cine-CTA to image dynamic aortic wall 

motion pre- and post-TEVAR at the aortic arch and proximal sealing zone. Under-

standing the aortic distention in this area where aortic stentgraft fixation occurs is 

relevant for future endograft designs. The native thoracic aorta in patients with TAA 

exhibits significant distention throughout the cardiac cycle, and this phenomenon is 

preserved after endograft implantation. The magnitude and hence the clinical im-

portance of  aortic distention varies among patients. Additionally, the discrepancy 

between area and diameter changes indicates that aortic distention is asymmetric.
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Abstract

In this study a post-processing technique was developed and implemented to study 

the magnitude and the asymmetric aspect of  aortic distention during the cardiac cy-

cle, as visualized with ECG-gated magnetic resonance imaging. The post-processing 

method includes supersampling of  the acquired images; aortic lumen segmentation; 

measurement of  changes in the aortic radius over the cardiac cycle; plotting the ra-

dius changes in a polar plot; fitting of  an ellipse over the plot; and calculation of  

radius change over the major and minor axis of  the ellipse. The accuracy of  the 

post-processing method was assessed using a digital model of  a pulsatile aorta with 

various degrees of  distention and asymmetry ratios, at typical settings for voxel size, 

aorta size and grey values. Additionally, the consequences of  utilizing a scan proto-

col that produces anisotropic (acquired) voxels, which is not uncommon with MRI, 

were investigated by including an in-plane anisotropy in the voxel size in the digital 

model. Finally, the feasibility of  measuring aortic distention and the asymmetry the-

rein using the post-processing method on image data acquired with a balanced fast 

field echo scan was demonstrated in vivo. The current study demonstrates that the 

post-processing method performs well with both isotropic and anisotropic voxels. 

The magnitude and asymmetric aspect of  distention are best assessed when the dis-

tention is over 5%, although the presence of  asymmetry could still be detected at this 

degree of  distention. Radius changes of  5% could still be accurately assessed with a 

maximum measurement error of  0.2%. 



90

Chapter 4.1

Introduction 

Due to pulsatile cardiac output and aortic compliance, the aorta exhibits diameter 

and shape changes throughout the cardiac cycle.1-4 Insight in these changes is im-

portant for endovascular treatment of  aortic aneurysms with an endograft: it affects 

sizing decisions and may have consequences for endograft design. Additionally, the 

knowledge of  vascular pathology might be improved. Multi-phase ECG-synchronized 

imaging offers insight in the dynamics of  aortic shape changes and post-processing 

algorithms can be used to analyze and quantify the aortic morphologic changes.  Pre-

vious studies have suggested that aortic expansion is asymmetrical.2-5 Knowledge of  

the asymmetric aspect of  the expansion is important, because such asymmetry will 

further complicate the accomplishment of  a proper proximal fixation and sealing 

of  the endograft. Arko et al. have previously used intravascular ultrasound (IVUS) 

to study asymmetry, but, unfortunately, IVUS is highly operator dependent, which 

directly influences the reproducibility and accuracy of  the measurements.6 Moreover, 

IVUS is an invasive method, which makes it less suitable for experimental studies and 

pre-operative assessment of  aortic distention. Magnetic resonance imaging (MRI), 

in contrast, is not (or just slightly) operator dependent; it is non-invasive, does not 

require ionizing radiation, allows image acquisition in arbitrary planes, and offers 

excellent soft-tissue contrast, which allows studying aortic motion and distention in 

relation to the surrounding anatomy. Draney et al. showed the feasibility of  cine 

phase contrast MRI to quantify cyclic aortic wall deformation and circumferential 

strain of  the aorta, and demonstrated that the deformation was nonuniform in a hu-

man subject.5,7  In contrast we aim to assess the changes of  the geometric appearance 

of  the aorta; to demonstrate that the pulsatile aortic distention is asymmetric; and to 

offer a comprehensable measure for asymmetry.

The balanced fast field echo technique (bFFE) is very well suited for ECG-gated 

magnetic resonance imaging of  dynamic changes of  the aorta, since it is rather in-

sensitive to flow artifacts and can image blood at a high signal-to-noise-ratio (SNR). 

Optimal images without susceptibility artifacts of  the aortic lumen can be acquired 

using a short repetition time (TR) and a relatively high flip angle. Choosing the echo 

time (TE) half  TR maximizes the intrinsic flow compensation of  the sequence. The 

use of  a short TR is essential for creating optimal image quality in this sequence and 

for that reason a scan percentage higher than 100% may be used with this technique, 

resulting in a lower spatial resolution in the readout direction than in the phase enco-

ding direction. This anisotropy in the acquired voxel size will influence the accuracy 

of  measuring aortic distention and also the ability to detect asymmetric expansion. 

We have implemented an MRI scan sequence, which is described in Chapter 4.2 

and 4.3. Briefly, an ECG-gated bFFE scan is utilized to acquire transverse images 
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throughout the cardiac cycle, in a plane perpendicular to the aorta.  This acquisition 

method results in 16 reconstructed heart-phase images that visualize the pulsatile 

aortic distention during the cardiac cycle.   

We have developed a corresponding post-processing technique that allows us to 

quantify the magnitude of  and asymmetry in the aortic distention. The purpose of  

the current study was: (1) to determine the accuracy of  the post-processing method 

to quantify various degrees of  aortic distention; (2)  to investigate the accuracy of  

the method to quantify the asymmetry in the aortic distention; and (3) to study the 

influence of  in-plane anisotropy in the acquired voxels on the outcome of  the measu-

rements. To this end, a digital model of  a pulsatile aorta at various predefined degrees 

of  distention and asymmetric expansion was created, on which our post-processing 

technique was applied. Additionally, the feasibility of  the proposed method in com-

bination with an ECG-gated bFFE scan was demonstrated in vivo.  

Materials & Methods

Computer simulations

To study the accuracy of  the measurement method, a digital model of  a pulsatile 

aorta in 16 cardiac phases was constructed.  In the first cardiac phase the aorta was 

circularly shaped. The aortic radius (R) was set to the realistic value of  13 pixels. The 

matrix size of  the simulated images was 64 x 64 pixels, meaning that the pulsatile 

aortic model filled the larger portion of  the simulated field of  view. Of  course, in ac-

tual MR images the field of  view is much larger, but in our simulations smaller ima-

ges of  only the aorta suffice. Multiple pulsatile aorta datasets were generated, with 

the distention (ΔR/R, the relative change in radius) varying over a realistic range: 

5.0%, 10.0%, 20.0%, and 30.0%.2,8 In subsequent cardiac phases the initially circular 

aorta was deformed into an ellipse with the defined relative radius change along the 

y-axis (anteroposterior axis), and a distention in the x-direction (left-right axis) ac-

cording to different levels of  asymmetry expressed in the asymmetry ratio (ΔR
y
/ΔR

x
). 

An explanation of  the parameters is to be found in Figure 1. The simulated images 

that were created included partial volume effects at the edges of  the pulsatile object. 

The center of  mass of  the pulsatile object was placed off-centre in the image grid, to 

achieve an asymmetric distribution of  partial volume effect at the edges of  the object. 

Different predefined realistic asymmetry ratios were studied:  2.00, 1.50, 1.25, and 

1.00, the latter reflecting symmetric expansion.2,8 The images of  the aortic computer 

model were post-processed as described below. To evaluate the performance of  the 

measurement method, the measured distention values (%) and asymmetry factors 

were compared to the predefined values. 
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Figure 1 Illustration of  parameters. The radius change over the 
y- and x-axis is ΔRy and ΔRx, respectively. The asymmetry ratio 
is calculated as ΔRy / ΔRx.

Image postprocessing

First, the images were supersampled by a factor 8 in the left-right (x) and anteropos-

terior (y) direction, using linear interpolation. This supersampling was performed to 

reduce discretization artifacts. With dedicated in-house-developed software (Dyna-

mix, Image Sciences Institute, Utrecht, The Netherlands), the aortic lumen in the 

images was semi-automatically segmented for each cardiac phase image by manual 

placement of  a seeding point, followed by a region growing algorithm.  Then, for 

each cardiac phase, 360 radial lines were measured from the center of  mass (COM) 

of  the lumen to the edge of  the segmentation with a 1 degree increment between two 

lines. Radius changes during the cardiac cycle were determined along each radial 

line and plotted in a polar plot.  Using Matlab computing software (Version 6.5, 

The Mathworks, Inc.) an ellipse was fitted over the plot with Direct Least Squares 

Fitting.9 The ellipse fit was chosen because the plots roughly had an elliptical aspect. 

The model fitted the distention plots of   in vivo data well (see Chapter 4.2 and 4.3). 

Similar distention patterns have also been observed with cine phase-contrast MRI 

and intravascular ultrasound.4,5 The radii and angulation of  the ellipse correspond to 

the magnitude of  the radius change over the major (Ra) and minor axis (Rb), and the 

orientation of  the major axis (θ). The anteroposterior axis is defined as 0 degree, with 

-90 degree corresponding to left in the image, and +90 degree corresponding to right 

in the image. Note that left in an in vivo acquired image corresponds to right in the 

patient, and vice versa. The distention asymmetry factor was expressed as the ratio 

Ra/Rb of  the fitted ellipse.
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The effect of anisotropic voxels

To study the influence of  in plane voxel anisotropy, the accuracy of  our method 

was also studied on the digitally constructed pulsatile aorta data sets, with the effect 

of  anisotropy in the acquired voxels included. The anisotropy was induced on the 

images in analogy to the lower resolution in the read-out direction (scan percentage 

anteroposterior = phase encoding direction: 267%). It is important to realize that, 

although the acquired voxels are anisotropic in-plane, the reconstructed images have 

isotropic voxels due to a process called zero-padding, which is applied in the MR 

scanner’s image reconstruction process. To account for this in our simulation, zeros 

were added to the Fourier spectra in the read-out direction, to create a reconstructed 

matrix with isotropic voxels.

To simulate acquired voxel anisotropy on the digital model, the magnitude images 

of  the digital pulsatile aorta models were Fourier transformed, cropped in the x (left-

right) direction, zero-padded to the original size and subsequently inverse Fourier 

transformed. After inverse Fourier transformation the reconstructed matrix size is 

equal to that of  the original (isotropic) image (64 x 64 pixels). The cropping and 

subsequent zero-padding process is illustrated in Figure 2. The Fourier data of  the 

simulation was cropped to 37.5% (24/64) in the x direction, which corresponds to 

the scan percentage of  267% (64/24) in the y (anteroposterior) direction as used in 

the actual MR scans. The images of  the aortic computer model were post-processed 

using the ellipse post-processing method, as described above. As for the case with iso-

tropic voxels, the measured distention values and asymmetry factors were compared 

to the predefined values.

Figure 2 Figure illustrating the simulation of  acquired voxel anisotropy. (A) Fourier transformed magnitude image of  
a digital aorta model image with a matrix size of  64 x 64 pixels. (B) Cropping in the x (left-right) direction, resulting in 
a simulated scan percentage of  267% (64/24) in the y (anteroposterior) direction. (C) zero-padding in the x direction, 
by appending zeros (grey area) to the signal.



94

Chapter 4.1

In vivo experiment

In addition to the investigation of  digital simulations, the distention and asymmetry 

ratio in the abdominal aorta was studied in a volunteer (male, 26 years) using a scan 

protocol with anisotropic acquired voxels. An ECG-gated balanced fast field echo 

MRI scan with 16 reconstructed phase images was planned transverse to the aorta. 

Images were acquired with higher resolution in the anteroposterior direction (scan 

percentage of  267% in the anteroposterior phase encoding direction). Relevant scan 

parameters were: TE 2.0 ms, TR 4.0 ms and flip angle 50°, slice thickness 6.0 mm, 

acquired pixel size 2.1 x 0.78 mm2, FOV 400 x 320 mm2. The reconstructed pixel size 

was 0.78 x 0.78 mm2, reconstructed to a matrix of  512 x 410 pixels. Scan duration 

to obtain a data set consisting of  16 heart phases was approximately 4 minutes. The 

images were post-processed using the ellipse fit method.

Results

Isotropic voxels

The results of  our measurements using the digital model with (in-plane) isotropic 

voxels are shown in Table 1. This table shows the asymmetry ratio (ΔR
y
/ΔR

x
) and 

distention (ΔR
y
) measured in the simulated data using the post-processing technique, 

at the different predefined asymmetry ratios and distention values. The differences 

between measured and predefined distention (measured - predefined) in the antero-

posterior direction ranged between -0.2% and +1.3%. Figure 3 illustrates the diffe-

rence of  the measured asymmetry ratio with the predefined asymmetry ratio, at the 

different levels of  (predefined) asymmetry and distention. 

The effect of anisotropic voxels

After inducing anisotropy on the digital images, typical ringing artifacts due to the 

spatial low-pass filtering in the x-direction were observed as is demonstrated in Figure 

4. This figure shows an image of  the digital model of  a pulsatile aorta, before and af-

ter anisotropy was induced on the image. A decreased resolution and blurring in the 

left-right (x) direction is clearly visible. The ringing artifacts are known from clinical 

MRI images that are acquired with an anisotropic scan protocol.

The results of  our measurements using a digital model with anisotropic acquired 

pixels are shown in Table 2. This Table shows the asymmetry ratio (ΔR
y
/ΔR

x
) and 

distention (ΔR
y
) measured in the simulated data using the post-processing technique, 

at the different predefined asymmetry ratios and distention values. The differences 

between measured and predefined distention (measured - predefined) in the antero-
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posterior direction ranged between -0.1% and +1.3%. Figure 5 illustrates the diffe-

rence of  the measured asymmetry ratio with the predefined asymmetry ratio, at the 

different levels of  (predefined) asymmetry and distention, using anisotropic voxels.

In vivo experiment

The scan protocol resulted in images in 16 phases over the cardiac cycle, with ani-

sotropic (acquired) voxels. An example of  diastolic and systolic images of  the aorta 

acquired in vivo is shown in Figure 6. Note the orientation of  the ringing artifacts 

and blurring at the left and right side borders of  the aorta, as a result of  the lower 

(acquired) resolution in the left-right (read-out) direction. After supersampling of  the 

images and segmentation of  the aorta, the radius changes were measured and plotted, 

see Figure 7. After the ellipse fit procedure, the measured radius change was 2.1 mm 

over the major axis (Ra) and 1.8 mm over the minor axis (Rb), which corresponds to 

18.8% and 16.8% of  the original radii, respectively. The calculated asymmetry ratio 

was 1.12. The deviation from the anteroposterior axis (θ) was -2.4 degrees.

Figure 4 Digital model of  a pulsatile aorta. An example of  a phase image is shown before 
(left) and after (right) anisotropy was induced on the image.
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Figure 6 In vivo bFFE images transverse to the aorta, with a scan percentage of  267% in the 
anteroposterior direction. The aorta is shown in diastole (A) and in systole (B). 

Figure 7 Distention plot of  the in vivo experi-
ment. The radius change over the cardiac cycle is 
plotted in 360 directions. After the ellipse fit proce-
dure, the distention over the major (Ra) and minor 
axis (Rb) is known.  A = anterior, P = posterior, R 
= right, L = left.

Discussion

A bFFE scan sequence can be used to acquire multi-phase transverse images of  the 

aorta covering the cardiac cycle. In this study we investigated the use of  a correspon-

ding post-processing method that was developed to assess the magnitude of  and asym-

metry in aortic distention throughout the cardiac cycle. To determine the accuracy 

of  our measurement method, digital models of  a pulsating aorta were constructed 

with different predefined asymmetry ratios and levels of  distention. The influence of  

(acquired) in-plane voxel anisotropy was investigated by inducing anisotropy on the 

digital simulation images.

We chose a digital model as the gold standard, because this model allowed us to com-

pare the results of  our measurements to the predefined parameters (distention and 

asymmetry ratio). The digital model included partial volume effects and was con-
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structed with realistic voxel sizes, and realistic contrast between the pulsatile object 

and its background. However, measurements on in vivo data can be more difficult 

since the segmentation process might be influenced by artifacts and may be compli-

cated by debranching vasculature. Therefore, this study comprises a validation of  the 

post-processing method, rather than an exact simulation of  the acquisition process.

Our results indicate that, using isotropic acquired voxels, the model-based method 

using an ellipse fit is able to accurately detect (subvoxel) distention of  the aorta: the 

maximum difference of  measured distention with a predefined distention of  5.0% 

was only 0.2%. The relative difference between predefined and measured distenti-

on decreased even further with increasing distention. The rate of  asymmetry was 

best assessed when the distention is over 5%. However, presence of  asymmetry was 

still assessed with the distention over the major axis as small as 5%.  The difference 

between predefined and measured asymmetry ratio decreased with an increasing 

magnitude of  distention, and with a decreasing asymmetry ratio. With absence of  

asymmetry (ratio 1.00), the measured ratio ranged between 0.99 and 1.03 at all levels 

of  distention.  

Remarkably, when simulating the use of  anisotropic acquired pixels, the measure-

ment method performed equally well: similar results as with isotropic voxels were 

observed. A distention of  5% was measured with a maximum difference of  0.2%. 

At higher magnitudes of  distention the relative difference between predefined and 

measured distention was even lower. At a distention of  5%, asymmetry could still be 

detected. 

A test scan in a healthy volunteer demonstrated that assessment of  aortic distention 

and asymmetry therein is feasible using a bFFE scan sequence in combination with 

our post-processing method. The 16 acquired phase images were of  excellent quality 

with little noise and suitable for further post-processing.   

The strength of  the digital simulations in this study is that we were able to compare 

our measurements with a predefined input. The simulations were conducted with 

realistic settings of  the distention parameters, pixel size, anisotropy and image con-

trast. The current study has some limitations, though. First, we did not investigate 

the effect of  image noise on the measurements. However, our main purpose was to 

determine the limits laid on the accuracy of  the proposed method by the limited 

spatial resolution and the influence of  anisotropy. Besides, the images acquired in 

vivo showed a high signal to noise ratio, suggesting that noise only plays a minor 

role. Further, we did not study the effect of  the angulation of  (the most prominent 

direction of) distention on the measurements. Angulation of  the digital model will 

result in slightly different partial volume effects at the edges of  the pulsatile object.  

We do not expect that this has major consequences for the accuracy, because the el-
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lipse fit takes into account distention and partial volume effects along the total aortic 

circumference. Finally, we did not take into account the center of  mass movement of  

the pulsatile object, which was observed in vivo. We did place the center of  mass off  

center in the image grid to accomplish asymmetric partial volume effects at the edges, 

which did not influence the ellipse fit negatively. 

Conclusion

In conclusion, the results of  this study indicate that the proposed ellipse fit post-

processing performs well with both isotropic and anisotropic pixels. The magnitude 

and asymmetric aspect of  distention are best assessed when the distention is over 5%, 

although asymmetry could still be detected at this degree of  distention. A distention 

of  5% could be measured with a maximum error of  only 0.2%. The feasibility of  

using the post-processing method in combination with an ECG-gated bFFE scan 

was demonstrated in vivo. In Chapter 4.2 an isotropic scan protocol is used for the 

assessment of  asymmetric distention in healthy volunteers, and in Chapter 4.3 an 

anisotropic scan protocol is used to characterize the asymmetry in the expansion of  

the abdominal aortic aneurysm neck in patients.
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Abstract

Objective

Knowledge of  aortic shape changes throughout the cardiac cycle can offer improved 

understanding of  vascular pathophysiology and may have crucial impact on stent-

graft design and EVAR durability. To understand underlying mechanisms of  dyna-

mic changes in aortic aneurysm (neck) morphology, the undiseased aorta has to be 

studied first. Objective is to visualize and characterize dynamic aortic shape changes 

in young healthy volunteers.

Materials & Methods

Fifteen healthy volunteers (7 male, median age 24 year, range 18-28) were scanned 

using ECG-gated balanced gradient-echo MRI, with 16 reconstructed cardiac pha-

ses.  Transverse scans were made perpendicular to the aorta : (A) above the aortic 

bifurcation, (B) infrarenal, (C) juxtarenal, (D) suprarenal and (E) above the celiac 

trunk.  After aortic lumen segmentation, radius changes during the cardiac cycle 

were measured, from the center of  mass, over 360 axes, and plotted. An ellipse was 

fitted over the distention-plots, yielding the direction (AP:0°, Right:-90°, Left:90°) 

and magnitude of  radius change over the major and minor axis. 

Results

Asymmetric distention was observed, with a variable rate per patient and level. Ra-

dius changes decreased from the proximal to distal aorta. Radius changes over the 

major axis ranged from 14% to 41%. At level A mean change in radius over the minor 

versus major axis was 1.4 ± 0.2 mm (17%) versus 1.6 ± 0.2 mm (20%) respectively. At 

B 1.7 ± 0.4 mm (22%) versus 2.0 ± 0.4 mm (25%), at C 1.7 ± 0.4 mm (22%) versus 

2.2 ± 0.4 mm (27%) at D 2.0 ± 0.4 mm (25%) versus 2.4 ± 0.5 mm (30%) and at E 

2.2 ± 0.3 mm (27%) versus 2.6 ± 0.3 mm (32%). Mean orientation of  the major axis 

was (A) 0.8 ± 23.3°, (B) 1.8 ± 31.3°, (C) 14.0 ± 15.5°, (D) -28.8 ± 48.0° and (E) 18.4 

± 22.2°. 

Conclusions

Aortic pulsatile distention in young healthy volunteers is asymmetric, with up to 

41% radius change in the descending aorta. This study offers a frame of  reference for 

dynamic imaging studies in patients with aortic pathology and provides a valuable 

non-invasive tool for future research into aortic distensibility, development and loca-

lization of  vascular pathology.  
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Introduction

Cardiac pulsatility and aortic compliance result in aortic area and diameter changes 

throughout the cardiac cycle.1-4 These dynamic changes are especially relevant to en-

dovascular aortic repair (EVAR). A key element of  successful and durable endovas-

cular repair is an adequate proximal fixation and seal, which can be accomplished by 

selection of  the appropriate endograft size and design. Endograft design should be 

able to adapt constantly to the repetitive conformational changes of  the aorta throug-

hout the cardiac cycle. Because of  these changes in aortic shape, ECG-synchronized 

imaging studies are valuable for endograft sizing and design.3 5 Some studies have ob-

served that the aortic expansion during the cardiac cycle is asymmetrical in the aortic 

aneurysm neck.3 6  Asymmetric aortic expansion will further complicate adequate and 

durable endograft fixation and seal. The dynamic aortic changes in younger persons 

free from vascular pathology are important as a baseline reference and are even more 

relevant with the extension of  (thoracic) EVAR to traumatic ruptures of  the aorta, 

which typically occurs in younger patients.7 To understand the dynamic changes in 

the aneurysmatic and atherosclerotic aorta it is first necessary to gain insight into the 

aortic dynamics of  the undiseased aorta.

Objective

The aim of  this study is visualize and characterize the asymmetric aspect of  dynamic 

aortic shape changes in young and healthy volunteers. 

Methods

Study Subjects

Fifteen volunteers (7 male, 8 female, median age 24 years, range 18-28) were studied. 

All volunteers were non-smokers and free from diabetics and known cardiovascular 

disease. The study design and protocol were approved by the institutional medical 

ethics committee. Informed consent was obtained from all participants.

Imaging

All scans were acquired on a clinical 1.5 Tesla MR scanner (Gyroscan Intera, Philips 

Medical Systems, Best, The Netherlands). First, multistack thoracoabdominal survey 

scans were made. Second, a coronal balanced gradient fast field echo survey scan was 

performed to localize the aortic landmarks: the aortic bifurcation, the renal arteries 

and the celiac trunk. Transverse ECG-gated high-resolution balanced gradient echo 
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MRI scans with 16 reconstructed phases over the cardiac cycle were made perpendi-

cular to the aorta, as verified both in the coronal and sagittal plane. Five levels were 

selected for analysis: (A) 4 cm above the aortic bifurcation; (B) 1 cm below the lowest 

renal artery; (C) between the renal arteries; (D) 3 cm above the lowest renal artery; 

and (E) the descending aorta 3 cm above the celiac trunk. Scan parameters were: 

echo time (TE) 3.1 ms, repetition time (TR) 6.1 ms and flip angle 50°. A scan percen-

tage of  100% in the anteroposterior direction was used with a field of  view FOV of  

270 x 340 mm2. The acquired and reconstructed voxel size was 0.66 x 0.66 x 10 mm3. 

The scan duration for obtaining a data set of  16 heart phases was approximately 6 

minutes at each level. 

Analysis

The scans were analyzed with dedicated in-house developed software (Dynamix, 

Image Sciences Institute, Utrecht, The Netherlands). After defining a region-of-in-

terest in the 16 cardiac phase images, the series of  images were supersampled in-

plane by linear interpolation in the left-right and anteroposterior direction with an 

upsampling factor of  8. This was done to obtain smoother segmentations of  the aor-

tic lumen and improve visual and quantitative analysis of  the aortic shape changes. 

Segmentations were made semi-automatically. First, a seeding point was manually 

placed in the aortic lumen. Second, a region growing algorithm was applied after 

definition of  a minimum intensity value of  the lumen pixels. An example of  aortic 

segmentation with minimum (diastolic) and maximum (systolic) area during the car-

diac cycle is shown in Figure 1. 

Figure 1 Transverse magnetic resonance images with  minimum (diastolic) and maximum (systo-
lic) aortic area during the cardiac cycle. The aortic area is segmented (red). Note the marked diffence 
in aortic area between diastole and systole. The segmentation borders are very smooth because of  
upsampling of  the images. This example is at the level of  the descending aorta.
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Two blinded independent observers reviewed all segmentations manually and minor 

corrections were made if  necessary. The main cause of  small irregularities in the 

segmentations were branching vessels. After segmentation of  the aortic lumen in the 

images, the radius change – the difference between minimum and maximum radius 

over the cardiac cycle – was measured over 360 axes, with an angular increment of  1 

degree. Radii were measured for each cardiac phase from the center of  mass of  the 

aortic lumen to the inside of  the aortic wall. The observed aortic in-plane movement 

during the cardiac cycle consists of  aortic in-plane translation and aortic expansion. 

The Center Of  Mass (COM) displacement is the sum of  this aortic translation and 

expansion. Figure 2 illustrates that the COM position in diastole and systole is dif-

ferent. COM displacement can mimic radial expansion which may lead to a false as-

sumption of  asymmetry. So, to measure asymmetry it is necessary to take the radius 

measurements from the COM of  each cardiac phase. 

Figure 2 Example of  different center of  mass (COM) position in 
diastole (light grey segmentation; COMdiast) and systole (dark 
grey; COMsyst). COM displacement can mimic radial expansion. 
To measure asymmetry, radii should be measured from the COM 
of  each cardiac phase. The same segmentations as in Figure 1 are 
used.

The measured radius change over each of  the 360 axes was plotted as a function of  

angle. Matlab computing software (Version 6.5, The Mathworks Inc., Natick, MA) 

was used to fit an ellipse over the plots by Direct Least Square Fitting of  Ellipses.8. An 

example of  a distention plot with an ellips fit is shown in Figure 3. The ellips fitting 

procedure calculated radii of  the major (Ra) and minor axis (Rb) and angulation (θ) 

of  the ellipse.8 These parameters correspond to the radius change over the major (Ra) 

and minor (Rb) axis and the orientation of  the major axis (θ), the angle by which the 

most prominent axis deviates from the anteroposterior (AP) direction. Thus, zero 

degree corresponds to the AP-direction and deviations of  90° and -90° correspond to 

left and right respectively. Note that for every orientation in the anterior direction (θ)  

a mirrored orientation (θ -180 or θ +180) in the posterior direction exists, due to pe-

riodicity of  the radial system used. For calculation of  the mean orientation a domain 

of  -90° to 90° (the anterior direction) was used.



109

Asymmetric pulsatile aortic distention in young healthy volunteers

In summary, the complete aortic shape change in all directions (over 360 axis was) 

depicted by an ellipse and described by radius change over a major (Ra) and minor 

axis (Rb). The asymmetry ratio was calculated by dividing Ra by Rb. The Student t 

test for paired data was used to compare radius changes over the major and minor 

axis. Statistical significance was assumed at p<0.05. Intra- and interobserver variabi-

lity was assessed according to Bland and Altman.9

Results

At all levels there was a significant difference (p<0.001) between the radius change 

over the major and minor axis (Figure 4). Radial changes decreased from the proximal 

to the distal aorta. The change over the major axis ranged between 14% and 41%. The 

rate of  asymmetry varied per patient and per level and ranged between 1.02 and 1.53 

(Figure 5). In general, the orientation of  the major axis was anterior-posteriorly, with 

minor variations per aortic level, as is visualized in Figure 6. Detailed information 

on the radial distention over the minor and major axis, the orientation of  the major 

axis, and asymmetry ratios can be found in Table 1.  Intra-observer repeatability was 

0.20 mm for radial change and 24° for orientation of  the major axis. Interobserver 

variability was 0.27 mm and 22° respectively. 

Figure 3 Radial distention during the car-
diac cycle is plotted as a function of  angle. An 
ellips is fitted over the plot. The radius change 
over the major (Ra) and minor axis (Rb) is 
calculated as well as the direction of  the axis. 
A = anterior, P = posterior, R = right, L = 
left.
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Aortic Distention
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Figure 6 Direction of  distention. For each study subject the orientation of  the major axis is drawn (lines).  A direction 
of  -90° corresponds to right, 0° to anterior-posterior and 90° to left. The orientation of  the mean axis is shown (thick 
line) with +1 and -1 standard deviation (green area). Note that for calculation of  the mean axis a domain of  -90° to 
90° (anteriorly) is used, and that for every orientation a mirrored (posteriorly) orientation of  + or – 180° exists. R = 
right, A = anterior, P = posterior, L = left.
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Discussion

In this study ECG-gated MRI of  very high temporal and spatial resolution was 

successfully used to visualize aortic shape changes throughout the cardiac cycle. 

Sophisticated post-processing methods allowed us to accurately detect and quanti-

fy any asymmetry in pulsatile aortic distention. We choose to study young healthy 

volunteers as the purpose was to quantify the dynamics of  the non-pathologic and 

non-atherosclerotic aorta. 

Although our measurements accounted for the aortic in-plane translation, this study  

is limited by the inability to correct for out-of  plane movement. However, when 

studying coronal and sagittal dynamic images of  the aorta, this movement seems 

to be minimal in the abdominal and descending aortic region. A three-dimensional 

approach would have ideally been used, but considering the extremely long scan-

ning time, is not feasible for analysis with clinical MRI scanners, at this moment. 

Further, minor manual corrections were necessary in about 20% of  the cases but 

at the juxtarenal and suprarenal level more often, due to debranching vasculature.  

Above 
bifurcation

Infrarenal Juxtarenal Suprarenal Descending 
aorta

Distention major 
axis (mm)

mean ± SD 1.6 ± 0.2* 2.0 ± 0.4* 2.2 ± 0.4* 2.4 ±  0.5* 2.6 ± 0.3*

range 1.1 – 1.9 1.2 – 2.9 1.6 – 3.3 1.4 – 3.1 2.0 – 3.2

Distention minor 
axis (mm)

mean ± SD 1.4 ± 0.2 1.7 ± 0.4 1.7 ± 0.4 2.0 ±  0.4 2.2 ± 0.3

range 0.9 – 1.6 1.1 – 2.5 1.2 – 2.7 1.1 – 2.5 1.7 – 2.7

Orientation major 
axis (degrees)

mean ± SD 0.8 ± 23.3 1.8 ± 31.3 14.0 ± 15.5 -28.8 ± 48.0 18.4 ± 22.2

range -54.6 – 30.4 -62.2 – 50.2 -21.5 – 48.5 -81.1 – 85.7 -9.3 – 68.9

Asymmetry ratio

median 1.17 1.13 1.27 1.21 1.16

inter quartile range 1.11 – 1.24 1.09 – 1.25 1.16 – 1.39 1.12 – 1.27 1.11 – 1.20

range 1.09 – 1.34 1.02 – 1.36 1.04 – 1.53 1.03 – 1.40 1.08 – 1.28

Table 1 Results.

*At all levels there was a significant difference (p<0.001) between the radius change over the major and the minor axis. 
SD = standard deviation.



112

Chapter 4.2

These minor corrections were typically necessary only at a very small portion of  the 

aortic circumference. Also, the ellipse fitting procedure minimizes the influence of  

manual adjustments as the ellipse reflects the general trend of  the distention plots. 

Additionally, although corrections were made manually, repeatability coefficients are 

excellent.

Dynamic imaging of  aortic shape changes induced by cardiac pulsatility is becoming 

increasingly popular and is providing a window into why complications with EVAR 

occur and how they might be prevented.10 The dynamics of  the aorta can be observed 

using ultrasound,11 intravascular ultrasound,6 ECG-gated MRI,3 and ECG-gated 

CTA.12 The advantages of  MRI are its non-invasive and non-ionising nature; and the 

superior soft tissue contrast, which offers the ability to study the aortic movement in 

relation to the surrounding anatomy. To fully understand the dynamic changes of  the 

aorta in patients with aneurysmal disease it is mandatory to have a baseline reference 

of  the non-pathologic and non-atherosclerotic aorta. We have observed a variation 

in shape changes and asymmetry ratios and expect that this variation also appears in 

patients with aneurysmatic disease. This must be taken into account when optimiz-

ing stentgraft design to enhance EVAR durability.

Endovascular repair of  traumatic aortic ruptures typically occurs in the younger pa-

tient and its application is gaining  popularity.7 In the descending aorta, we found that 

the mean radial distention over the major axis was 35%. Consequently, compared 

with TEVAR in patients with atherosclerotic aortas, endovascular repair in younger 

patients will demand more of  the endograft in terms of  durability and endograft siz-

ing will be extra complicated. 

We found that aortic distention increased from the distal (abdominal) to the proximal 

(thoracic) aorta. The distention over the major axis ranged from 14% to 41%. This 

amount of  distention differs substantialy with the distention observed in the descend-

ing and abdominal aorta in patients with abdominal aortic aneurysms (circa 10%).3,12 

This apparent decrease in distensibility is probably explained by changes in aortic 

stiffness and wall structure in atherosclerotic disease. 

ECG-gated MR imaging offers a non-invasive tool to assess (early) changes in aortic 

distention. We demonstrated that the aortic distention of  the aorta in young healthy 

volunteers is asymmetric. Asymmetric distention may help us to explain why aneu-

rysms develop at certain preferential places. For example, abdominal aneurysm bulge 

mainly anteriorly and we found that the direction abdominal aortic distention is ori-

entated mainly anterior-posteriorly. Another interesting fact is that at the suprarenal 

level the orientation of  the major distention axis is in the right-anterior direction. The 

direction of  distention might be attributed to the presence of  surrounding structures 

such as the lumbar spine and debranching vessels or to specific patterns of  aortic 

blood flow.
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When the aortic wall deforms non-uniformly, this will results in a non-uniform strain. 

Arterial wall motion, cyclic strain and (low and oscillating) wall shear stresses play 

important roles in changes of  wall architecture.13-16 Non-uniform deformation and 

strain may very well contribute to the localization and development of  vascular pa-

thology. There is growing evidence that aneurysm rupture involves a complex series 

of  biological changes in the aortic wall.17 The traditional parameter to assess risk of  

aneurysm rupture is the diameter.18-20 However, the diameter is only one element of  

aneurysm geometry and therefore new techniques such as volumetry and finite ele-

ment analysis are being investigated.21, 22 Quantification of  the asymmetric aspect of  

pulsatile aortic distention, and mapping distention along the complete circumference 

of  the aorta – in 360 directions – may provide a valuable new tool to link distensi-

bility to histology and pathology. In the future, combining hemodynamic and mor-

phometric data will hopefully allow us to constitute a model that explains aneurysm 

development and ultimately predicts aneurysm rupture.

Conclusion

ECG-gated MRI was succesfully used for non-invasive visualization of  pulsatile 

aortic distention throughout the cardiac cycle. Advanced post-processing enabled 

quantification of  asymmetric aortic distention. Aortic pulsatile distention in young 

healthy volunteers is asymmetric, with up to 41% radius change in the descending 

aorta. This study offers a frame of  reference for dynamic imaging studies in patients 

with aortic pathology and provides a valuable non-invasive tool for future research 

into aortic distensibility and pathophysiology.
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Abstract

Objective

ECG-gated imaging offers insight in aortic shape changes throughout the cardiac 

cycle.  Endograft fixation and sealing is probably influenced by morphologic changes 

of  the anchoring zones and these changes may also have consequences for endograft 

design. We utilized multi-phase MRI scans to evaluate the asymmetric aspect of  aor-

tic shape changes at different levels in the aneurysm neck in patients with an AAA. 

Methods

Eleven patients with AAA and suitable anatomy for EVAR (11 men, median age 74, 

range 63-78) were scanned using an ECG-gated balanced gradient echo MRI scan, 

with 16 reconstructed phases over the cardiac cycle.  Transverse scan planes were 

planned perpendicular to the aorta, both in the coronal and in the sagittal plane. 

Three levels were studied: 3 cm above the renal arteries, between the renal arteries, 

and 1 cm below the renal arteries.  After segmentation of  the aortic area in the ima-

ges, aortic radius changes during the cardiac cycle were determined over 360 axes 

and plotted. Radii were measured from the center of  mass of  the aortic lumen to the 

vessel wall. An ellipse was fitted over the plots and radius changes over the major and 

minor axis were determined as well as the most prominent direction of  distention. 

Results

Difference between radius change over the major and minor axis was significant 

(p<0.001) at all levels, indicating asymmetric expansion. Ratio of  radius change over 

major versus minor axis ranged from 1.10 to 1.82. Infrarenal mean radius change 

over the major axis was 0.9 ± 0.2 mm versus 0.6 ± 0.1 mm over the minor axis.  

Juxtarenal mean radius change over the major versus minor axis was 1.0 ± 0.2 mm 

versus 0.8 ± 0.1 mm. Suprarenal mean radius change was 1.3 ± 0.4 mm versus 0.9 ± 

0.2 mm.  Suprarenal the direction of  elliptical expansion showed a tendency to right-

anterior, and infrarenal there was a tendency to left-anterior. 

Conclusions

We were able to measure the asymmetric aspect of  earlier reported pulsatile aortic 

shape changes throughout the cardiac cycle. The rate of  asymmetric distention varied 

per patient and level. Asymmetric aortic expansion may have consequences for endo-

graft design as it probably affects endograft sealing, especially in those patients with 

high radius changes and asymmetry ratios. 
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Introduction

With endovascular aneurysm repair (EVAR) an endograft is introduced in the aor-

tic circulation and deployed at the desired site. Purpose is successful exclusion and 

depressurization of  the aneurysm sac.1 Application of  EVAR is not limited to aneu-

rysm repair but has been extended to repair of  aortic ruptures and dissections, in both 

the abdominal and thoracic aorta.2,3 An important element of  successful and durable 

endovascular aneurysm repair is an adequate proximal fixation and seal. To accom-

plish this, an appropriate endograft size and design is required.  

Pulsatile cardiac contraction and aortic compliance naturally result in shape changes 

of  the aorta throughout the cardiac cycle.4-7 Knowledge of  aortic shape and radius 

changes throughout the cardiac cycle is important because it has consequences for 

endograft sizing.6 Endograft sizing decisions are most commonly made based on 

static computed tomographic angiographic (CTA) images, but with the current high-

speed CTA acquisition, the acquired images may be anywhere in systole, diastole or 

somewhere in between. This could lead to improper sizing of  the endograft, with 

subsequent compromised durability in fixation and sealing, resulting in migration  

and (intermittent) type I endoleaks leading to sac enlargement. 

An asymmetric aortic expansion will further complicate the accomplishment of  an 

adequate and durable proximal fixation and seal. To prevent migration and (intermit-

tent) type I endoleaks the endograft should be able to adapt to the aortic shape chan-

ges during the cardiac cycle. Asymmetric pulsatile aortic shape changes will further 

complicate this and therefore could have crucial impact on endograft design. 

With the introduction of  ECG-synchronized imaging modalities more insight is 

gained in the dynamic aortic behaviour under the influence of  cardiac pulsatility. 

ECG-synchronized CTA or magnetic resonance imaging (MRI) offers insight in the 

aortic expansion throughout the cardiac cycle.6-11  Pulsatile wall motion has also been 

observed with ultrasound and intravascular ultrasound (IVUS).12,13 In previous dyna-

mic imaging studies we noted that the aortic expansion was not evenly distributed.6 

In this study we aimed to further investigate this observation since it may have serious 

implications for endograft design and durability. 

There is increasing evidence that the human aortic distention due to cardiac pulsati-

lity is anisotropic. Increased anterior wall motion compared to posterior wall motion 

has been observed using M-mode ultrasound, in both animals and humans, however 

not specific in AAA patients.13 Cine phase contrast MRI (PC-MRI) studies have also 

observed non-uniform circumferential aortic expansion in the porcine and human 

aorta, but also not specific in AAA patients.14-16 Recently, IVUS was used to mea-

sure wall displacement in the proximal aneurysm neck of  patients before EVAR. 
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Distention in the anterior-posterior (AP) direction and 90 degrees perpendicular to 

this direction was measured and it was concluded that the infrarenal aneurysm neck 

deforms anisotropically. However, when measuring anisotropic aortic expansion, 

measurements should be made exactly from the epicenter of  the aorta (center of  

mass) and perpendicular to the aortic lumen, which seems difficult to accomplish 

with IVUS as the catheter moves with every cardiac contraction. Non-coaxial IVUS 

imaging can have a significant influence on diameter measurements.17 In addition, 

invasive methods could actually influence motion patterns by vasospasms and alter-

nation of  hemodynamic patterns. 

ECG-synchronized MRI imaging offers the possibility to give a complete mapping 

of  the aortic expansion in any direction, in relation to the anatomy. The advantage of  

MRI over ultrasound modalities is that it is not operator dependent and non-invasive. 

Moreover, MRI postprocessing allows for center of  mass analysis, which is the sum 

of  aortic in-plane movement – which can mimic radial expansion – and expansion. 

Using ECG-gated MRI, we recently demonstrated that the pulsatile distention of  the 

aorta is asymmetric in healthy volunteers.18 The purpose of  this study is to utilize 

ECG-gated MRI scans for the visualization and quantification of  the magnitude and 

asymmetric aspect of  aortic shape changes at different levels in the aneurysm neck in 

patients with an AAA.

Methods

Patients

The data from a previous reported study was used to further analyze and quantify 

asymmetric expansion.6 Eleven patients with abdominal aortic aneurysms (11 men, 

median age 74 years, range 63–78 years) and suitable anatomy for EVAR were stud-

ied. The median aneurysm size was 56.5 mm (range 47.4–71.5). The study design 

and protocol were approved by the institutional medical ethics committee. Informed 

consent was obtained from all participants.

Imaging

All scans were performed on a clinical 1.5 Tesla MR scanner (Gyroscan Intera, Phi-

lips Medical Systems, Best, The Netherlands). After initial multistack abdominal sur-

vey scans, a coronal balanced gradient echo survey scan was performed to localize 

the renal arteries and aortic aneurysm. Next, a transverse balanced gradient echo 

MRI scan with ECG gating (16 reconstructed phases over the cardiac cycle) was 

made perpendicular to the aorta, both in the coronal and in the sagittal plane. Three 

levels were studied: 1 cm below the lowest renal artery (level A), between the renal 
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arteries (level B), and 3 cm above the lowest renal artery (C). Scan parameters were: 

echo time TE 2.0 ms, repetition time TR 4.0 ms and flip angle 50°. The acquired 

voxel size was 2.1 x 0.8 x 6.0 mm3, with a field of  view of  400 x 320 mm2, using a 

scan percentage of  267% in the anteroposterior direction. The reconstructed voxel 

size was 0.8 x 0.8 x 6.0 mm3, reconstructed to a matrix of  512 x 410 pixels. Scan 

duration for obtaining a data set of  16 heart phases was approximately 4 minutes at 

each level. 

Analysis

Dedicated in-house software (Dynamix, Image Sciences Institute, Utrecht, The Ne-

therlands) was developed to interactively analyze the multi-phase scans. A region-of-

interest was manually defined in the 16 images before analyzing the data. In order 

to obtain a smoother segmentation of  the aortic lumen and decrease discretization 

artifacts, we applied an in-plane supersampling to the image series. This was done 

by using linear interpolation in both left-right (x) and anterior-posterior (y) direction 

(Figure 1). An upsampling factor of  8 in each direction was found to be satisfactory 

for both visual and quantitative analysis of  the aortic shape changes. The segmenta-

tion of  the aortic lumen was performed semi-automatically. A single seed point was 

placed inside the lumen, followed by a region growing algorithm that automatically 

segmented the aorta. To this end, a minimum intensity value of  the lumen pixels was 

defined for all 16 images. All segmentations were manually reviewed by two blinded 

independent observers and minor corrections were made in approximately 35% of  

cases. This was mainly caused by branching vasculature or intraluminal thrombus. 

Figure 1 Transverse MR images perpendicular to the aorta. One cardiac phase of  the aortic distention is shown 
before (A) and after (B) automatic segmentation of  the aortic lumen. Supersampling the image results in smoother  
segmentation borders (C).  

Based on the final segmented images, aortic distention was characterized as aortic 

radius change over the cardiac cycle. Radius change (difference between minimum 

and maximum radius over the cardiac cycle) was measured from the center of  mass 



123

Asymmetric pulsatile expansion of  the aneurysm neck

of  the aortic lumen to the inside of  the aortic wall. The aortic movement during the 

cardiac cycle is complex and consists of  both aortic in-plane translation and aortic 

expansion. These movements are summed in the aortic Center Of  Mass (COM) dis-

placement over the cardiac cycle. A typical example of  COM displacement is shown 

in Figure 2A. Thus, to measure asymmetry it is necessary to take radius measure-

ments from the COM of  each cardiac phase. Ignoring the COM displacement effect 

could lead to incorrect measurement of  radius change and a false assumption of  

asymmetry as can easily be shown by an experiment of  an artificial image where a 

circle expands to a larger circle (Figure 2B). Note that, according to our definition of  

asymmetry, the expansion of  one circle to another is purely symmetric, which seems 

intuitively correct.

A B

Figure 2 COM displacement. (2A) Example of  typical aortic COM displacement: for each cardiac phase the COM 
coordinates are plotted. Radii are measured from these coordinates for each cardiac phase. (2B) A schematic image of  
one circle expanding to a larger circle. Neglecting COM-movement results in incorrect measurement of  radial expan-
sion. Radii during the maximum expansion should not be measured from point A but from point B

Radius changes were measured over 360 axes, with an angular increment of  1 degree. 

The radius change over the cardiac cycle was plotted as a function of  angle (Figure 

3). An ellipse was fitted over this distention plot using Direct Least Square Fitting of  

Ellipses in Matlab computing software (Version 6.5, The Mathworks Inc., Natick, 

MA) (Figure 3).19 Radii (Ra and Rb) and angulation of  the ellipse were automatically 

calculated.19 The radius change over the major (Ra) and minor (Rb) axis was calcu-

lated, as well as the orientation of  the major axis, expressed as the angle (θ) by which 

the axis deviated from the anterior-posterior (AP) direction. Zero degree was defined 

as the AP-direction and a deviation of  +90° corresponds to left and -90° corresponds 

to right. Note that all anterior orientations are also mirrored (plus or minus 180°) 
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in the posterior direction, due to the periodicity of  the elliptical radial system. The 

mean orientation of  all patients is calculated with the orientation anteriorly (domain 

-90° to +90). A standard anterior-posterior line with the spinal foramen as anatomic 

orientation was used as reference for the baseline AP-direction.

The total aortic shape changes – in 360 directions – is depicted by an ellipse, which 

is described by the radius change over the major axis (Ra) and the radius change 

over the minor axis (Rb). The asymmetry ratio was calculated by dividing the radius 

change over the major axis (Ra) by the radius change over the minor axis (Rb). Data 

on asymmetry ratio is presented as median with interquartile range (IQR) and range.  

Data on radius change and orientation of  the major distention axis is expressed as 

mean ± standard deviation (SD). The radius changes over the major and minor axis 

were compared using the Student t test for paired data. Statistical significant diffe-

rences were assumed at p<0.05. Intra- and interobserver repeatability was calculated 

according to Bland and Altman.20 

Figure 3 Plots of  radius change (A) and coresponding minimum and maximum diameter (B). (A) Percentage radius 
change is measured over 360 axes and plotted. An ellips is fitted and the magnitude and direction of  the maximum (Ra) 
and minimum radius change (Rb) are calculated. (B) Illustration of  the corresponding maximum and minimum radii 
in millimeters. A = anterior, P = posterior, R = right, and L = left.

Results

The results are shown in Figure 4, 5 and 6. At all levels studied, there was a significant 

difference between radius change over the major and minor axis (p<0.001). Plots and 

visualization of  a typical example of  asymmetric distention with a high percentage 

of  distention, at the suprarenal level, is shown in Figure 3. 
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Asymmetry Ratio 
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Figure 5 Asymmetry ratio. Asymmetry ratio is calculated as radius change over the major axis divided by 
radius change over the minor axis (Ra/Rb). The dashed line is a ratio of  1.0, which represents symmetric 
expansion.

Figure 4 Radius changes (mm) over the minor and major axis after ellipse fitting procedure.
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Infrarenal

Mean radius change  over the major axis was 0.9 ± 0.2 mm (range 0.6-1.1) and 0.6 ± 

0.1 mm (range 0.4-0.8) over the minor axis. Median asymmetry ratio was 1.31 (IQR 

1.23-1.49, range 1.12-1.69). Mean orientation of  the major distention axis was 19.5 

± 42.5 degrees (range -71.8-78.1), which indicates left-anterior. 

Juxtarenal

Mean radius change over the major axis was 1.0 ± 0.2 mm (range 0.8-1.6) and 0.8 ± 

0.1 mm (range 0.6-1.0) over the minor axis. Median asymmetry ratio was 1.36 (IQR 

1.26-1.41, range 1.10-1.82). Mean orientation of  the major distention axis was -1.4 ± 

32.4 degrees (-45.5-73.1), which indicates anterior-posterior.

Suprarenal

Mean radius change over the major axis was 1.3 ± 0.4 mm (range 0.7-2.0) and 0.9 ± 

0.2 mm (range 0.5-1.2) over the minor axis. Median asymmetry ratio was 1.36 (IQR 

1.27-1.57, range 1.16-1.73). Mean orientation the major distention axis was -23.8 ± 

41.5 degrees (-62.5-86.6), which indicates right-anterior.

The deviation of  the baseline AP-line ranged from -8.7 to 6.7 degrees. Intra-observer 

variability for radius change was 0.15 mm and interobserver variability was 0.19 mm. 

Intra- and interobserver variability for the direction of  the major axis was 31 and 28 

degrees. 

Discussion

In this study aortic shape changes throughout the cardiac cycle were visualized. With 

advanced postprocessing methods we measured and quantified asymmetric aortic ex-

Figure 6 Direction of  distention. The major axis of  distention is drawn for each patient (lines). The mean axis (thick 
line) with -1 and +1 standard deviation (green area) is also shown. The mean axis is calculated with the orientation 
anteriorly (-90° to 90). Note that all orientations are also mirrored in the posterior direction. R = right, A = anterior, 
P = posterior, L = left. 
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pansion. In the majority of  the scans we studied, the shape change of  the distention 

plots in aneurysm neck was clearly elliptical as judged by two independent observers 

(JP, JH). Therefore an elliptic distention model was applied to the data. This fitting 

procedure allowed us to describe the ellipse by (radius change over) a major and 

minor axis and to assess the orientation of  the most prominent axis in case of  asym-

metry. A major advantage of  the fitting procedure is that the influence of  outliers, 

segmentation inaccuracies and small manual corrections is minimized as the ellipse 

reflects the general trend in the plots. In addition, we were able to measure subvoxel 

changes (changes within the spatial resolution). This was accomplished by upsam-

pling of  the images: smaller voxels were created in the x and y direction (factor 8). 

This was further aided by measuring the radius change from the center of  mass, and 

application of  the ellipse fitting procedure so that partial volume effects at the total 

circumference of  the aorta were taken into account. The observed radius changes 

and differences between the axis were significant as they exceeded the intra-observer 

variability. 

The levels we studied are relevant landing zones for EVAR. One centimeter below 

the renal arteries is the zone along wich most endografts will appose. The juxta- and 

suprarenal levels are becoming relevant with the extension to juxta- and suprarenal 

repair. Furthermore, we aimed to study the procession of  the aortic distention proxi-

mal to the most common sealing zone.

We have observed a variation in the rate of  asymmetry and magnitude of  distention 

per patient and per level. An important observation is that there are some patients 

with pronounced asymmetry and high radial changes. For example, for one patient, 

after the fitting procedure, a maximum radius change of  2.0 mm versus a minimum 

radius change of  1.1 mm was calculated. When interpreting the presented radius 

changes over the major and minor axis one must realize that the diameter changes 

are even higher.

The focus of  our study was to detect asymmetry in the aortic expansion during the 

cardiac cycle. However, this study also emphasizes the importance of  oversizing, in 

order to reach an appropriate and durable proximal seal with the pulsatile aorta. Our 

observation may have consequences for endograft design as asymmetric distention 

may affect endograft sealing and fixation and may pose different forces on different 

parts of  the endograft. Obviously, the proximal part of  the aortic endograft should 

be able to adapt to conformational changes of  the aorta throughout the cardiac cycle. 

An asymmetric expansion will complicate this adaptation. The proximal part of  the 

endograft should probably be self-expandable with a high radial force to press itself  

to the vessel wall, and maintain in close contact with the wall throughout the cardiac 

cycle. Additional barbs and hooks will help to maintain the close graft-vessel contact. 
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Furthermore, to adapt to the pulsatile aortic shape changes, the proximal part of  the 

endograft should probably be flexible and compliant. Therefore, Z- or M-shaped stent 

rings seem preferable. Inability of  the graft to adapt to the aortic morphology changes 

throughout the cardiac cycle could lead to intermittent pressurization of  the aneu-

rysm sac, endoleaks and compromised durability. It is anticipated that there is a cor-

relation between the degree of  distention and asymmetry, and the incidence of  graft 

(fixation and seal) related complications such as proximal (intermittent) endoleaks 

and graft migration. The influence of  (asymmetric) aortic distention on long-term 

EVAR outcome and durability has to be awaited. 

The advantage of  this study over other studies is that we were able to measure the ra-

dius changes over 360 degrees, yielding a complete mapping of  the aortic expansion 

instead of  only measuring in one or two directions.12 13 Although PC-MRI studies 

have studied circumferential wall displacement and found a non-uniform expansion, 

these studies focused on circumferential strain and deformation rather then radius 

changes.14-16 The purpose of  our study was to assess the changes of  the geometric 

appearance of  the aorta, and demonstrate that the pulsatile aortic expansion in the 

aneurysm neck is asymmetric. By expressing the asymmetric aspect with a major and 

minor axis, and their ratio, a logical and comprehensable measure for asymmetry is 

offered. Measuring radii from the aortic tip of  mass (COM) at each cardiac phase 

is essential when determining asymmetry. The COM displaces during each cardiac 

phase as a result of  in-plane translation and expansion. Such analysis is very hard to 

accomplish using IVUS as the center of  the ultrasound catheter, which moves with 

every heartbeat, should be placed exactly in the center of  the aorta. ECG-gated MRI 

is non-invasive, not operator dependent and offers a clear overview of  the aortic dis-

tention in relation to the anatomy. 

One limitation is that we only measured the in-plane movement of  the aorta. Al-

though we adjusted our measurements for aortic translation in the transverse plane, 

we are not able to correct the out of  plane (craniocaudal) movement of  the aorta, 

at this moment. Any possible longitudinal distention could not be measured, and 

may also influence endograft fixation and seal. A three-dimensional approach is 

theoretically possible using a clinical MR scanner, although not feasible consider-

ing the extremely long scanning time. However, when studying coronal and sagittal 

ECG-synchronized images, the out of  plane movement seems to be minimal in the 

abdominal aortic region. Further, the juxtarenal distention has to be interpreted with 

care. We observed that the circumferential regions of  low distention throughout the 

cardiac cycle correspond with the regions of  debranching renal arteries. This might 

be due to manual segmentation necessary at those sites. We did not study the expan-

sion in the aneurysm sac as there is very little wall motion at that level, which would 

make asymmetry measurements difficult and less reliable.21
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In general the direction of  maximum aortic distention is anterior-posteriorly orien-

ted, ranging from right-anterior to left-anterior. We were surprised to see that the 

direction of  maximum distention above the renal arteries showed a tendency to right-

anterior and that below the renal arteries there was a tendency to left-anterior. A 

reasonable explanation might be that the direction of  aortic distention is related to 

the surrounding structures such as the lumbar spine. Also, in the ascending thoracic 

aorta a helical an retrograde flow has been described and in the abdominal aorta the 

flow might be spiralling.22,23 These flow dynamics may pose different forces on dif-

ferent parts and levels of  the aorta with subsequent different aortic distention over the 

cardiac cycle. Different forces on the aortic wall and anisotropic expansion may well 

be an explanation for circumferential differences in wall thickness and architecture.12 

The observed magnitude and direction of  distention varied per patient, and might 

be a function of  aneurysmatic disease progression. Flow, circumferential distention, 

shear stresses, wall thickness and tissue histology are closely related to each other. 

Ideally, in the future, all these elements are synthesized in a model that explains 

aneurysm growth and is able to predict aneurysm rupture. Future studies integrating 

the mentioned characteristics are anticipated. 

Conclusion

In this study we used ECG-gated MRI with sophisticated post-processing to measure 

the asymmetric aspect of  pulsatile aortic shape changes throughout the cardiac cy-

cle. We observed that the rate of  asymmetric distention varied per patient and level. 

The presence of  asymmetric aortic expansion in the aneurysm neck is an important 

observation, because it may have consequences for endograft design as it probably 

affects endograft sealing, especially in those patients with high radius changes and 

asymmetry ratios.
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Variability of  fast aneurysm volume measurement

Abstract

Purpose

To study intra- and interobserver variability of  volume measurements with a new, fast 

semi-automatic method and compare the results to a previously validated standard 

manual method for volume measurement.

Methods

Twenty abdominal computed tomographic angiography (CTA) datasets of  patients 

with abdominal aortic aneurysms undergoing endovascular aneurysm repair (EVAR) 

were randomly selected from a clinical database (10 pre- and 10 post-EVAR). Aneu-

rysm sac volume was measured by 2 independent observers using both the standard 

and semi-automatic methods. Intra- and interobserver variabilities and variability 

between the 2 methods were studied. Differences of  each pair of  measurements were 

plotted against their mean, and the repeatability coefficient (RC) was calculated ac-

cording to Bland and Altman. 

Results

For the standard method, the intra-observer mean difference was 0.9 ml (0.4% of  the 

first measurement), with an RC of  8.4 ml (4.2%); the interobserver mean difference 

was 0.0 ml (0.0%), with a RC of  11.8 ml (5.9%). For the semi-automatic method, the 

intra-observer mean difference was 1.4 ml (0.7%), with an RC of  7.8 ml (4.1%); the 

interobserver mean difference was –1.8 ml (–1.0%), with an RC of  10.8 ml (5.7%). 

The mean difference between the methods was 8.3 ml (4.2%), with an RC of  25.1 ml 

(12.6%) for observer 1, and a mean difference of  6.4 ml (3.2%) and an RC of  21.3 ml 

(10.7%) for observer 2. 

Conclusions

The semi-automatic method showed good intra- and interobserver variability for 

volume measurements of  aortic aneurysms before and after EVAR. Volume mea-

surements with the semi-automatic method correspond to measurements with the 

standard method. Sophisticated and fast postprocessing software may facilitate ac-

ceptance and clinical application of  volume measurements in daily practice. The cut-

off  of  5% for relevant volume changes during follow-up, as advised in the reporting 

standards for EVAR, is sustained.
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Introduction

Imaging is vital for procedure planning and follow-up of  endovascular aneurysm 

repair (EVAR). The risk of  abdominal aortic aneurysm (AAA) rupture outweighs 

the risk of  surgery at a certain aneurysm size, at which point surgical intervention is 

indicated.1 With EVAR, the aneurysm sac is excluded from the circulation by an en-

dograft with the intention of  depressurizing the aneurysm sac and thereby preventing 

aneurysm rupture.2 Hence, shrinkage or arrested growth of  the aneurysm sac is the 

most commonly used indicator of  succesful EVAR.3,4 Follow-up imaging after aneu-

rysm repair is essential to confirm successful and persistent aneurysm exclusion or 

to detect complications, such as endograft migration or dislocation, endoleaks, and 

aneurysm growth. Sac expansion might indicate a continued threat of  rupture and is 

a reason for reintervention in many protocols. 

Computed tomographic angiography (CTA) is the most commonly used modality for 

follow-up of  EVAR, although abdominal radiographs and color duplex ultrasound 

are also used, often in combination with CTA.5 When using CTA, morphological 

changes in the aneurysm can be assessed through measurement of  the maximum 

aneurysm diameter or the total aortic volume. Volumetric measurements are more 

sensitive than maximum diameter measurement alone when assessing changes in 

aneurysm size.6-9 Therefore, aneurysm sac volume data provide earlier reassurance 

and reduce unnecessary interventions.6 In spite of  these advantages, volumetric 

aneurysm measurement is not widely applied in clinical practice, as the analysis is 

time-consuming.10 Therefore, attempts have been made to apply faster segmentation 

methods.10 Recently, a semi-automatic volumetry method using a center lumen line 

(CLL) was developed to speed up measurements. Before clinical implementation, 

this new method has to be validated. The purpose of  this study was to compare in-

tra- and interobserver variability data of  a previously validated manual segmentation 

method and a semi-automatic method that uses CLL reconstructions.10,11 

Methods

Volume measurements were performed on 20 abdominal CTA datasets (10 pre- and 

10 post-EVAR), which were randomly selected from the clinical database of  our in-

stitution. The datasets were from 14 AAA patients (12 men; mean age 70 years, range 

57–87); in 6 patients, a pre- and a postoperative scan were selected. All scans were 

acquired between June 2006 and December 2007 on a 64-slice CT scanner (Philips 

Brilliance, Philips Medical Systems, Best, The Netherlands). Scan parameters were: 

slice thickness 0.9 mm, increment 0.7 mm, collimation 64 x 0.625 mm, and pitch 

0.25. Field of  view was 250 x 250 mm, and the reconstructed matrix size was 512 x 

512, resulting in a voxel size of  0.5 x 0.5 x 0.9 mm. Radiation exposure parameters 
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were 120 kVp and 300 mAs, resulting in a CT dose index of  17.6 mGy. Intravascular 

non-ionic contrast (150 ml in pre-operative scans and 120 ml in postoperative studies; 

Iopromide, Schering, Berlin, Germany) followed by a 60 ml saline chaser bolus was 

injected at a flow rate of  6 ml/s. The scan was started using bolus triggering software 

with a threshold of  100 HU over baseline. The acquired datasets were transferred to a 

workstation (EasyVision, Release 4.2; Philips Medical Systems, Eindhoven, The Ne-

therlands) for volume measurement with the standard manual method and to a work-

station (3surgery; 3Mensio Medical Imaging B.V., Bilthoven, The Netherlands) for 

semi-automatic volume measurement with the CLL method. Volume measurements 

with the EasyVision system was considered the reference standard, since this system 

has been previously validated.10,11 The volume measurements were standardized by a 

proximal cut-off  point just distal to the origin of  the lowest renal artery and a distal 

cut-off  point at the level of  the native aortic bifurcation. Total aneurysm volume was 

measured, which included lumen, thrombus, calcification, and aortic wall. With the 

standard method, total aortic volume was measured by manual segmentation of  the 

aorta on each axial slice. Segmentation was performed by manually placing spline 

points at the aortic border (Figure 1). After segmentation on each slice, the total aortic 

volume was computed by summing of  volumes of  the segmented voxels. 

Figure 2 Segmentation using the semi-automatic method. (A,B) The aortic border is ma-
nually drawn on the reconstructed stretch view, then the borders on the 4 stretched views are 
automatically projected on the MPR reconstructions. (C) This results in a segmentation that 
consists of  8 spline points.

Figure 1 Manual segmentation using the standard method. (A) Spline points are placed on 
each axial slice, which result in aortic segmentation (B).

A B
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The first step in segmentation with the semi-automatic method was construction of  

an aortic CLL. After placing a start- and endpoint of  the CLL in the aortic lumen, 

the CLL was automatically calculated. The software generated CLL spline points, 

which could be corrected manually if  desired. After definition of  the centerline, a re-

constructed stretch view of  the aorta was generated. On the stretch view, the outline 

border of  the vessel was drawn at both sides of  the centerline by manually placing 

spline points (Figure 2A). Alternatively, the aortic border can be drawn freehand in-

stead of  using spline points. Drawing of  aortic borders was repeated for 4 angles (or 

views), with equal angular increment, which resulted in a border contour image in 

the stretch view (Figure 2B). The aortic borders in the stretch view image were then 

projected on the multiplanar reconstruction (MPR) slices perpendicular to the CLL. 

For each MPR slice, the area was estimated by spline interpolation between the 8 

border control lines (Figure 2C). To assure the 8 border control lines were correctly 

drawn at the aortic border in the stretch view, the final segmentation on the MPR 

slices could be checked and corrected manually per slice. Minor adjustments on the 

MPR slices were made in all patients on about 30% of  slices, dependent on aortic 

anatomy and scan quality. After these final adjustments, the total volume was com-

puted, taking into account the original voxel locations.

Two investigators performed the measurements independently in blinded fashion. 

For determination of  intra-observer variability, the first observer measured each scan 

twice, with an interval of  2 weeks. To assess interobserver variability, measurements 

of  observer 2 were compared to the first measurement of  observer 1. The intra- and 

interobserver variability for the standard method and the semi-automatic method 

were calculated using Bland and Altman’s difference against the mean analysis,10 in 

which the averages of  the paired measurements were plotted against the difference. 

The standard deviation (SD) of  the mean difference was calculated. The repeatabi-

lity coefficients (RC) were calculated by squaring all the differences, adding them, 

dividing by n, taking the square root, and multiplying this number by 1.96.12 The RC, 

mean difference, and the SD were also expressed as percentages of  the first measure-

ment. The variability between the 2 methods was calculated for observer 1 and 2. For 

observer 1, the first set of  measurements of  both methods was used. 

Results

The results are shown in Table 1. Mean aortic volume measured with the manual 

method was 199.0 ± 66.3 ml for the first measurement of  observer 1, 198.2 ± 65.5 ml 

for the second measurement of  observer 1, and 199.0 ± 65.5 ml for observer 2.
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Variability Difference, ml Repeatability Coefficient, ml

Mean SD

Standard manual method

 Intra-observer 0.9 (0.4%) 4.3 (2.2%) 8.4 (4.2%)

 Interobserver 0.0 (0.0%) 6.2 (3.1%) 11.8 (5.9%)

Semi-automatic method

 Intra-observer 1.4 (0.7%) 3.8 (2.0%) 7.8 (4.1%)

 Interobserver –1.8 (–1.0%) 5.3 (2.8%) 10.8 (5.7%)

Between the methods

 Observer 1 8.3 (4.2%) 10.1 (5.0%) 25.1 (12.6%)

 Observer 2 6.4 (3.2%) 9.0 (4.5%) 21.3 (10.7%)

Table 1 Repeatability coefficients and variability of  measurements. Data in parentheses reflect the percentage of  the 
first measurement.

With the semi-automatic method, the mean aortic volume was 190.8 ± 67.1 ml for 

the first measurement of  observer 1, 189.4 ± 65.3 ml for the second measurement of  

observer 1, and 192.6 ± 68.8 ml for observer 2. 

In Figure 3, differences were plotted against the means for the intra- and interobserver 

variability of  the semi-automatic method. For the standard, the intra-observer mean 

difference was 0.9 ml (0.4%), with an RC of  8.4 ml (4.2%); the interobserver mean 

difference was 0.0 ml (0.0%), with an RC of  11.8 ml (5.9%). For the semi-automatic 

method, the intra-observer mean difference was 1.4 ml (0.7%), with an RC of  7.8 

ml (4.1%), while the interobserver difference was –1.8 ml (–1.0%), with an RC of  

10.8 ml (5.7%). The intermodality mean difference (standard minus semi-automatic 

method) was 8.3 ml (4.2%), with an RC of  25.1 ml (12.6%) for observer 1 and 6.4 ml 

(3.2%) with an RC of  21.3 ml (10.7%) for observer 2. The combined intermodality 

variability of  both observers can be found in Figure 4.
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variability between standard and CLL method
(observer 1 & 2)
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Figure 4 Bland and Altman plots of  variability between the standard and semi-automatic methods. The mean of  
pairs is plotted against the difference of  pairs (gray: observer 1; black: observer 2). The mean difference is close to zero, 
and the limits of  agreement [1.96 standard deviations (SD)] are acceptable.
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Figure 3 Bland and Altman plots of  inter- (A) and intra-observer (B) variability by the semi-automatic method. The 
mean of  pairs is plotted against the difference of  pairs. The mean difference is close to zero, and the limits of  agreement 
[1.96 standard deviations (SD)] are acceptable.



141

Variability of  fast aneurysm volume measurement

Discussion

Several studies have argued that volumetric measurements better assess aneurysm 

morphology than diameter measurements and are more sensitive for detection of  

aneurysm growth.4-6 Although numerous systems are available for volumetry, these 

measurements are not widely applied at present, primarily because they are time-

consuming to perform and the equipment is not user-friendly or easily accessible. 

We have chosen manual segmentation with the EasyVision workstation as the refe-

rence standard because this method has been previously validated with variability 

and phantom studies.10,11 The mean difference between the volume measurement 

with the manual method on the EasyVision workstation and the true volume of  the 

phantom was -0.7 ml (-0.4%), with a RC of  2.2 ml (1.3%).10 In this study by Yeung 

et al., the Vitrea workstation was compared to the EasyVision workstation.10 The Vi-

trea measurements were made by drawing aortic contour lines on 5 to 8 axial slices, 

which were then interpolated to the total aneurysm volume. The intra- and interob-

server repeatability coefficients for the Vitrea workstation (both 10%) were higher 

then the coefficients we calculated for measurements with the semi-automatic me-

thod (4% and 6%).10,11 The repeatability coefficient for the Vitrea workstation versus 

the standard method was 11%, corresponding to the repeatability coefficients (11% 

and 13%) for the semi-automatic method. The average time needed for volume mea-

surement with the semi-automatic method was 15 minutes compared to 45 minutes 

with the standard method. In the present study, the time for segmentation with the 

standard method (45 minutes) was longer then in Yeung’s study (30 minutes), proba-

bly because we have used a slice thickness of  0.9 mm compared to 3 mm in Yeung’s 

study. This increase in spatial resolution implies a decrease of  the partial volume ef-

fect. Subsequently, the segmentations are likely to be more accurate.

Compared with the standard method, the semi-automatic method had similar intra- 

and interobserver repeatability coefficients <6%, which indicates that both methods 

provide the reproducible measurements that are essential for reliable follow-up. The 

intermodality repeatability coefficient was 25.1 ml for observer 1 and 21.3 ml for 

observer 2. As the repeatability coefficients within a method vary between 7.8 ml and 

11.8 ml, a higher repeatability between the methods is to be expected. In general, the 

semi-automatic method produced lower volume measurements (mean difference 8.3 

ml, 4.2%). In the variability comparison between the 2 methods, there were 5 outliers 

(3 scans) with a difference exceeding 20 ml. Excluding these outliers from the ana-

lysis decreases variability to 7%. Two scans were outliers for both observers, which 

supports the notion that these scans were difficult to segment due to poor scan quality 

and anatomical artifacts (lack of  contrast between the aorta and the inferior vena 
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cava and peri-aortic tissue). To make a comparison between the 2 methods conform 

normal clinical practice, we chose not to exclude scans with poor quality; all scans 

were randomly selected from our clinical database.

In cases in which the aortic border is difficult to determine, the semi-automatic me-

thod offers the possibility of  judging the relationship of  the surrounding anatomical 

structures in an interactive stretch view. It is possible that voxels that were not part of  

the aneurysm were included in the volume with the manual method, but excluded in 

the semi-automatic method. The differences could have been caused by the fact that 

axial slices are segmented with the standard method, while orthogonal slices are seg-

mented with the semi-automatic method. Hence, when the proximal or distal end of  

the CLL is not in the craniocaudal direction, the MPR slice (and hence the volume) 

at the proximal or distal end of  the volume may be angulated. We corrected this pro-

blem by adjusting the distal end of  the CLL at the level of  the aortic bifurcation in 

the craniocaudal direction. 

The results indicate that the semi-automatic segmentation method can be used for 

volume measurements in clinical practice. Based on the repeatability coefficients we 

found in our study, the 5% cut-off  for intra-observer analysis, as described in the 

reporting standards for EVAR,13 is sustained. The average time to perform measu-

rements using the semi-automatic method was one third the time needed for the 

manual method, which is important in clinical practice. 

Conclusion

The semi-automatic method provides fast and repeatable CTA volume measure-

ments for surveillance of  aortic aneurysms after EVAR. These findings may facilitate 

acceptance and clinical application of  volumetry in daily practice.
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Abstract

Introduction

Follow-up imaging after endovascular aneurysm repair (EVAR) is necessary to de-

tect complications such as endoleak and graft migration, and to assess changes in 

aneurysm size.  Currently, changes in aneurysm size are most commonly assessed by 

maximum diameter measurements. Diameter measurements however only inform 

about a small and specific part of  the aneurysm, while volume measurements assess 

the whole aneurysm. The purpose of  this study is to investigate the value of  volume 

measurement of  the aneurysm sac after EVAR by comparing volume measurements 

to maximum diameter measurements.

Materials and Methods

First postoperative computed tomographic angiographic (CTA) scans of  28 patients 

with endoleak and 28 patients without endoleak were selected and compared to scans 

1, 2, and if  available, 3 years after EVAR. One hundred thirty-one follow-up scans 

were compared with 56 baseline postoperative scans. Total aneurysm volume, trans-

verse maximum diameter (TMD), and orthogonal maximum diameter, perpendicu-

lar to the aortic center lumen line (OMD),  were measured. A 5% volume and a 5mm 

diameter difference were considered a significant change.

Results

Volumetry detected aneurysm growth in 32 of  131 scans, which were noted by TMD 

in 38% (12/32) and by OMD in 44% (14/32). Volumetry detected aneurysm shrink-

age in 71 of  131 scans, which were detected by TMD in 54% (38/71) and OMD in 

52% (37/71). There are select cases with absence of  volume growth but with increase 

of  TMD (3/131) or OMD (11/131). 

Conclusion

A large amount of  aneurysms with in- or decreasing volumes in both patients with 

and without endoleak do not show a diameter in- or decrease. Missing aneurysm in-

crease is potentially dangerous since it might implicate unsuccessful EVAR. In select 

cases, diameters increase without a total volume increase. Volume measurements 

should be performed in addition to diameter measurements.
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Introduction

In many centers the preferential treatment of  abdominal aortic aneurysm (AAA) 

is by endovascular placement of  an endoprosthesis that excludes the aneurysm sac 

from the circulation.1 Purpose of  endovascular aneurysm repair (EVAR) is to prevent 

aneurysm rupture by depressurization of  the aneurysm sac.2 Shrinkage or growth 

arrest of  the excluded aneurysm sac in combination with appropriate stentgraft posi-

tion and the absence of  endoleak (EL) are therefore generally considered a successful 

treatment. 

Follow-up imaging after EVAR is necessary to confirm appropriate stentgraft posi-

tion; to detect complications such as endoleaks and material fractures; and to assess 

changes in aneurysm size. Computed tomographic angiography (CTA) is the most 

commonly used modality for follow-up, although color Duplex Ultrasound in combi-

nation with abdominal radiographs are also used.3 In most protocols, aneurysm size 

changes after EVAR are assessed by maximum diameter measurements. Intuitively 

and physically, total aneurysm volume measurements are more insightful then dia-

meter measurements as they assess the whole three dimensional aneurysm sac struc-

ture. Some studies indeed confirm that volume measurements are more sensitive then 

maximum diameter measurements.4-7 Although most physicians appreciate the ad-

ditional value of  volume measurements, literature on volume measurements remains 

scarce and more studies are needed to study the clinical implications and benefits of  

volume measurements. In the past, a major disadvantage of  volume measurements 

was the amount of  time needed to perform these measurements. However, recently 

introduced fast CTA post-processing software, applied in this study, substantially re-

duces the time needed for volume measurements.8  

Purpose

The aim of  this study is to compare measurement of  aneurysm volume to the maxi-

mum aneurysm diameter detectable in the transversal and orthogonal plane – per-

pendicular to the aortic center line – after EVAR. 

Materials and Methods

Patients

From our prospective database, 28 patients with a reported endoleak and available 

postoperative CTA’s 1 and 2 years after EVAR were identified. These patients with 

endoleak were combined with an at random selected cohort of  28 patients without 
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endoleak (on early and late phase contrast), and also with CTA`s available at least 1 

and 2 years after EVAR. Details on patients and endoleak characteristics are shown 

in Table 1. 

Patient characteristics Number of endoleaks noted on CTA

n
n

males/females
median age Baseline Year 1 Year 2

Year 3 
(n=19)

All Patients 56 51/5 77 (range 59-92) N/A N/A N/A N/A

No Endoleak 28 26/2 77 (range  73-89) N/A N/A N/A N/A

Endoleak  28 25/3 77 (range 59-92) 23 11 13 4

Type 1 8 6 1 2 0

Type 2 18 17 10 10 3

Type 3 2 0 0 1 1

Table 1 Patients characteristics and time that endoleak was noted on CTA. N/A = not applicable.

Sixty-five patients were included in the study. If  a control CTA scan after 3 years was 

available, it was selected for analysis as well (n=19). Baseline scans were taken within 

several days after EVAR. One, two and three year follow-up scans were taken at a 

median of  350 days (range 111-529), 709 days (range 363-976), and 1089 days (range 

774-1767) respectively. A total of  187 scans were obtained and analyzed.

Patients were treated between 1999 and 2006. Twenty-seven patients were treated  

with a Talent bifurcated endograft (Medtronic, Minneapolis, MN, USA), 14 patients 

with an Excluder bifurcated  graft (Gore, Flagstaff, AZ, USA), and the remaining 15 

patients with 7 other types of  bifurcated stentgrafts.

Scan Protocol

All scans were performed on a 64-slice helical CT scanner (Philips Medical Systems, 

Best, The Netherlands) with a standardized acquisition protocol. Scan parameters 

were: slice thickness 0.9 mm, increment 0.7 mm, collimation 64 x 0.625 mm, and 

pitch 0.25. Field of  view was 250 x 250 mm and the reconstructed matrix size was 

512 x 512 resulting in a voxel size of  0.5 x 0.5 x 0.9 mm. Radiation exposure para-

meters were 120 kVp and 300 mAs, resulting in a CT dose index (CTDI
vol

) of  17.6 

mGy. The imaging protocol was set at 1.25 mm collimation and a pitch of  0.25. 

Intravenous non-ionic contrast (120 ml) (Iopromide, Schering, Berling, Germany), 

followed by a 60 ml saline chaser bolus, was injected at a rate of  6 ml/s. The scan 

was started using bolus triggering software with a threshold of  100 HU over baseline. 

Early and late arterial phase scans were obtained. Late arterial phase scans were 

made 50 seconds after reaching the threshold of  100 HU. All scans were loaded into 

a graphical workstation (Philips EasyVision workstation, Philips Medical Systems, 
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Best, The Netherlands) and checked on the presence of  endoleaks. The acquired raw 

(DICOM) data sets were imported in a 3Surgery workstation (3Mensio Medical Ima-

ging B.V., Bilthoven, the Netherlands) for diameter and volume measurements. 

Measurements

For each data set, an aortic center lumen line (CLL) was semi-automatically construc-

ted. The CLL was constructed by choosing a proximal start- and a distal endpoint 

in the aortic lumen, after which the CLL was automatically calculated. If  necessary, 

small corrections were made manually. Maximum aortic diameter measurements 

were obtained in the transverse plane (transverse maximum diameter, TMD) and in 

a reconstructed plane perpendicular to the aortic center lumen line (orthogonal maxi-

mum diameter, OMD).  Volume measurements were taken from exactly distal to the 

origin of  the most distal renal artery to 5 mm above the native aortic bifurcation. 

Volume measurements were performed semi-automatically, the process of  which has 

been described before.8 

Analysis

Aneurysm sac volumes, transverse and orthogonal diameters after 1, 2 and 3 years 

(131 CTA`s) were compared to post-operative baseline measurements (56 CTA`s). 

For volume a change of  5% was considered significant and for diameter a change of  

5 mm was considered significant, based on repeatability coefficients of  our method 

of  volume measurement and the reporting standards for EVAR.8,9 Additonally, data 

on volume and diameters were expressed as median (range). The Wilcoxon Signed 

Ranks Test was used for comparison of  aneurysm sizes at different time-points. A p 

value <0.05 was considered significant.

Results

Reinterventions

During follow-up a total of  6 patients underwent re-intervention. One patient re-

ceived an endovascular placed proximal aortic extension cuff  for stent migration, 

and was later treated for a proximal type III endoleak by endovascular placement of  

an interposition cuff. Five patients were treated for growing aneurysms; two patients 

were treated for type II endoleaks – with increase of  maximum diameter – by liga-

tion of  the feeding internal iliac artery; a third patient had a distal type I endoleak 

which was treated by ligation of  the external iliac artery, followed by femoral-femoral 

crossover bypass. One other patient with type I endoleak was treated for by endovas-

cular placement of  2 aortic extension cuffs. One patient developed a type III endo-
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leak due to modular disconnection of  an iliac limb, which was treated endovascularly 

by placement of  an interposition graft.

Aneurysm Sac Behaviour

The results are shown in Table 2. Compared with the baseline scan, aneurysm sac vol-

ume decreased significantly 1 and 2 year after EVAR (p=0.008 and 0.047). Aneurysm 

volume changed from 189.4 ml (41.1–551.8) at the baseline to 174.0 ml (42.3–509.4) 

at 1 year, 175.7 ml (43.9–634.3) at 2 years and 171.0 ml (110.9–474.0) at 3 years 

(n=19). Maximum diameter measured in the transverse plane showed a significant 

decrease at 1 and 2 years (p=0.008 and p=0.010). TMD changed from 64.8 mm 

(34.0–106.4) at the baseline to 62.2 mm (32.6–112.8) at 1 year, 60.7 mm (29.3–117.3) 

at 2 years and 60.3 mm (49.4–110.1) at 3 years. OMD changed from 63.8 mm (33.1–

106.1) at the baseline to 61.2 mm (33.6–112.9) at 1 year, 61.4 mm (28.5–116.5) at 2 

years and 62.2 mm (45.7–110.2) at 3 years.

Endoleaks

There were 8 patients reported to have a type I endoleak, 18 a type II endoleak and 2 

a type III endoleak. The time at which the endoleaks occurred can be found in Table 

1. Six of  8 type I endoleaks were first reported on the baseline post-operative scan. 

One year after the baseline scan, all of  those type I endoleaks had disappeared. There 

were 18 type II endoleaks, seventeen of  which were first noticed on the baseline scan, 

one after 1 year, and two endoleaks seen on the baseline scan recurred after 2 years 

(Table 1).  Only volume measurement of  aneurysm size in patients with endoleak 

type II detected a significant decrease at 2 years postoperative (p=0.043, Table 2). 

There were 2 type III endoleaks which were seen at 2 and 3 years respectively. 

Volume versus Diameter Measurements

Detailed information about aneurysm measurement of  an in- or decreasing aneu-

rysm sac by volumetry, OMD and TMD can be found in Table 3 and 4. Aneurysm vo-

lume increase was measured in 32 of  131 scans (24%) available for comparison with 

the baseline scan. TMD noted 12 of  the 32 (38%) increasing volumes, and OMD 14 

of  the 32 (44%). Eighteen scans with increasing aneurysm volume were measured in 

patients with endoleaks (Table 3).

Volume measurements detected a significant decrease in 71 of  the 131 CTA`s, TMD 

detected the aneurysm sac decrease in 38 of  the 71 scans (54%) and OMD in 37 of  

the 71 scans (52%). Thirty-two volume decreases were measured in patients with an 

endoleak at any time during follow-up (Table 4). 
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Aneurysm Sac Growth

Year 1 Year 2 Year 3

All Patients

Total number of  scans  56 56 19

Volume Increase 13 14 5

Detected with TMD 4 6 2

Detected with OMD 5 6 3

TMD Increase 5 8 2

Volume Decrease 0 0 0

Volume Unchanged 1 2 0

OMD Increase 9 12 4

Volume Decrease 2 3 1

Volume Unchanged 2 3 0

Patients with Endoleak

Total number of  scans  28 28 10

Volume Increase 8 8 2

Detected with TMD 3 2 1

Detected with OMD 4 3 1

TMD Increase 4 4 1

Volume Decrease 0 0 0

Volume Unchanged 1 2 0

OMD Increase 5 7 1

Volume Decrease 1 3 0

Volume Unchanged 0 1 0

Table 3 Aneurysm sac growth noted by volumetry and 
diameter measurements.

With absence of  volume increase, OMD showed a significant increase in 11 scans (5 

in patients with endoleak, and 6 in patients without endoleak). In absence of  volume 

growth, TMD increased in 3 cases (all patients with endoleak). Diameters measured 

in both the transverse and orthogonal plane decreased in 2 scans, while total aneu-

rysm sac volume was not reduced. 

Discussion

Intuitively, volumetric measurement of  the aneurysm sac is better to describe aneury-

sm morphology than diameter measurements, because the aneurysm structure is des-

cribed as a whole. However, the amount of  evidence supporting volumetry remains 

scarce and is based on studies performed with outdated CT scanners and acquisition 

protocols. Therefore, there is an urgent need for more studies to confirm the benefits 

Aneurysm Sac Shrinkage

Year 1 Year 2 Year 3

All patients

Total number of  scans  56 56 19

Volume Decrease 30 28 13

Detected with TMD 14 17 7

Detected with OMD 15 14 8

TMD Decrease 15 18 7

Volume Increase 0 1 0

Volume Unchanged 1 0 0

OMD Decrease 16 15 8

Volume Increase 0 1 0

Volume Unchanged 1 0 0

Patients with Endoleak

Total number of  scans  28 28 10

Volume Decrease 13 12 7

Detected with TMD 6 8 4

Detected with OMD 4 6 4

TMD Decrease 7 9 4

Volume Increase 0 1 0

Volume Unchanged 1 0 0

OMD Decrease 5 7 4

Volume Increase 0 1 0

Volume Unchanged 1 0 0

Table 4  Aneurysm sac shrinkage noted by volumetry 
and diameter measurements.
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of  volumetric measurements.4-7 In the present study we compared aneurysm volume-

try to transverse and orthogonal diameter measurements. 

In this study a volume increase was missed by transverse and orthogonal diameter 

in 62% and 56% of  cases. A volume decrease was missed in 46% en 48% by TMD 

and OMD measurements respectively. This demonstrates that aneurysm sac changes 

after EVAR are not noticed by diameter measurements in a significant amount of  

cases. A striking example can be given of  diameter measurements missing increasing 

volume. The aneurysm sac volume of  a patient with type II endoleak was 216.9 ml 

post-operative. While the volume steadily progressed over the years, by 7.1% (223.4 

ml) after 1 year and 19.1% (258.3 ml) after 2 years, both the TMD and the OMD did 

not measure this increase.

Missing aneurysm sac growth after EVAR on transverse diameter is potentially dan-

gerous, because it might indicate a non-successful treatment of  an aneurysm that 

continues to be at risk for rupture. In our study 63% (10/16) of  the volume increases 

in patients with type II endoleaks were missed by transverse diameter and 50% (8/16) 

by orthogonal diameter. In those patients with type II endoleaks – in which there is 

still no consensus about re-intervention – volumetry may provide an useful parameter 

to discriminate between type II endoleaks that either do or do not need re-interven-

tion. Furthermore, in patients without endoleak an increasing volume was missed 

by both TMD and OMD in 57% (8/14). The increasing volume might indicate the 

presence of  an endoleak that is not detected by conventional CTA,10 and subsequent 

continued pressurization of  the aneurysm sac. Therefore additional imaging and sur-

veillance should be contemplated in this group. 

Volume decreases were missed on a large scale too by both transverse and orthogonal 

diameter (TMD 46%, 33/71; OMD 48%, 34/71). Cases in which the sac decrease 

measured with diameter measurement is doubtful, volume measurements could lead 

to earlier reassurance. This volumetric reassurance can prevented additional imaging 

and re-intervention. 

It is of  interest that in select cases, diameter increases without volume increase. Mea-

surement of  orthogonal diameters showed a significant increase with absent volume 

increase in 11 scans, while transverse diameter showed this in 3 scans. Diameter 

measurements are taken on a single slice level and therefore heavily depend on slice 

selection. On the other hand, a significance level of  5 mm change should account for 

such variations. Thus, it appears that there is a wide variety of  aneurysm morpholo-

gic changes. 

The significance of  a volume that is not increasing, while diameter is, remains un-

known. Increase of  diameter is associated with high intra-aneurysm pressure,11 and 

the pressure measured in the aneurysm sac of  patients with endoleak seems to be 
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distributed non-uniformly.12 Unevenly distributed pressure and non-uniform strain 

might help explain why certain aneurysms have apparent locally expanding diame-

ters without increasing total volumes. From this perspective, local diameter increase 

in absence of  volume change could be dangerous since it might indicate locally incre-

ased pressure on and/or degeneration of  the aortic wall.  Direct aneurysm pressure 

measurement, however, has the disadvantage that it is affected by intra-abdominal 

pressure variations caused by for example muscle tension.13 Therefore, we advice to 

perform volume measurements  in addition to diameter measurements to have an 

excellent control of  both the whole aneurysm sac and local diameters as well. We 

acknowledge that the follow-up time in our study is limited: there were only 19 CTA 

scans (10 patients with endoleak, 9 without) available at three year for comparison 

to the baseline scan.

Conclusion

Volumetry detects more aneurysm sac changes than orthogonal and transversal di-

ameter measurements. However, in select cases, diameters increase without a total 

volume increase. Therefore, we advise to perform volume measurements in addition 

to diameter measurements.
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General discussion

With growing experience in endovascular aneurysm repair (EVAR), stentgraft design 

is continuously evolving and optimized. In spite of  the progresses made, compli-

cations such as endoleak and stentgraft migration are still being observed.1-4 Such 

complications are the main limiting factors for EVAR durability. In fact, most re-

interventions after endovascular aneurysm repair are because of  proximal aneurysm 

neck problems, which is why this region is considered the Achilles heel of  EVAR.5 

To optimize EVAR durability, it is first necessary to have a proper proximal fixa-

tion for prevention of  stentgraft migration. Furthermore, it is mandatory to have an 

adequate proximal seal between the endograft and the inner aortic wall to prevent 

(cardiac phase- or position-dependent intermitting) proximal type I endoleaks. To ac-

complish a proper proximal fixation and adequate endograft sealing, an appropriate 

stentgraft design and size is crucial. However, as a result of  cardiac output and aortic 

compliance, the aorta exhibits shape changes throughout the cardiac cycle.6-9 These 

shape changes were so far neglected when sizing and designing stentgrafts, though 

the dynamic morphology of  the aorta is relevant by 2 mechanisms:

(i)  Firstly, endograft size is most commonly measured on static computed tomo-

graphic angiographic (CTA) images. With the current high speed multi-detector 

row CT acquisition however, the region of  the aneurysm neck is scanned within 

a fraction of  the cardiac cycle: the acquired images may be anywhere in diastole, 

systole or in between. Oversizing stentgrafts by 10% of  the measured aortic dia-

meter – which is not uncommon in clinical practices and within the instructions 

for use of  most stentgraft manufacturers – on static CT images might not be 

enough in patients with aortic diameter changes of  over 10%. 

(ii) Secondly, the continuous and pulsatile aortic movement will result in repeti-

tive forces acting on the stentgraft. To maintain an adequate fixation and seal 

throughout the cardiac cycle, an endograft should be designed in such a way, that 

it is able to adapt to, and can withstand, the continuous pulsatile aortic shape 

changes. Asymmetric pulsatile aortic distention will further complicate the main-

tenance of  close endograft-aortic wall contact throughout the cardiac cycle. The 

proximal part of  the endograft should probably be self-expandable with a high 

radial force to press itself  to the vessel wall, and maintain in close contact with 

the wall throughout the cardiac cycle.10 Additional barbs and hooks will help to 

maintain the close graft-vessel contact. Furthermore, to adapt to the pulsatile and 

asymmetric aortic shape changes, the proximal part of  the endograft should prob-

ably be flexible and compliant. 
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Pre-operative Dynamic Imaging

Aortic shape changes can be visualized by dynamic imaging techniques such as M-

mode ultrasound,11 intravascular ultrasound (IVUS),9 ECG-synchronized magnetic 

resonance imaging (MRI)8 and multislice CTA.12 

M-mode ultrasound and intravascular ultrasound

For imaging of  aorta dynamics, M-mode ultrasound is not preferable because it is 

highly operator dependent:  images are acquired using a handheld transducer. In 

addition, image quality also depends on patient specific factors such as obesity and 

bowel gas.  With IVUS, an ultrasound probe is introduced into the aorta for endo-

vascular imaging of  the aorta.13-15 IVUS has been shown to be a useful tool for vascu-

lar surgeons and interventionalists for per-operative sizing of  endograft dimensions 

and length measurements.13-15 It is especially appreciated by interventional cardiolo-

gists, because it informs them about both the stenosis grade in the coronary arteries 

and plaque morphology (due to differences in echogenicity of  the different plaque 

components).16,17 In addition, it allows for assessment of  (in-)adequate stent-wall ap-

position, throughout the cardiac cycle.10 However, a disadvantage of  IVUS is that 

imaging of  the surrounding anatomy is (very) limited to the close proximity of  the 

vessel imaged. Moreover, intravascular ultrasound is an invasive method, which is 

not preferable when using it for pre-operative assessment or as a screening tool. As 

with M-mode ultrasound, the measurements are operator dependent, and non-per-

pendicular imaging (non-coaxial IVUS imaging) of  the aorta can result in artifacts 

and diameter measurements that are not perpendicular to the vessel.18-20 Further, the 

movements of  the cathetertip, due to the pulsatile blood flow and the dynamic nature 

of  the aorta, distort the dynamic measurement. In contrast with ultrasound modali-

ties, ECG-synchronized CTA and MRI are not (or just slightly) operator dependent 

and non-invasive modalities.

ECG-synchronized CTA

CTA has the advantage that volumetric datasets in several phases over the cardiac 

cycle can be reconstructed from data acquired within a short time (a single breath-

hold), which is important for clinical implementation. After image acquisition, any 

desirable plane can be reconstructed and selected for analysis. With three-dimensio-

nal CT reconstructions an aortic center lumen line can be constructed.21 This allows 

for length measurements and selection of  planes perpendicular to the aorta,21 on 

which (dynamic) measurements can be made.22 In contrast with IVUS, computed 

tomography also images the surrounding anatomy of  the vessel. The ionizing ra-

diation can be considered a disadvantage, although the ECG-gated scan protocol 
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we used included a standard radiation and contrast load (CT dose index 17.6 mGy; 

contrast load 120-150 ml). This implies that ECG-synchronized CT imaging could 

replace static CT imaging, which is currently incorporated in most protocols for pre-

operative assessment and follow-up of  endovascular aneurysm repair.  ECG-gated 

CT imaging allows for simultaneous endograft sizing and cardiac risk stratification.23 

The results obtained with current available multislice CT scanners to characterize 

plaque morphology,24,25 and coronary stenosis are promising.26-28 With the rapid de-

velopment of  (the spatial and temporal resolution of) CT scanners, such as the advent 

of  the 256 slice CT, the results are likely to improve, making dynamic CT an even 

more attractive alternative for IVUS. In Chapter 3.1 and 3.2 we used a retrospecti-

vely ECG-gated protocol on a 64-slice CT scanner.  Reconstructions were made at 8 

equidistant time-points during the cardiac cycle. Then, multiplanar reconstructions 

were made at select levels, perpendicular to the aorta, resulting in 8 images showing 

aortic distention over the cardiac cycle.

ECG-synchronized MRI

In contrast to CT, ECG-synchronized magnetic resonance imaging does not require 

ionizing radiation and the use of  a contrast agent. Moreover, it allows image acquisi-

tion in predefined arbitrary planes which allows scanning perpendicular to the aorta. 

Furthermore, MRI offers excellent soft-tissue contrast. This is especially of  use when 

studying the abdominal aorta, which is surrounded by a variety of  soft-tissues. A 

disadvantage of  MRI is that the acquisition time is relatively long, when comparing 

to CT. However, the spatial and temporal resolution of  magnetic resonance ima-

ging is also rapidly improving. Cardiac MRI is currently being used to assess cardiac 

function and wall motion,29 and possibilities for detecting coronary artery stenosis 

are being investigated.30 In the future, MRI might be a useful tool for simultaneous 

cardiac risk stratification and endograft sizing.  In Chapter 4.1, 4.2 and 4.3, dynamic 

MR images were acquired with an ECG-gated balanced fast field echo MR scan. The 

transverse scan planes were planned perpendicular to the aorta. The protocols used 

resulted in 16 reconstructed phases over the cardiac cycle.   

Post-processing

After the acquisition of  images throughout the cardiac cycle, post-processing algori-

thms enable quantification of  dynamic morphology changes of  the aorta.  For post-

processing of  the images we utilized dedicated in-house developed software. The 

aortic lumen was semi-automatically segmented in each cardiac-phase image. These 

segmentations were used to measure aortic area, diameter and radius changes during 

the cardiac cycle. The diameter and radius measurements were taken through and 
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from the aortic center of  mass during each cardiac phase. We used this method to 

separate aortic distention from global in-plane movement of  the aorta. We further de-

veloped our postprocessing method (Chapter 4.1) to quantify the asymmetric aspect 

of  aortic distention. The aortic radius changes were plotted in a radial plot. Since 

in vivo observations showed that the plots had an elliptical aspect, an ellipse fitting 

procedure was applied to the plots. This model fitted the in vivo data well.  The radius 

change over the major and minor axis could be calculated, under the assumption that 

the orientation of  the maximum and minimum radius change form a right angle. Di-

viding the radius change over the major axis by the radial change over the minor axis 

yields a measure (ratio) for the asymmetric aspect of  the aortic distention.  

Follow-up Imaging

For the follow-up of  endovascular aneurysm repair, imaging is of  utmost importance. 

The purpose of  EVAR is to prevent aneurysm rupture. To this end, the aneurysm sac 

is depressurized by excluding it from the circulation.31 Follow-up imaging is neces-

sary to confirm successful exclusion, which is most commonly assed by shrinkage or 

growth arrest of  the aneurysm sac.32-36 Unsuccessful exclusion will result in endoleaks 

(flow in the aneurysm sac) that re-pressurize the aneurysm sac. Endoleaks are classi-

fied as: type I, proximal or distal peri-graft flow; type II, retrograde leaks from aortic 

sidebranches into the aneurysm sac; type III, leak through a graft defect; type IV, leak 

due to porosity of  endograft fabric; and type V or endotension, which is unexplained 

growth of  the aneurysm sac while no endoleaks can be visualized.37,38 Of  these endo-

leaks, type I and type III during are more dangerous, due to the relative higher risk 

of  rupture and conversion, and the consensus is that these endoleaks should be re-

paired.39,40 The presence of  a type II endoleak does not seem to result in a higher risk 

of  rupture and conversion, although the long term consequences remain subject to 

debate.39,40 It is suggested that interventions on type II endoleaks should only be per-

formed when the aneurysm sac size increases significantly.40  Type IV endoleaks refer 

to graft-permeability related aneurysm growth in patients treated with outdated de-

vices, which now have been replaced by prostheses with low-permeability fabric.41,42 

Type V endoleaks by definition depend on aneurysm growth, presumably dependent 

on non-visualized but existing endoleaks or the formation of  a hygroma in the aneu-

rysm sac.43 Additional imaging, such as with blood pool contrast agents to visualize 

‘slow-flow’ endoleaks,42 intensified surveillance or re-intervention is warranted in 

these cases. Migration of  the endograft is potentially dangerous, since it could lead 

to loss of  proximal seal, subsequent proximal endoleak, aneurysm re-pressurization 

and ultimately aneurysm rupture. Therefore, follow-up protocols primarily aim to 

assess aneurysm sac size, and to rule out endoleaks and migration.
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The most commonly used modality for follow-up after EVAR is CT, although ab-

dominal radiographs and color duplex ultrasound are also used, often in combina-

tion with CTA.44,45 Computed tomographic imaging offers the possibility of  three-

dimensional reconstructions. With the construction of  an aortic center lumen line, 

the aortic diameter can be measured in a plane perpendicular to the aorta, and length 

measurements along this center line can be used to detect graft migration.21 The vo-

lumetric CT datasets also allow for measurement of  aneurysm sac volume, which 

provides more information about the sac dimensions than diameter measurements 

alone. Volumetry is a more sensitive method for the detection of  aneurysm growth 

and increase than diameter measurement (Chapter 5.2). The problem with volume 

measurements however, was that they were cumbersome and time-consuming. The 

development of  faster post-processing methods (Chapter 5.1) hopefully allows ac-

ceptance and implementation in clinical practice.

A limitation of  CT imaging is that not all endoleaks are visualized. New magnetic 

resonance imaging techniques such as late phase MRI after injection of  a blood pool 

contrast agent, are even able to visualize ‘slow-flow’ endoleaks which are missed with 

conventional CTA.42 MRI might play a more prominent role in the future for follow-

up of  EVAR as with new protocols the sensitivity for detection of  endoleaks seems 

better than CTA.46-48 Furthermore, with MRI it is feasible to detect differences in the 

morphology and organization of  the thrombus inside the aneurysm, which might be 

a possible important parameter during the follow-up of  EVAR.49

In the future, the implementation of  dynamic imaging studies, either CTA or MR, 

could further aid clinical decision making during follow-up. Dynamic imaging stu-

dies may give information of  changes in dynamics of  the aorta and stentgrafts during 

follow-up. Insight in the dynamics can help explain why some complications exist 

and how they can be avoided.50 We recently described a case in which a patient with 

a proximal endoleak, 5 years after implantation of  a bifurcated endograft, was treated 

with a second endograft.50 One year after the re-intervention the patient presented 

with a ruptured aneurysm and contrast in the aneurysm sac on CT. The patient was 

taken to surgery for emergency open repair, which he did not survive. The pre-opera-

tive CT was ECG-gated and dynamic images reconstructed after the emergency con-

version surgery demonstrated perforation of  the second endograft by a proximal stent 

strut of  the first endograft, due to the repetitive movement (and friction) of  the two 

stents. If  the reconstructed dynamic images would have been readily available before 

the conversion, the type III endoleak would have been repaired endovascularly, with 

possibly a more favorable outcome. In conclusion, dynamic imaging, besides impro-
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ving endograft sizing and providing valuable insights relevant to endograft design, 

even has the potential to change treatment algorithms.

Conclusions

In Chapter 2.1 a systematic review was conducted to investigate the influence of  

proximal endograft oversizing on complications after EVAR. Although conflicting 

data exists, there is evidence that oversizing over 30% might increase the risk of  en-

dograft migration. On the other hand oversizing up to 25% seems to prevent proxi-

mal endoleaks. No clear relationship between oversizing and late neck dilatation was 

found. The majority of  studies reporting neck dilatation were flawed by poor metho-

dology. Also, considering the new and modified devices on the market, more studies 

on the relationship between oversizing and neck dilatation, migration and proximal 

endoleak are necessary. Oversizing of  20% is safe and preferable, and oversizing more 

than 30% might influence the outcome after EVAR negatively.

Chapter 2.2 presents a new observation and stresses important differences in pre- and 

postoperative aortic diameters in a patient with a traumatic rupture of  the thoracic 

aorta and hypovolemic shock. This case indicates that adequate pre-operative sizing 

for endovascular repair of  vascular pathology in patients in shock is complicated. It 

further emphasizes that the aorta is a dynamic vessel, not only with diameter chan-

ges dependent on pulsatile cardiac contraction, but probably also dependent on the 

(hypo-)volemic state of  the patient.

In Chapter 3.1 we demonstrated that, in patients with an abdominal aortic aneu-

rysm, the dynamics of  the ascending thoracic aorta and the arch vessels are impres-

sive, showing a wide range of  three-dimensional motions. The mean area changes 

in the ascending aorta ranged from 2% to 20% and the in-plane (center of  mass) 

displacement of  the ascending aorta ranged from 1 to 9 mm. Future ascending arch 

branched and fenestrated thoracic endograft designs must consider this active local 

environment, as it may have implications for durability, sealing, and ultimate clinical 

success.

Chapter 3.2 describes a significant distention of  the thoracic aortic arch and descen-

ding thoracic aorta during the cardiac cycle, in patients with a thoracic aortic aneu-

rysm. The observed distention at relevant proximal stentgraft landing zones (proxi-

mal to the aneurysm) before and after endovascular repair ranged from 3% to 12% in 

diameter and from 2% to 20% in area. The magnitude of  this aortic distention varied 
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among patients. We hypothesize that the clinical importance of  the distensibility also 

varies per patient. It seems likely that the patients with a high distention are the pa-

tients prone to endograft (fixation) related complications. Also, the observations that 

we made may have major implications for correct sizing of  the endograft. We think 

that in the thoracic aorta a more liberal oversizing regime of  minimal 20% is ap-

propriate. The observed distention was preserved after endovascular placement of  a 

thoracic endograft. This indicates that the forces acting on the stents may have more 

impact after implantation than initially anticipated by stent manufacturers, which 

may affect the durability. Furthermore, our observations suggest that the aortic dis-

tention is asymmetric.

We developed a post-processing technique to assess the asymmetry in the aortic dis-

tention on MR images acquired in 16 cardiac phases. The post-processing method 

includes supersampling of  the acquired images; aortic lumen segmentation; mea-

surement of  changes in the aortic radius over the cardiac cycle; plotting the radius 

changes in a polar plot; fitting of  an ellipse over the plot; and calculation of  radius 

change over the major and minor axis of  the ellipse. The accuracy of  this technique 

for measurement of  distention and asymmetry therein was investigated in Chapter 

4.1, using a digital model of  a pulsatile aorta with various degrees of  distention and 

asymmetry. The results indicate that the ellipse fit technique performs well with scan 

protocols utilizing either isotropic or anisotropic voxels. Radius changes during the 

cardiac cycle as small as 5% could be accurately assessed with a maximum difference 

of  0.2%. The magnitude and asymmetric aspect of  distention are best assessed when 

the distention is over 5%. 

Chapter 4.2 offers a frame of  reference for dynamic imaging studies in patients with 

aortic pathology. It was demonstrated that the aortic distention of  the non-pathologic 

aorta in young healthy volunteers, increased from the distal to the proximal aorta, 

ranging from 14% to 41%. This indicates that endovascular treatment in young pa-

tients, e.g. for traumatic ruptures of  the aorta, demands more of  the endograft in 

terms of  durability. The distention was found to be asymmetric. An elliptical model 

fitted the polar plots of  radius changes well. We found significant differences between 

the aortic radius change over the major and minor axis. Furthermore, we were able to 

assess the most prominent direction of  distention, which was mainly anterior-poste-

riorly. There were slight variations in the orientation per level. The orientation of  dis-

tention is possibly explained by surrounding anatomical structures and debranching 

vessels. In addition, there might be a relation between the direction of  distention and 

development and localization of  vascular pathology. A valuable non-invasive tool 
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for future research into aortic distention, development and localization of  vascular 

pathology is provided. 

 

Dynamic shape changes in the neck of  abdominal aortic aneurysms were evaluated 

in Chapter 4.3. It was confirmed that the distention during the cardiac cycle in this 

region, in analogy to that in the non-pathological aorta, is asymmetric. The radius 

changes over the major axis ranged from 0.6 to 2.0 mm. The degree of  asymmetry 

varied per patient and per level. An asymmetric distention will further complicate the 

accomplishment of  an appropriate endograft sealing, especially in those patients with 

high radius changes and asymmetry ratios. Asymmetric shape changes (and strain) 

probably depend on a combination of  blood flow dynamics and aortic wall proper-

ties and may be correlated to atherosclerosis and aneurysm development. 

 

In Chapter 5.1 a new semi-automatic postprocessing method for fast aneurysm volu-

me measurements on CTA data was compared to a manual (standard) method. With 

the semi-automatic method, the aneurysm sac was segmented using a stretch view of  

the aorta, generated after center lumen line (CLL) construction. Aortic border con-

tour lines were manually drawn on the stretch view, on both sides of  the CLL, in 4 

projections, resulting in 8 borders. The border contours were then projected on slices 

perpendicular to the CLL. For each perpendicular slice the aortic area was calculated 

by spline interpolation between the 8 borders. Finally, the total volume was calcula-

ted, taking into account the original voxel locations. With the standard method, the 

aortic area is manually segmented on each transverse slice, and the volumes of  the se-

parate slices are summed. Two observers performed volume measurements with both 

methods. The intra- and interobserver variability coefficients of  the semi-automatic 

method were excellent (4.1% and 5.7%) and similar to the standard method. The new 

method substantially reduces the time needed to measure aneurysm volume. This 

may aid clinical implementation of  volume measurements.

Finally, in Chapter 5.2 we used the new semi-automatic post-processing method for 

evaluation of  aneurysm size sac measurements on CTA data during follow-up of  en-

dovascular aneurysm repair. To this end, we measured aneurysm sac volume, trans-

verse maximal diameter, and orthogonal maximum diameter, in patients that had 

postoperative CTA’s at 1 and 2 year after EVAR available. Diameter measurements 

detected, at maximum, only 44% of  volume increases and 54% of  volume decreases. 

Volume measurement is more sensitive for aneurysm sac size changes, when com-

pared with diameter measurement, although, in select cases, the maximum diameter 

increased without an increase in volume. It appears that there is a wide variety of  
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three-dimensional morphology changes of  the aneurysm sac during follow-up. A 

locally expanding aneurysm sac (diameter) might indicate locally increased pressure 

on, and/or degeneration of  the aortic wall. We therefore advise to perform volume 

measurements in addition to diameter measurements.

In conclusion, the studies that were conducted for the purpose of  this thesis clearly 

identified the aorta as a dynamic vessel, with morphology changes throughout the 

cardiac cycle. We successfully visualized and quantified these shape changes at dif-

ferent levels of  the aorta, both in the aortic neck of  patients with aneurysmal disease 

and in the non-pathologic aorta of  healthy volunteers. In addition to shape changes 

of  the aorta during the cardiac cycle, abdominal aortic aneurysms also express dy-

namic three-dimensional morphology changes during follow-up after endovascular 

aneurysm repair.

Recommendations 

Based on the studies we conducted, we would like to make the following recommen-

dations for clinical practice:

proximal oversizing of  abdominal aortic stentgrafts by 20% with respect to the   -

 diameter of  the aneurysm neck is preferable, when measuring on static 

 CT images 

when measuring aortic diameters in a patient with a traumatic aortic rupture and   -

 hypovolemic shock the risk of  graft undersizing should be acknowledged

dynamic measurements are important for optimum endograft sizing -

dynamic measurements are even more important for optimum endograft sizing   -

 in younger patients due to the high magnitude of  aortic distention throughout the  

 cardiac cycle (and the subsequent risk of  graft mis-sizing)

stentgraft design should be able to adapt to, and withstand, the continuous pulsa-  -

 tile and asymmetric expansion of  the aorta

volume measurement, in addition to diameter measurement, should have a place   -

 in the follow-up of  EVAR

Hypotheses

In addition, we would like to hypothesize the following:

the magnitude, and the asymmetric aspect of  pre-operative aortic distention   -

 during the cardiac cycle, at the endograft sealing zones, are a predictor for clinical  

 outcome after EVAR
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the dynamic aortic morphology changes during the cardiac cycle are correlated   -

 to aortic wall properties, and ultimately to localization and development of  vas- 

 cular pathology

Future Perspectives

Although we extensively mapped the dynamic morphology of  the aorta, it must be 

acknowledged that there are certain gaps for future research. These future directions 

can be divided into four areas: (1) the extension of  our dynamic imaging studies to 

other parts of  the aorta and its sidebranches; (2) improving the technical possibilities 

for imaging and analysis; (3) the initiation of  translational research; and (4) linking 

dynamic imaging studies to histopathological findings.

Firstly, our dynamic imaging studies should be extended to other parts of  the aorta 

and its sidebranches. When observing dynamic CT datasets of  the aorta, a significant 

movement of  the iliac arteries can be noted. The focus of  our current investigati-

ons was mainly on the proximal fixation zones of  aortic endografts, but perhaps we 

should also focus on the distal fixation zones and study the movements of  the iliac 

arteries. The anchoring at the distal sealing zone may also play a role for the preven-

tion and the induction of  endograft migration.51 We have studied the movement of  

the aortic sidebranch vessels in the thoracic region (Chapter 3.1), and the movement 

of  the renal arteries has previously been described.52 The development of  fenestra-

ted endografts and stenting of  the aortic sidebranches merits further research into 

the movements of  the aortic sidebranches, such as the celiac trunk and the inferior 

mesenteric artery. 

Secondly, although we successfully visualized and characterized the dynamics of  the 

aorta, there is space left for improving the technical possibilities for imaging and data 

analysis. In our studies a 2D-t  (two-dimensional + time) approach was used with 

image planes perpendicular to the aorta. Although, ideally, a 3D-t (three-dimensional 

+ time) approach would have been used to also assess longitudinal changes of  the 

aorta.  With ECG-gated CTA, eight volume dataset are acquired over the cardiac 

cycle. So, the main limiting factor for volumetric analysis using dynamic CTA is 

the post-processing software. Much effort is needed to improve the post-processing 

software and enable dynamic volumetric analysis of  the aorta. Construction of  ves-

sel center lumen lines – along which length measurements can be made –  during 

each cardiac phase, would be helpful to study any elongation of  vessels during the 

cardiac cycle. ECG-gated MRI has superior soft tissue contrast compared to CT, and 
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MRI also offers the possibility to acquire volume datasets during the cardiac cycle. 

However, considering the extremely long scanning time, multi-phase volumetric data 

acquisition using MRI is not clinically feasible on MRI scanners, at this moment. In 

the future, this problem might be overcome by improving scan hardware and proto-

cols. Further, in cardiac MR imaging, tagging of  the myocardial wall has been shown 

feasible to study three-dimensional regional wall movement and deformation.53,54 

Such sequences result in tagged (saturated) grid lines in the obtained images, and 

with subsequent post-processing the movement of  these grid lines can be studied.  

This technique might be extended to tagging of  the aortic wall, hopefully allowing 

us to study the three-dimensional spatial displacement of  aortic wall regions during 

the cardiac cycle. Ultimately, it seems desirable to develop a tool and scan protocol 

that enables dynamic visualization of  the aorta and dynamic sizing of  endografts in 

clinical practice. 

Furthermore, after all the observational studies we have conducted, translational stu-

dies are now of  the highest interest. We hypothesize that those patients with more 

pronounced aortic distention during the cardiac cycle are the patients with an in-

creased risk of  proximal endoleaks, graft migration and compromised graft dura-

bility. Future clinical trials will have to demonstrate an association between aortic 

distensibility and the incidence of  complications. Ideally, in the future, the risk of  

complications is stratified by using a model that takes into account the magnitude 

and the asymmetric aspect of  aortic distention throughout the cardiac cycle. Such 

risk stratification might have implications for the intensity of  the scheduled follow-

up per patient. ECG-synchronized CTA imaging before endovascular repair, besides 

improving endograft sizing, also allows for pre-operative cardiac risk stratification.23  

Clinical implementation of  dynamic imaging for the pre-operative assessment of  aor-

tic stentgrafting may therefore lead to both improved patient and device selection.

Finally, aortic distensibility and aortic morphologic changes during the cardiac cycle 

are likely to be closely related to the blood flow and hemodynamic forces on the 

aortic wall, and to aortic wall composition. Therefore, future research should incor-

porate all these aspects and attempts should be made to couple hemodynamic charac-

teristics and aortic distensibility (physiology) to aortic wall architecture (histology). 

And hopefully, in the end, the localization and development of  vascular pathology, 

such as aneurysmatic disease and ultimately aneurysm rupture, can be explained and 

predicted.
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Achtergrond

De aorta is de grote lichaamsslagader welke vanuit het hart in een grote boog door 

de borstkas (thoracale aorta) richting de buik (abdominale aorta) loopt en zich ver-

volgens splits in de onderbeensslagaders (iliacaalvaten).  Vanaf  de oorsprong tot 

aan de splitsing (bifurcatie) geeft de aorta zijtakken  af,  waardoor de  armen, het 

hoofd en de organen voorzien worden van zuurtstofrijk bloed.  Een verwijding van 

de aorta wordt een aneurysma genoemd.  Een aneurysma van de aorta kan scheuren 

(ruptureren) waardoor een levensbedreigende situatie ontstaat. De overlijdenskans 

tijdens een spoedoperatie (peri-operatieve mortaliteit) aan een geruptureerd abdomi-

naal aneurysma is ongeveer 40%.1 Omdat ongeveer 50% van de patienten met een 

geruptureerd aneurysma overlijdt voordat het ziekenhuis bereikt wordt, is de totale 

sterfte als gevolg van een geruptureerd aneurysma nog hoger.2 Van 1991 tot en met 

2000 zijn in Nederland 5593 patienten geopereerd voor een geruptureerd abdominaal 

aneurysma. Het risico op een ruptuur van een aneurysma neemt toe met de grootte 

van het aneurysma.3 

Om een ruptuur te voorkomen kan een aneurysma electief  chirurgisch behandeld 

worden. Hierbij wordt een afweging gemaakt tussen enerzijds de levensverwachting 

van de patient en de kans op overlijden door een ruptuur, en anderzijds het risico van 

de operatie. De traditionale operatie is middels open chirurgie, waarbij een prothese 

wordt ingehecht in het zieke, verwijde deel van de aorta. Hiervoor is echter een grote 

buikoperatie nodig (laparotomie) waarbij de aorta afgeklemd moet worden. Deze 

open methode is zeer belastend voor de patient, wordt veelal gevolgd door een op-

name op de intensive care, en gaat gepaard met een hoge peri-operatieve mortaliteit 

( ~ 4.7%).4,5 De aanzienlijke mortaliteit en risico’s van deze open chirurgie hebben 

geleid to de ontwikkeling van een minder invasieve benadering.

Endovasculaire Aneurysma Uitschakeling

In 1991 werd de eerste endovasculaire aneurysma uitschakeling (Endovascular Aneu-

rysm Repair = EVAR) beschreven door Parodi et al. in Argentinië,6 en door Volodos 

et al. in de Oekraïne.7 Bij deze endovasculaire reparatie (endovasculair = van binnen-

uit het vat)  wordt een opgevouwen vaatprothese – ook wel stentgraft of  endograft 

genoemd – via de lies of  iliacale slagaders opgevoerd in de aorta. Ter plekke van 

het aneurysma wordt de stentgraft ontplooid, zodat het aneurysma van de circulatie 

afgesloten wordt. Op deze manier wordt de aneurysmazak ontlast van de systemi-

sche druk en kan een ruptuur voorkomen worden. Inmiddels hebben grote klinische 
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onderzoeken bewezen dat electieve EVAR de peri-operatieve mortaliteit ten opzichte 

van de traditionele open chirurgie verbetert.4,5 De lange termijn resultaten, enkele 

jaren na de operatie, lijken erop te wijzen dat de totale sterftecijfers tussen de groepen 

met endovasculaire en open chirurgie niet verschillen, hoewel de aneurysma-gerela-

teerde sterfte in de endovasculaire groep wel lager lijkt.8

De groeiende populariteit van en ervaring met abdominale EVAR heeft ertoe geleid 

dat ook aneurysmata, dissecties (afgescheurde binnenste laag van een vat) en rupturen 

van de thoracale aorta endovasculair behandeld kunnen worden.9-13 Verder bestaan 

er aanwijzingen dat EVAR ook bij de acute behandeling van symptomatische en 

geruptureerde abdominale aneurysmata gunstigere uitkomsten heeft in vergelijking 

met open chirurgie.14,15 Nieuwe ontwikkelingen zijn operaties die deels open en deels 

endovasculair worden uitgevoerd, zodat ook aandoeningen van de aorta dicht bij 

het hart (aorta ascendens) en de aortaboog behandeld kunnen worden.16,17 De meest 

recente vooruitgang is de ontwikkeling van stentgrafts met zijtakken, zodat ook pa-

tienten met een complexe anatomie behandeld kunnen worden, zonder belangrijke 

zijtakken van de aorta (zoals de nierslagaders) te overstenten en af  te sluiten.18,19  

Het ontwerp van stentgrafts wordt continue aangepast en geoptimaliseerd.20 21 Echter, 

na EVAR worden nog steeds complicaties gezien waarvan endolekkage en stentgraft 

migratie de belangrijkste zijn.22-25 Een endolekkage is lekkage van bloed in de aneu-

rysmazak, waardoor het aneurysma weer onder druk komt te staan en het risico 

op ruptuur blijft bestaan.26 Stentgraft migratie is het verschuiven of  afglijden van de 

stentgraft en is potentieel gevaarlijk omdat het kan leiden tot proximale endolekkage 

(lekkage langs de bovenkant van de stent) met het risico op een ruptuur. Deze com-

plicaties zijn de belangrijkste beperkende factoren voor een duurzaam endovasculair 

herstel. Vergeleken met open chirurgie zijn bij endovasculaire behandeling dan ook 

meer her-operaties nodig.8 Deze her-operaties worden meestal veroorzaakt door pro-

blemen in de proximale aneurysmanek (het gezonde gedeelte van de aorta boven het 

aneurysma waar de prothese eindigt en zich hecht aan de aorta): de aneurysmanek 

is de Achilleshiel van EVAR.27 De duurzaamheid van EVAR kan vergroot worden 

door een adequate proximale fixatie van de stentgraft, zodat migratie voorkomen 

wordt. Verder is een goede proximale afdichting tussen de stentgraft en de vaatwand 

van de aorta nodig om proximale endolekkage te voorkomen. Een adequate fixatie 

en afdichting kan worden bereikt door een optimaal stentgraft ontwerp en een juiste 

maatvoering van de stentgraft.
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Onderzoekingen en Conclusies

In Hoofdstuk 2.1 is een systematisch literatuuronderzoek uitgevoerd met als doel 

de invloed van proximale stentgraft oversizing (grotere maat stentgraft ten opzichte 

van de aorta diameter van de proximale aneurysmanek) op het ontstaan en voorko-

men van complicaties na EVAR te onderzoeken. De studies naar de relatie tussen 

oversizing en stentgraft migratie tonen tegenstrijdige resultaten, hoewel het lijkt dat 

meer dan 30% oversizing het risico op migratie vergroot. Aan de andere kant lijkt 

oversizing tot 25% het ontstaan van proximale endolekkage te voorkomen. Er bleek 

geen duidelijke relatie tussen oversizing en late aneurysmanek verwijding. De meeste 

studies die het ontstaan van aneurysmanek verwijding onderzochten zijn minder be-

trouwbaar door een inadequate methodologie. Gezien het feit dat het ontwerp van 

stentgrafts continue ontwikkeld en aangepast wordt, is verder onderzoek nodig naar 

de relatie tussen stentgraft oversizing en het ontstaan van aneurysmanek verwijding, 

migratie en proximale endolekkage.  

Hoofdstuk 2.2 beschrijft een nieuwe bevinding en toont belangrijke verschillen in 

pre- en postoperatieve aorta diameters in een patient met een traumatische ruptuur 

van de thoracale aorta en hypovolemische shock. Deze casus illustreert dat adequate 

pre-operatieve maatvoering voor endovasculair herstel van vaataandoeningen in pa-

tienten in shock gecompliceerd is. De aorta lijkt een dynamisch vat met diameterver-

anderingen afhankelijk van de (hypo-)volemische staat van de patient.

Een andere complicerende factor bij de maatvoering van stentgrafts is dat de maat 

wordt bepaald op basis van statische computer tomografie angiografie (CTA) beel-

den. De diameter van de aorta verandert echter tijdens de hartcyclus als gevolg van 

de pulsatiele bloedstroom en elasticiteit van de aortawand.28-33 Statische CTA beelden 

van de aneurysmanek worden gemaakt in een fractie van de hartcyclus en kunnen 

dus de aorta met de maximale diameter, minimale diameter, of  ergens tussenbeide 

afbeelden. Kennis van deze dynamische vormveranderingen van de aorta tijdens de 

hartslag kan leiden tot een beter stentgraft ontwerp, kan consequenties hebben voor 

de maatvoering van de stentgraft en biedt mogelijk meer inzicht in het onstaan en de 

ontwikkeling van aneurysmata. 

De dynamiek van de aorta kan worden afgebeeld door middel van ECG-geleide CTA 

en magnetische resonantie imaging (MRI),29,30 M-modus echografie,32 en intravascu-

laire echografie (IVUS, echografie van binnenuit het vat).33 Met speciale verwerking 

van de verkregen beelden (post-processing) kan de beweging en oprekking van de 

aorta tijdens de hartslag gequantificeerd worden. In de Hoofdstukken 3.1 en 3.2  

hebben we ECG-geleide CTA, met 8 gereconstrueerde datasets tijdens de hartslag, 
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gebruikt om de dynamiek van de aorta in kaart te brengen. In de Hoofdstukken 4.1, 

4.2 en 4.3 hebben we ECG-geleide MRI datasets, met 16 beelden tijdens de hartslag,   

gebruikt om de bewegingen van de aorta in kaart te brengen. Zowel met ECG-geleide 

CTA als MRI hebben we onze  metingen verricht in een vlak loodrecht op de aorta.

In Hoofdstuk 3.1 vonden we, in patienten met een abdominaal aneurysma, een in-

drukwekkende dynamiek van de ascenderende thoracale aorta en de zijtakken van 

de aortaboog, met een grote variëteit aan driedimensionale bewegingen. In de ascen-

derende aorta varieerde de gemiddelde oppervlakteverandering tijdens de hartslag 

van 2 tot 20%. De beweging van (het massamiddelpunt van) de aorta, varieerde van 1 

tot 9 mm in het beeldvlak loodrecht op de aorta. Bij het ontwerpen van toekomstige 

stentgrafts voor het ascenderende gedeelte van de aorta, al dan niet met zijtakken in 

de prothese, moet rekening gehouden worden met de dynamiek van de aorta omdat 

dit mogelijk consequenties heeft voor de duurzaamheid, stentgraft-vaatwand afdich-

ting en uiteindelijke een succesvolle klinische uitkomst.

Hoofdstuk 3.2 beschrijft een significante oprekking van de thoracale aortaboog en 

het descenderende gedeelte van de aorta, tijdens de hartslag, in patienten met een 

aneurysma van de aorta descendens. De oprekking van de aorta werd gemeten voor 

en na stentgraft plaatsing, op plekken rondom de aneurysmanek, waar het bovenste 

gedeelte van de stentgraft zich aan de aorta hecht. De gemeten oprekking tijdens 

de hartslag varieerde van 3 tot 12% voor de diameter en van 2 tot 20% voor de op-

pervlakte. De oprekking bleef  behouden na stentgraft plaatsing en varieerde per pa-

tient. Waarschijnlijk varieert de klinische relevantie van de oprekking ook per patient. 

Onze hypothese is dat de patienten met veel oprekking juist die patienten zijn die het 

riscio lopen op (stentgraft) fixatie gerelateerde complicaties. In de thoracale aorta 

lijkt een meer liberaal oversizing regime van minimaal 20% beter. De oprekking van 

de aorta bleef  behouden na stentgraft plaatsing: de krachten die op de stentgraft wer-

ken na implantatie hebben mogelijk meer invloed dan tot nu toe aangenomen door 

de stentgraft fabrikanten. Dit kan conseqenties hebben voor de duurzaamheid van 

de huidige stentgrafts. Ten slotte duiden onze waarnemingen op een asymmetrische 

oprekking van de aorta.

We hebben een beeldverwerkingstechniek ontwikkeld om de asymmetrie van de aor-

ta-oprekking vast te stellen en te quantificeren, waarbij we gebruik maken van ECG-

geleide MRI datasets. Eerst wordt de resolutie van de verkregen beelden kunstmatig 

verhoogd (supersampling), en vervolgens wordt de aorta gesegmenteerd in elk van 

de 16 verkregen beelden tijdens de hartslag. De radiusverandering tijdens de hartslag 

wordt gemeten en geplot in een polaire plot. Een ellips wordt gefit over de plot en de 
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radiusverandering over de grote en kleine as van de ellips wordt berekend. In Hoofd-

stuk 4.1 hebben we de accuratesse van deze methode onderzocht, door middel van 

een digitaal model van een pulsatiele aorta met verschillende maten van oprekking 

en asymmetrie. De ellips fit techniek geeft goede resultaten met zowel een isotroop 

(gelijkvormig verkregen pixels in het beeldvlak) als anisotroop (rechthoekig verkregen 

pixels in het beeldvlak) scan protocol. Radiusveranderingen van 5% konden gemeten 

worden met een maximale meetfout van 0.2%. De grootte en de mate van asym-

metrie van de oprekking werd het best gemeten wanneer de radiusverandering groter 

was dan 5%.

Hoofdstuk 4.2 biedt een referentiekader voor dynamische onderzoeking van de aorta 

in patienten met een aandoening van de aorta. In jonge gezonde vrijwilligers varieer-

de de oprekking van de (niet pathologische) aorta, uitgedrukt als radiusverandering, 

op verschillende niveaus van 14% tot 41%, toenemend van distaal naar proximaal 

(dichter bij het hart). Dit wijst erop dat endovasculaire behandeling van de aorta in 

jonge patienten, bijvoorbeeld voor traumatische rupturen, meer vraagt van de sten-

graft wat betreft duurzaamheid. Verder stelden we vast dat de oprekking van aorta 

asymmetrisch is: het elliptische model paste goed op de polaire plots van de radius-

verandering. De verschillen tussen de radiusverandering van de aorta over de grote 

en kleine as waren significant. Verder konden we de meeste prominente richting van 

oprekking vaststellen: deze was hoofdzakelijk anterior-posterior (voorachterwaarts). 

Er waren kleine variaties in de richting van oprekking per niveau van de aorta. De 

richting van oprekking zou verklaard kunnen worden door de omgevende structuren 

en aftakkende vaten. Mogelijk bestaat er een relatie tussen de richting van oprekking 

en de ontwikkeling en lokalisatie van vaatwand pathologie. Deze studie biedt een 

waardevol en niet invasief  instrument om de oprekking van de aorta, de lokalisatie 

en het onstaan van vaatwand pathologie te onderzoeken.     

De dynamische vormveranderingen in de aneurysmanek van abdominale aneurys-

mata van de aorta werden bestudeerd in Hoofdstuk 4.3. Deze studie bevestigde dat 

de oprekking tijdens de hartslag in deze regio, net als in de gezonde aorta, asym-

metrisch was. De radiusverandering over de grote en kleine as varieerde van 0.6 tot 

2.0 mm. De mate van asymmetrie varieerde per patient en per niveau in de aorta. 

Een asymmetrische oprekking zal het bereiken van een adequate vaatwand-stentgraft 

afdichting bemoelijken, vooral in patienten met grote radiusveranderingen en een 

grote mate van asymmetrie. Asymmetrische vormveranderingen (en rek) hangen 

waarschijnlijk af  van de combinatie van de bloedstroom dynamiek en vaatwandei-

genschappen, en zijn mogelijk gecorreleerd aan de ontwikkeling van vaatwandschade 

en aneurysmata.  
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Beeldvorming tijden het postoperatieve vervolg van EVAR patienten is nodig om  een 

succesvolle exclusie van de aneurysmazak te bevestigen en complicaties uit te sluiten. 

De huidige gouden standaard is CTA.34,35 De meest gebruikte parameter voor een 

succesvolle EVAR procedure is krimp of  groeistilstand van het aneurysma.36 Hiertoe 

wordt meestal de maximale aneurysma diameter gemeten, hoewel volumemetingen 

intuïtief  sensitiever zijn en het gedrag van de complete aneurysmazak vaststellen.37 

Volumemetingen worden echter niet regelmatig toegepast in de dagelijkse praktijk 

omdat deze metingen tijdrovend zijn.

In Hoofdstuk 5.1 hebben we een nieuwe en snelle semi-automatische methode on-

derzocht om aneurysma volume te meten, gebruik makend van CTA data. Deze me-

thode hebben we vergeleken met een standaard handmatige methode. In deze studie 

werden volumes gemeten met beide methoden, door twee personen. De intra- en 

interobserver variabiliteit van de semi-automatische methode was zeer goed (4.1% en 

5.7%) en vergelijkbaar met de standaard methode. De nieuwe methode verkortte de 

tijd nodig voor een volumemeting substantieel, wat mogelijk de klinische implemen-

tatie van volume metingen in de dagelijkse praktijk faciliteert.

Tenslotte hebben we in Hoofdstuk 5.2 de semi-automatische methode gebruikt om 

aneurysma volumes te meten tijdens het vervolg van patienten na een EVAR proce-

dure. Aneurysma volume, maximale transversale diameter en maximale loodrechte 

diameter werden gemeten op postoperatieve CTA scans 1, 2 en 3 jaar na EVAR. 

Diameter metingen stelden in (maximaal) 44% van de gevallen een volumetoename, 

en in 54% van de gevallen een volume-afname vast. Volumemetingen zijn sensitiever 

voor het vaststellen van aneurysmazak groei en afname, hoewel in bepaalde gevallen 

de maximum diameter toenam zonder een volume toename. Tijdens het postopera-

tieve vervolg na EVAR lijkt er een variëteit aan driedimensionale morfologische ver-

anderingen van de aneurysmazak. Een lokale diametertoename zou kunnen duiden 

op lokaal toegenomen druk op en/of  degeneratie van de aortawand. Wij adviseren 

om volumemetingen te gebruiken als toevoeging op diametermetingen.

Concluderend tonen de studies in dit proefschrift duidelijk aan dat de aorta een dy-

namisch vat is, met morfologieveranderingen tijdens de hartslag. We hebben deze 

vormveranderingen succesvol afgebeeld en gequantificeerd op verschillende niveaus 

in de aorta, zowel in de aortanek van patienten met aneurysmatische verwijding van 

de aorta, alswel in de non-pathologische aorta van gezonde vrijwilligers. In toevoe-

ging op deze vormverandering tijdens de hartcyclus, vertonen abdominale aneury-

smata van de aorta ook driedimensionale morfologische veranderingen tijdens het 

postoperatieve vervolg na een EVAR procedure.
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Aanbevelingen

Op basis van onze studies zouden we het volgende aan willen bevelen:

20% proximale oversizing van abdominale stentgrafts, ten opzichte van de geme-  -

 ten diameter van de aneurysmanek, heeft de voorkeur, wanneer er gemeten wordt  

 op statische CT beelden

wanneer de diameter van de aorta wordt gemeten in een patient met een trauma-  -

 tische ruptuur en hypovolemische shock moet het risco op undersizing (het aan- 

 meten van een te kleine stentgraft) erkend worden

dynamische metingen zijn belangrijk voor optimale stentgraft maatvoering -

dynamische metingen zijn nog belangrijker voor optimale stentgraft maatvoering   -

 in jongere patienten doordat de oprekking van de aorta  tijdens de hartslag en het 

 risico op mis-sizing (een onjuiste maatvoering) groter is

het ontwerp van een stentgraft moet de continue pulsatiele en asymmetrische op-  -

 rekking van de aorta kunnen weerstaan en volgen

volumemetingen zouden, in toevoeging op diameter metingen,  een plaats moeten   -

 hebben bij het postoperatieve vervolg van EVAR

Hypothesen

We willen de volgende hypothesen poneren:

de grootte en de mate van asymmetrie van de pre-operatieve oprekking van de   -

 aorta tijdens de hartslag, ter plaatse van de afdichtingsplekken (sealing zones) van  

 de stentgraft, zijn voorspellers van de klinische uitkomst na EVAR

de dynamische morfologische veranderingen van de aorta zijn gecorreleerd aan   -

 vaatwandeigenschappen, en uiteindelijk met de lokalisatie en ontwikkeling van  

 vaatpathologie 

Toekomstperspectieven

Ondanks dat we de dynamische morfologie van de aorta uitgebreid in kaart hebben 

gebracht zijn er lacunes voor toekomstig onderzoek, welke onderverdeeld kunnen 

worden in vier gebieden: (1) de uitbreiding van dynamische beeldvorming studies 

naar andere gedeelten van de aorta en zijtakken van de aorta; (2) verbetering van de 

technische mogelijkheden van beeldvorming en analyse; (3) de uitvoering van trans-

lationele studies; en (4) de koppeling van dynamische beeldvorming studies aan his-

topathologische bevindingen.

Ten eerste moeten de dynamische beeldvorming studies uitgebreid worden naar an-

dere gedeelten van de aorta en zijtakken van de aorta. Zo zien we met gebruik van 
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dynamische CT datasets ook een duidelijke beweging van de iliacale slagaders. Mis-

schien verdienen, naast de proximale afdichting in de aneurysmanek, ook de distale 

fixatiegebieden onze aandacht. Deze distale gebieden spelen mogelijk ook een rol bij 

de preventie en het ontstaan van stentgraft migratie.38  De beweging van de zijtakken 

van de thoracale aorta hebben we bestudeerd in Hoofdstuk 3.1, evenals de beweging 

van de nierslagaders in een eerdere studie.39 De verdere ontwikkeling en toepassing 

van stentgrafts met zijtakken rechtvaardigt verder onderzoek naar de beweging van 

andere zijtakken zoals de truncus coeliacus en de arteria mesenterica inferior. 

Ten tweede kunnen de technische mogelijkheden van beeldvorming en analyse ver-

der verbeterd worden. In onze studies hebben we een 2D-t (tweedimensionale + tijd) 

aanpak gebruikt met beeldvlakken loodrecht op de aorta. Idealiter wordt een  3D-t 

(driedimensionale + tijd) aanpak gebruikt om ook longitudinale veranderingen van 

de aorta te bestuderen. Met ECG-geleide CTA hebben we acht volumetrische datasets 

tijdens de hartslag verkregen, dus de belangrijkste beperking is de beeldverwerkings-

methode; deze moet verbeterd worden zodat dynamische volumetrische analyse van 

de aorta mogelijk wordt. De constructie van een centrale (lumen) lijn door de aorta 

– waarlangs lengtemetingen gedaan kunnen worden – tijdens elke hart fase, zou een  

mogelijkheid zijn om elongatie van de aorta tijdens de hartslag te kunnen bestude-

ren. ECG-geleide MRI geeft beter weke delen-contrast vergeleken met CT en biedt 

ook mogelijkheid tot acquisitie van volumetrische data. Echter, momenteel is zulke 

acquisitie niet klinisch toepasbaar gezien de extreem lange scantijd. Mogelijk wordt 

dit in de toekomst overkomen door verbetering van scan-apparatuur en -protocollen. 

Er bestaat een MRI techniek die het mogelijk maakt om door middel van ‘tagging’ 

de driedimensionale lokale bewegingen en vervormingen van de cardiale vaatwand 

te bestuderen.40,41 De sequenties die hiervoor gebruikt worden resulteren in (gesa-

tureerde) rasterlijnen op de verkegen beelden; vervolgens wordt de vervorming en 

beweging van deze rasterlijnen gemeten. Toepassing van deze techniek kan mogelijk 

uitgebreid worden naar  tagging van de aortawand om de driedimensionale beweging 

te bestuderen. Uiteindelijk zou een instrument en scanprotocol ontwikkeltd moeten 

worden om dynamische visualisatie van de aorta en dynamische maatvoering van 

stentgrafts in de praktijk mogelijk te maken.

Verder is het na al onze observationele studies nu nodig om translationele onder-

zoeken uit te voeren. Deze onderzoeken zullen moeten aantonen of  de patienten 

met een grotere mate van oprekking en asymmetrie van de aorta tijdens de hartslag 

daadwerkelijk de patienten zijn met een groter risico op het onstaan van proximale 

endolekkage, stengraft migratie en gecompromitteerde duurzaamheid van het endo-

vasculaire herstel. Idealiter wordt in de toekomst het risico op postoperatieve com-
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plicaties gestratificeerd door middel van een model waarin de mate van oprekking en 

asymmetrie verwerkt is. Deze risicostratificatie zou consequenties kunnen hebben 

voor de intensiteit van het persoonlijk postoperatieve vervolgschema van patienten 

die een EVAR procedure ondergaan. ECG-geleide CTA kan naast verbetering van 

stentgraft maatvoering ook gebruikt worden voor pre-operatieve cardiale risicostrati-

ficatie.42 Klinische implementatie van dynamische beeldvorming voor de pre-opera-

tieve planning van EVAR zou daarom kunnen leiden tot zowel een betere patient als 

een betere stentgraft selectie.

Tenslotte zijn de oprekking en morfologische veranderingen van de  aorta tijdens de 

hartslag waarschijnlijk gerelateerd aan de bloedstroomdynamiek, de daaruitvolgende 

hemodynamische krachten op de aortawand, en de eigenschappen van de aortawand. 

Toekomstig onderzoek moet erop gericht zijn deze elementen te synthetiseren en de 

hemodynamische karakteristieken en oprekking van de aorta (fysiologie) te koppelen 

aan de architectuur van de aortawand (histologie). Hopelijk wordt het in de toekomst 

mogelijk om de lokalisatie en ontwikkeling van vaatpathologie, zoals aneurysmata 

en uiteindelijk aneurysma rupturatie, te verklaren en te voorspellen.
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Het boekje is af. Het ei is gelegd. Tevreden leun ik achterover en kijk terug op een 

mooie tijd. Dit is de plek die ik kan gebruiken om iedereen te bedanken die direct 

of  indirect een bijdrage heeft geleverd aan de totstandkoming van dit proefschrift 

danwel de mooie tijd.

Prof. dr. F.L. Moll, promotor, beste Frans, als geen ander weet jij hoe de academische 

kaarten geschud worden. Als ware je een bekwaam Chinese acrobaat weet jij de 

grote hoeveelheid schoteltjes op de stokjes draaiende te houden door dan eens weer 

hier, dan eens weer daar een flinke slinger aan de schoteltjes te geven. Mede door 

je internationale bekendheid en neus voor publicabel onderzoek gingen er voor mij 

deuren open in de wereld van de vasculaire en endovasculaire chirurgie.  Ik dank je 

voor je grote deskundigheid in de begeleiding van wetenschappelijk onderzoek en de 

aangename samenwerking.

Prof. dr. ir. M.A. Viergever, promotor, beste Max, ik dank je voor de begeleiding 

en de mogelijkheden die ik heb gekregen binnen het Image Sciences Institute. Mijn 

plaats op de aio-gang, de kruisbestuiving met andere onderzoekers, en de samen-

werking met andere beeldverwerkers hebben een grote bijgedrage geleverd aan onze 

succesvolle onderzoekingen. Mede doordat ik mee kon doen aan de ISI-activiteiten 

buiten het ziekenhuis was mijn tijd als promovendus zeker geen straf. 

Dr. ir. L.W. Bartels, co-promotor, beste Wilbert, ik wil je bedanken voor de prettige 

samenwerking en je kunde op het gebied van de MRI fysica. Dankzij jouw ontwik-

keling van MRI sequenties konden we prachtige dynamische beelden van de aorta 

maken. Hoewel de besprekingen met Koen soms wat snel gingen hadden jullie altijd 

het geduld en de tijd om mij de details in begrijpelijke taal uit te leggen. De mix met 

zaken die in eerste instantie zijdelings en vervolgens niets met het onderwerp te doen 

hadden maakten onze vergaderingen altijd weer een belevenis!    

Dr. J.A. van Herwaarden, co-promotor, beste Joost, binnen zeer korte tijd heb ik je 

zien groeien van arts-assistent tot een van de EVAR-specialisten in den lande. “En 

nu gaan wij door......” schreef  jij op deze plek. En doorgegaan zijn we zeker! Jouw 

uitstekende, laagdrempelige begeleiding heeft ertoe geleid dat we rap doorgegaan 

zijn. Ik hoop nog veel met je samen te werken in de toekomst, en het beste van twee 

vakgebieden te combineren.

Prof. dr. H.J.M. Verhagen, beste Hence, toen ik op de OK in Sydney stond kwam ik 

er tot mijn grote verbazing achter dat het voltallige personeel Hence Verhagen kende! 

Ik kan mij dan ook goed vinden in jouw ‘no worries’ mentaliteit en waarschijnlijk 

verliep onze samenwerking hierdoor zo makkelijk. Als student sloot ik aan bij jouw 
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dynamische onderzoekingen van de aorta en maakte jij de eerste successen mee. 

Dank voor je mentoraat en mooie momenten in binnen en buitenland. Veel succes 

als prof  in het Rotterdamsche!  

Dr. ir. K.L. Vincken, beste Koen, zonder jouw computerdeskundigheid en jouw 

custum-made software zou ik geen metingen gedaan kunnen hebben. Onze bespre-

kingen met Wilbert verliepen meestal als een soort omgekeerde Gaussische curve: 

aan het begin snapte ik waar we mee bezig waren, vervolgens zakte mijn begripsni-

veau tot een dieptepunt (en steeg mijn hartslag tot een hoogtepunt), maar uiteindelijk 

bleek alles toch wel mee te vallen, te verklaren en te begrijpen. Dank voor je tijd en 

behulpzaamheid.  

Doctor B.E. Muhs, MD, PhD, dear Bart, your ambition and writing skills are very in-

spiring to me. The time I was able to spend at New York University was both pleasant 

and productive, partly due to the office with a commanding view of  Manhattan, that 

you indeed arranged for me. Thank you for your hospitality, interest and the excellent 

collaboration.

Professor Eikelboom, als een van de pioneers van de endovasculaire behandeling van 

het aneurysma aorta abdominalis heeft u Utrecht internationaal op de vaatchirur-

gische kaart gezet. Ik denk dat u tevreden terug kunt kijken op hoe uw kliniek zich 

verder ontwikkeld heeft. Dank voor de belangrijke rol, nu achter de schermen, bij de 

totstandkoming van ons project. 

Professor Prokop, expert op het gebied van de computer tomografie, ik dank u voor 

uw bereidheid om zitting te nemen in de leescommissie, de goede samenwerking en 

de implementatie van het ECG-geleide CTA protocol.

The other members of  the reading committee: prof. dr. Doevendans, prof. dr. G. 

Pasterkamp, dr. F.L.J. Visseren, and prof. P. Cao, MD, PhD, thank you very much for 

your time and critical assessment of  this thesis.

Jasper van Keulen, binnenkort volledig dokter en onderzoeker, fantastisch om te zien 

hoe jij dingen snel oppikt en enthousiast bent over de aorta imaging. Veel dank voor 

je bijdrage aan onze onderzoekingen.  Ik wens je succes met de voortzetting van het 

project!

Drs. M.B.A. van der Wal, beste Martijn, collega onderzoeker, veel dank voor je bij-

drage aan hoofdstuk 5.1. Gelukkig heb ik je ook buiten het UMC mogen meemaken, 

en ik ben blij dat ik inmiddels zéér goed nieuws van je vernomen heb!
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Drs. S.M. Sprinkhuizen, beste Sara, door jouw hulp met het scannen (al dan niet 

met een pizza ruccola) en de implementatie van de ellips fit hebben we de vaart erin 

gehouden. Bedankt!

De andere beeldwetenschappers op de kamer en de gang, waaronder Patrik, Casper, 

Jeroen, Peter, Martijn, Maartje, Sandra, Hendrik en Gerrit, bedankt voor jullie tech-

nische bijstand en bakkies pleur. Mijn reizen in k-space en nachtelijke enthousiaste 

mailtjes over gekleurde ellipsen in Matlab zijn het bewijs dat jullie missie om ook van 

mij een nerd te maken waarschijnlijk goed gelukt is. 

Doctor G. Mestres, MD, dear Gaspar, I hope you enjoyed your time in Utrecht. 

Thanks for your cooperation on one of  the chapters.

Dr. A. Rutten, beste Annemarieke, dank voor de tijd en het wegwijsmaken op de 

werkstations bij de CT-scanners.

Dames van de digitale beeldbewerking, afdeling Radiologie UMCU, beste Judith en 

Annelies, dank voor de tijd en hulp bij het verwerken en opsporen van digitale data-

sets.

Cees Haring, dank voor het onderhouden van de EVAR database. Deze is van on-

schatbare waarde voor het wetenschappelijk onderzoek.

Medewerkers van de digitale fotografie, afdeling Radiologie UMCU, beste Karin, 

Jan, Eugene en Roy, dank voor de hulp met en het verzorgen van de posters, het last-

minute inbinden van het boekje, en de lay-out van dit proefschrift.

Sander van der Steen, grappig hoe we, via omwegen, bij dezelfde afdeling terecht zijn 

gekomen. Dank voor je hulp met het ‘morfen’ van de omslag.

Coby en Susan, secretariaat Vaatchirurgie UMCU, dank voor zowel de ondersteu-

ning met allerhande zaken als de cappucino-breaks.  

Felix Schlösser, Erik Tournoij en Eline van Hattum, dank voor de gezelligheid op de 

congressen, van hostel tot rooftop, in binnen en buitenland!

Traumaboys en andere cabarathelden, beste Daphne, Janesh, Tjaakje, Ralf, Rob, 

Wouter, Stijn, Jennifer, Mourat, Eelco, Anandi, Rogier, Herman, Quinten en Koen, 

ik heb me ontzettend vermaakt tijdens onze voorbereidingen, met name op het strand 

in Bloemendaal!
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Vaatchirurgen van het UMCU, dr. G.J. de Borst, dr. R.W.H. van Reedt Dortland, drs. 

A.K. Jahrome, drs. R.J. Toorop en drs. V.J.  Leijdekkers, bedankt voor de interesse en 

prettige werkomgeving.

Alle overige onderzoekers, arts-assistenten en stafleden van de afdeling Heelkunde 

UMCU, bedankt voor de interesse en de goede sfeer.

Beste Overgaag, Tinus, Rinus, Cuhn, Mies, Rik, Deach, Roelie, JP’ke, Sjuulbak, Hi-

dde, Jelle, Bart en Seeg, maten gelouterd door de studententijd, ik dank jullie voor 

alle mooie momenten en hoop nog lang van jullie te kunnen genieten!

Pieter en Stef, paranimfen en homies, bedankt voor de mooie tijd op de Reigert, het 

aanhoren én verzorgen van goede en slechte teksten, en het gedogen van het quasi-
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