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Abdominal aortic aneurysm  
An abdominal aortic aneurysm (AAA) is defined as a dilation of the abdominal aorta > 

1.5 times the diameter of the non-dilated infrarenal aorta.1 In men AAA can be defined 

as an aortic diameter of ≥ 3.0 cm. Lower thresholds may be appropriate in women and 

some Asian populations.2 AAAs account for 75% of all aortic aneurysms and are located 

below the diaphragm, most distally from the renal arteries.3  

A juxtarenal abdominal aortic aneurysm (JAAA) is defined as an aneurysm that 

involves the infrarenal abdominal aortic segment which extends up to, and sometimes 

includes, the lower margins of the renal artery origins. It however should not involve 

the renal arteries themselves.2 JAAAs account for approximately 15% of all AAAs.4—6  

A suprarenal abdominal aortic aneurysm (SRAAA) is defined as an aneurysm that 

extends up to the superior mesenteric artery and needs one or both renal arteries to be 

repaired.2  

The majority of AAAs are asymptomatic and discovered as an incidental finding on 

ultrasonography, computed tomography (CT) or magnetic resonance angiography 

(MRA).2 Main risk factors for developing an AAA are: high blood pressure, smoking, 

coronary artery disease, atherosclerosis, male gender, > 60 years of age, Caucasian race, 

obesity, and a positive family history.1 The prevalence of AAA > 35mm in the 

Netherlands, based on the Rotterdam screening study, is 4.1% in men and 0.7% in 

women.7 Aneurysm size and aneurysm expansion rate are the strongest predictors of 

the risk of rupture. Rupture of an aneurysm is the most severe complication or 

consequence of an untreated AAA. If left untreated, a ruptured aneurysm may lead to 

death.  

Several surgical methods may prevent AAA rupture by excluding the aneurysm sac 

from the blood circulation.8,9 Surgery of AAA can be performed by open surgical repair 

(OSR) or endovascular aneurysm repair (EVAR). AAA rupture is still fatal in 

approximately 80% of the cases.10 To prevent rupture, elective aortic repair is indicated 

when the AAA rupture risk exceeds the risk of surgery-associated mortality.10 The 

current thresholds for elective repair are set at an AAA diameter ≥ 5.5 cm in men and ≥ 

5.0 cm in women, having a symptomatic AAA, and an aneurysm expansion rate of ≥ 1 

cm/year for smaller aneurysms ( > 4.0 cm).11,12 
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Open surgical repair 

Surgical repair of AAA was traditionally an open procedure, to replace the diseased 

aorta with a prosthetic graft. The procedure is associated with high morbidity and 

mortality.2  

EVAR  

Since Nicholas Volodos implanted the first endovascular tube graft in 1987, and the 

widespread introduction of the EVAR procedure after the publication by Juan Carlos 

Parodi, EVAR has progressed substantially.13—15 EVAR is a minimal invasive technique, 

using a synthetic self-expanding stent graft inserted via the femoral arteries, to exclude 

the aneurysm sac from the blood flow. The device is positioned in a healthy part of the 

aorta, to create a durable sealing, by using catheters, guidewires and intraoperative 

angiographic imaging.  

OSR versus EVAR 

Initially, EVAR was considered as a treatment for AAA patients not suitable for OSR. 

Meanwhile, this approach is favored for the majority of the AAA patients, up to 74.8% 

between 2013—2014 in the Netherlands, because of the lower perioperative and 30-day 

mortality rates compared to OSR.16 The overall 30-day mortality for elective AAA repair 

was 0.9% for EVAR, compared to 5.0% for OSR, according to Dutch Surgery Aneurysm 

Audit (DSAA).17 However, the DSAA is a registry and not a randomized controlled 

trial, and therefore subject to selection bias. With physically less fit patients, the balance 

between rupture risk and surgery-associated mortality changes, increasing the 

threshold for elective repair.2 Especially octogenarians seem to benefit from EVAR for 

AAA repair, with 30-day and 1-year mortality rates of 1.6% and 6.9% for EVAR versus 

6.7% and 11.9% for OSR respectively.18  

The incidence of reinterventions as a result of late complications after elective AAA 

repair are higher for EVAR (e.g. endoleaks) when compared to OSR (e.g. incisional 

hernias). Overall hazard ratio for any reintervention following EVAR was 2.8 (1.85 — 

4.24) after 3 years according to a recent meta-analysis of the EVAR-1, DREAM, ACE and 

OPEN randomized controlled trials (RCTs).19 On the other hand, the surgery-associated 

mortality from the aforementioned RCTs may be partly outdated.19—23 Yet, more recent 

studies refute the results of these RCTs, favoring EVAR, despite older and more 

comorbid patients being treated by this approach.16,19,24—26 

The long-term survival benefit (up-to 15 years) is similar for EVAR and OSR according 

to the European Society for Vascular Surgery.2 The Dutch society for vascular surgery 
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states that mid-term outcomes for infrarenal EVAR and OSR are comparable for 

patients without significant comorbidities, favoring EVAR when significant 

comorbidities are present.7 

The diameter threshold for AAA repair, as well as long term outcomes, continue to 

create debate due to improving endovascular technology and better medical treatment.  

Complex AAA 

Although the spectrum of AAA patients which can be treated with standard EVAR has 

increased due to technical improvements, 30—40% of all AAA patients remain 

unsuitable for standard infrarenal EVAR. Of those unsuitable, 50—60% can be attributed 

to challenging infrarenal aortic neck anatomy.27,28 Since the majority of the EVAR 

devices aim to achieve a durable fixation and seal in the infrarenal neck with the radial 

force gained by appropriate oversizing of the stent graft (15—20%), standard EVAR is 

not an option in JAAA and SRAAA. Two concepts have been developed to address the 

issue of the lack of sealing zone in the infrarenal neck; one is anchoring the endograft to 

the (infrarenal) aorta with EndoAnchors (Medtronic, Minneapolis, MN, USA) to provide 

transmural fixation, another is extending the seal zone into the juxtarenal or suprarenal 

aorta. For the latter, several techniques have been developed: Parallel stenting with 

chimney grafts (CGs), CGs are deployed in the visceral arteries, alongside the endograft, 

to maintain perfusion, Fenestrated endografts (FEVAR), a custom made stent graft with 

fenestrations to maintain perfusion via covered stent grafts to the visceral arteries, and 

finally, Chimney Endovascular Aneurysm Sealing (ChEVAS) (Endologix, Irvine, CA, 

USA), using two endobags to seal the entire aneurysm sac while CGs maintain 

perfusion to the visceral branches.  

These complex endovascular treatments may be the only viable option for JAAA and 

SRAAA, if the patient is not suitable for OSR. The main principle is the extension of the 

proximal sealing zone with preservation of blood flow to the visceral arteries. However, 

these techniques are not directly comparable since they have different indications, 

mainly based on the aortic anatomy.  

Treatment selection for complex AAA 

Selecting the best treatment option for AAA patients, especially for JAAA and SRAAA, 

is not straightforward. The decision-making process is complex due to the specific 

anatomy, including thrombus, calcification, tortuous iliac arteries and angulation in the 

infrarenal and suprarenal aorta, the need for an off-the-shelf solution, instructions for 
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use (IFU) of the devices, and the patients’ comorbidities and eventual preferences. 

Reported outcomes are often difficult to interpret and apply at patient level due to the 

heterogenous population.  

 

Indications for endovascular repair  

ChEVAR and FEVAR can be used in the treatment of JAAA, while FEVAR is the only 

indicated option for SRAAA. ChEVAS was used as an alternative for ChEVAR when the 

patient was not suitable for OSR or FEVAR. \ 

 

EVAR is indicated for: 

- Infrarenal aneurysms with ≥ 10 mm infrarenal neck. 

- ≤ 60—75 degrees infrarenal neck angulation, depending on the manufacturers’ 

IFU. 

ChEVAR is indicated for JAAA: 

- with ≥ 2mm infrarenal neck.  

- ≤ two visceral arteries to be repaired. 

FEVAR is indicated for: 

- JAAA and SRAAA with ≥ 4mm non-aneurysmal neck. 

- ≤ 45 degrees infrarenal and suprarenal angulation. 

- ≤ four visceral arteries to be repaired. 

ChEVAS did not have an indication, however it was used as an alternative for 

FEVAR and ChEVAR when: 

- Patient was not suitable for OSR. 

- FEVAR was not suitable for anatomical reasons; small iliac access (< 7.7 mm) or 

severe ( > 45 degrees) infrarenal or suprarenal angulation or 6-8 weeks waiting 

time was judged to be too long in these patients.  

- No infrarenal neck.  

 

Post-operative complications  
Long term results of second-generation endografts showed that reinterventions are 

more likely to occur with longer follow-up.29 Continuing aortic neck dilation, as a result 

of progressive aneurysmal disease, may potentially lead to a loss of seal between 
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endograft and aortic wall. This may result in endograft migration, endoleak or gutters 

that repressurizes the aneurysm and a renewed risk of AAA rupture. 

 

Endoleak. Type Ia and Ib endoleaks, caused by blood leakage into the aneurysm sac at 

the proximal or distal seal zone respectively due to inadequate sealing of the endografts, 

need reintervention. These endoleaks are considered high flow leaks and may 

repressurize the aneurysm, which may lead to in rupture. Most type Ia endoleaks can be 

treated with additional endovascular techniques, ballooning the proximal sealing zone, 

extension of the endograft with a cuff, fenestrated cuff, CG combined with a cuff, 

deployment of balloon expandable stents or placement of EndoAnchors.30  

Type II endoleak, a result of retrograde flow from a patent inferior mesenteric artery 

(IMA), lumbar artery or accessory renal artery, is most frequently seen post-EVAR, with 

an incidence of 10-25%.19,31 Most type II endoleaks resolve spontaneously. Only a small 

portion may cause aneurysm sac growth, which seldom lead to aneurysm rupture.32 

Type II endoleak can be treated using embolization techniques, such as coiling, or 

injection of thrombin, glue or Onyx.33  

Type III endoleak results from misalignment or inadequate overlap between the 

components of endografts (IIIa) or a defect in the graft material (IIIb). Although 

relatively rare, incidence between 0.1% and 6.4%, type III endoleaks always need 

reintervention since they repressurize the aneurysm sac.34—36 Type IIIa endoleak 

treatment differs per technique, in case of FEVAR a disconnection between CSG and 

main body can be treated by revising the flare of the CSG with a PTA balloon. Using 

additional stent grafts to bridge (IIIa) or seal (IIIb) the defect is the preferred treatment 

in (Ch)EVAR.  

Type IV endoleak is defined as porosity of the endograft fabric, mostly seen 

perioperatively on the final angiography. Perioperatively patients are heparinized (5000 

IU) to prevent blood clotting, when the coagulation returns to baseline, type IV 

endoleaks resolve making reinterventions unnecessary.37  

Type V endoleak, also called endotension, is classified as an enlarging aneurysm sac 

without a visible endoleak.37,38 Type V endoleaks are most likely a type I-III endoleak, 

unclassifiable with current imaging techniques.  

 

Gutters. Aneurysm growth without the persistence of blood flow is often the result of a 

slow-flow endoleak (type IV, V) or gutter leak.39 Gutters are seen as the ‘Achilles’ heel’ 
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of the ChEVAR technique and are characterized as the space formed by the loss of 

circumferential apposition between the endograft or CGs, or both, and the aortic wall, 

with or without the persistence of blood flow in the aortic aneurysm. Since the 

endograft and CGs will not conform fully to the aortic anatomy, gutters are formed by 

definition when applying ChEVAR. However, not all gutters will lead to endoleaks. 

There was no consensus regarding a uniform nomenclature when referring to different 

gutter types. Different gutter types need different treatment strategies. By determining 

changes in size and the extent of gutters after ChEVAR during follow-up, the 

complication risk can better be assessed and a more patient-specific follow-up is 

possible. Although numerous reports have been published on ChEVAR in recent 

years40—42, a uniform gutter classification is lacking. 

 

Migration. Loss of fixation of the stent graft in the proximal seal zone, may result in 

device migration. Post-procedural neck dilatation, hostile anatomy, initial low 

deployment and short seal length have been associated with migration. Migration is 

often followed by a type Ia endoleak, therefore resulting in reintervention surgery. 

Device migration is a slow process, making it difficult to identify during follow-up. 

Migration is often diagnosed when the loss of proximal seal leads to type Ia endoleak. 

Positional changes are often small (< 5 mm) between follow-up moments. Migration is 

mostly treated endovascularly, by extending the proximal sealing zone with a 

(fenestrated) cuff or using EndoAnchors.15,43,44 

 

Graft occlusion. Occlusion of the CG and CSG in the visceral branches or distal limb of 

the endograft is a serious complication, impairing blood flow to the target vessel and 

organs it perfuses. Although the mechanism behind occluded stent grafts is not fully 

understood, positional and geometric changes of one of the used components is seen on 

a regular basis during follow-up imaging. About half of the CG occlusions are 

thrombotic, furthermore, insufficient expansion or flaring of the CG or CGS and 

mechanical stress between components may lead to unfavorable hemodynamics which 

may lead to occlusion.45 Treatment strategies after graft occlusion include conversion to 

OSR, thrombolysis, additional placement of bare metal stents to reline the CG, or 

conservative treatment. 
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ChEVAR. Greenberg and 

colleagues have described the 

ChEVAR approach as a  

bailout procedure for accidental 

coverage of the renal arteries 

during EVAR.46 After recognizing 

the importance of a good proximal 

seal in short or no-neck aortic 

aneurysms, planned usage of 

parallel stenting became a useful 

alternative in the treatment of 

short neck ( < 10 mm) AAA or 

JAAA, especially for patients not 

suitable for OSR. CGs are 

deployed in the visceral arteries, 

alongside the endograft, to maintain perfusion (Figure 1.1). The safety and midterm 

durability of the ChEVAR technique has been proven and is associated with a lower 

mortality rate compared to OSR.41,42,47—49 The largest real world data-set, the PERICLES 

registry (N = 517), reported a primary patency of the CGs (N= 898) of 94% at 17.1 

months (range 1—70 months), and only 1% type Ia endoleaks at 6 months.42 Yet, there are 

still problems that need to be addressed when applying the ChEVAR technique; the 

necessity of an upper extremity arterial access which can lead to ischemic stroke, 

brachial or axillary artery thrombosis, neuropraxia and postoperative complications 

such as endoleaks, loss of CG patency, and gutter formation.50—52 Substantial oversizing 

of the endograft, 20—30% according to Medtronics’ ChEVAR instructions for use (IFU), 

and the use of balloon-expandable versus self-expanding stent grafts affect the behavior 

of various CG-endograft combinations in the abdominal aorta during the cardiac cycle.  

 

 

Figure 1.1. In-vitro chimney-EVAR configuration, 

interaction of the Endurant (Medtronic, Minneapolis, MN, 

USA) endograft with the chimney grafts determine the 

degree of conformation of the endografts in the aorta. 
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FEVAR. FEVAR extends the proximal landing zone 

of the endograft to the suprarenal aorta while 

maintaining the patency to up to four visceral 

branches (Figure 1.2). An endograft designed for 

the specific geometry of the patients’ aorta is used, 

with fenestrations and separate flared covered 

stent grafts or scallops located at the level of the 

branch vessel, based on a computed tomography 

(CT) scan. The time-interval between preoperative 

CT scan and implantation is between 8-10 weeks, 

due to manufacturing time, making the procedure 

unsuitable for urgent AAA repairs. Moreover, the 

FEVAR procedure is substantially more time 

consuming due to challenges with accessing and 

revascularizing the branch arteries trough the 

(patient specific) graft fenestrations compared to 

EVAR.39 Several studies have demonstrated the 

feasibility and efficacy of FEVAR in different types of AAA.53,54 The mid-term and long-

term results are encouraging, although the cost-effectiveness is not proven due to high 

costs of the endograft itself and frequent reinterventions (24—37% at 5 years follow-up); 

target vessel loss (6—10%), aneurysm growth (31—38%) and graft-related (type I or III) 

endoleak (12—15%).55—57 The mechanism of action behind endoleaks and loss of stent 

graft patency is often a change in geometry affecting the structural integrity of the stent 

graft configuration during follow-up, due to the increased complexity and modularity 

of the used devices.58 Distinguishing different types of endoleak on follow-up CTA is 

complex, yet crucial when planning endovascular reinterventions. Type IIIa endoleaks 

are often subtle and hard to detect, even on CTA.  

  

 
Figure 1.2. Four fenestration fenestrated 

stent graft (Cook Zenith) in the 

abdominal aorta. 



CHAPTER 1     

18 

 

ChEVAS. An alternative for FEVAR and 

ChEVAR is the use of chimney grafts 

(CGs) in combination with the Nellix 

endosystem. The concept of 

endovascular aortic sealing (EVAS) is 

based on sealing the entire aneurysm by 

an acrylate-based polymer filling of 

endobags that surrounds two stent 

frames (Figure 1.3). Filling the entire 

aneurysm with endobags ensures the 

fixation of the device. Theoretically, the 

use of these polymer filled endobags 

diminishes the formation of gutters and 

type II endoleaks by obliterating the 

aneurysm space around the CGs. Initial reports using EVAS for infrarenal AAA repair 

showed promising results with low complication rates.59—61 Recent research revealed a 

signal of migration during follow-up ( > 1 year).62—64 Based on these results, Endologix 

refined their IFU for EVAS in 2016, reducing the applicability of the technique.65 In 

January 2019, the CE mark for EVAS has been suspended by its Notified Body, followed 

by a voluntary recall of the Nellix products.66  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. In-vitro chimney-EVAS configuration, 

the Nellix endosystem (Endologix, Irvine, CA, USA) 

combined with two Atrium Advanta V12 chimney 

grafts for the renal arteries.  
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Experimental techniques. Although EVAR 

reintervention rates declined from 33% in the 

first five years after implantation between 

1994 and 2003 to 10% between 2008—2012.67,68 

the never-ending search towards better and 

less complicated solutions in the treatment of 

AAA, leads to new EVAR techniques on a 

regular basis. A new and minimally invasive 

technique for the endovascular treatment of 

abdominal aortic aneurysms, termed 

customized aortic repair (CAR) (TripleMed, 

Maastricht, The Netherlands) was recently 

introduced and described by Bosman et al. 

and Doorschodt et al.69,70 The aneurysm is 

completely sealed with a non-contained non 

cross-linked polymer, while a new flow 

lumen is created with temporary inflation of 

two dog-bone shaped balloons (Figure 1.4). 

There are similarities between CAR and the 

Nellix EVAS Endosystem (Endologix, Irvine, 

CA, USA); however, the absence of endobags 

and stent frames may simplify CAR. While the low profile (6Fr) endovascular balloons, 

used to create the flow lumen, may be a solution for patients with short infrarenal neck, 

high infrarenal angulation and small iliac vessel diameters, the polymer mould may 

also prevent type II endoleaks. The first in-man (phase I) clinical trial however, has yet 

to be initiated. 

 

  

 
Figure 1.4. A full dog-bone and half dog-

bone balloon placed in a parallel 

configuration in a mold of the average 

anatomy of the aorta.  



CHAPTER 1     

20 

 

Objectives of this thesis 
The decision-making process for standard EVAR has been established, although still 

evolving. For more complex, and thus less frequently used techniques, this decision 

making process is complex and treatment plans have to made patient and anatomy 

specific. Still, not all potential causes of failure for ChEVAR, ChEVAS and FEVAR are 

known, which complicates selecting the best treatment strategy for a specific patient. 

Identification, visualization and prediction of complications associated with these 

complex techniques have not yet been elaborated on a large scale so far. The overall 

focus of this thesis is recognition and detection of specific geometric changes of the 

anatomy and device configurations for ChEVAR, ChEVAS and FEVAR in the treatment 

of complex AAA in order to understand causes of failure. This may predict 

complications before urgent reinterventions are required. The thesis can be divided in 

three parts based on the treatment techniques for complex AAA: 

ChEVAR (Part I): 

- The first objective of the thesis is introducing a new methodology to classify 

different gutter types after ChEVAR (Part IA). 

- The second objective is the assessment of the dynamic behaviour of CGs and 

gutters (Part IB). 

FEVAR (Part II): 

- The third objective is to introduce a new method to evaluate changes in flare 

geometry of CSGs after FEVAR (Part II). 

Polymer based techniques (Part III): 

- The fourth objective is to describe the technical aspects, outcomes and 

geometrical behaviour of ChEVAS, based on short term and midterm results 

(Part IIIA). 

- The fifth objective is the identification and visualization of haemodynamics of 

consequences customized aortic repair (Part IIIB). 

Outline of the thesis 
In part I, a newly developed methodology to identify different gutter types after 

ChEVAR is introduced (Chapter 2). The methodology is used in Chapter 3, to describe 

the dynamic behaviour of ChEVAR configurations and gutter volumes in an in-vitro 

setting. These chapters focus on answering the following questions: 
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- How can different gutter types be distinguished and classified in order to choose 

the best treatment strategy to overcome gutter related endoleaks? (Chapter 2) 

- How do different ChEVAR configurations behave during the cardiac cycle? 

(Chapter 3) 

Part II focuses on the geometry of CSGs after FEVAR (Chapter 4). This chapter describes 

component instability as a result of changes in geometry of the flare of CSGs after 

FEVAR and is focused on answering the following questions: 

- What are the mechanisms of failure when complications related to the CSGs 

occur after FEVAR? (Chapter 4)  

- How should subtle changes in geometry of CSGs be assessed and interpreted? 

(Chapter 4) 

Part III focuses on polymer based treatment strategies for (J)AAA, EVAS and CAR. 

First, in part IIIA, the early results and technical aspects regarding ChEVAS from a 

multi-centre experience are described (Chapter 5). Several groups worldwide, including 

our own, published articles describing early migration after EVAS.62—64 In line with this, 

a study describing the geometry and eventual geometrical changes of ChEVAS during 

follow-up was performed (Chapter 6). Part IIIB is focused on a new (pre-clinical) 

treatment strategy, CAR, that is aimed to be an alternative treatment option for 

infrarenal aneurysms. Three CAR configurations were analyzed in order to identify the 

most favorable haemodynamics. (Chapter 7) 

These chapters focus on answering the following research questions: 

- How can ChEVAS be best applied and what are the results in the treatment of 

JAAA? (Chapter 5) 

- What are the mid-term outcomes of ChEVAS? (Chapter 6) 

- How precise can changes in three-dimensional positions of ChEVAS 

configurations be determined? (Chapter 6) 

- What is the best customised aortic repair configuration in terms of 

haemodynamics? (Chapter 7) 

A general discussion and future perspectives are discussed and outlined in Chapter 8.  

The summary of the results of our studies in Dutch, is given in Chapter 9.
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Abstract 
Objective: Gutters can be described as the loss of continuous apposition between the 

main body of the endograft, the chimney stent graft, and the aortic wall. Gutters have 

been associated with increased risk of type Ia endoleaks and are considered to be the 

Achilles’ heel of chimney endovascular aneurysm repair (ChEVAR). However, there is 

no classification yet to classify and quantify gutter types after ChEVAR. 

Methods: Different gutter types can be distinguished by their morphologic appearance 

in two- and three-dimensional views and reconstructed slices perpendicular to the 

center lumen line.  

Results and discussion: Three main categories are defined by (1) the most proximal 

beginning of the gutter, (2) the length of gutter alongside the endograft, and (3) its distal 

end. Type A gutters originate at the proximal fabric of an endograft, type B gutters 

originate as loss of apposition of the chimney stent graft in the branch vessel, and type C 

gutters start below the fabric of the endograft. To determine eventual changes of gutter 

size during follow-up computed tomography angiograms (CTAs), measurements may 

be performed with dedicated software on the follow-up CTA scan to assess the extent of 

gutters over the aortic circumference, ranging from 0 to 360˚ of freedom, together with 

the maximum gap between the endograft material and the aortic wall as it appears on 

reconstructed axial CTA scan slices. 

Conclusions: The proposed gutter classification enables a uniform nomenclature in the 

current ChEVAR literature and a more accurate risk assessment of gutter-associated 

endoleaks. Moreover, it allows monitoring of eventual progression of gutter size during 

follow-up.  

 

Clinical Relevance: Gutters have been associated with an increased risk of type Ia 

endoleaks and are considered to be the Achilles’ heel of chimney endovascular 

aneurysm repair (ChEVAR). However, there is no classification yet to classify and 

quantify gutter types after ChEVAR. The proposed gutter classification enables a 

uniform nomenclature in the current ChEVAR literature, a more accurate risk 

assessment of gutter-associated endoleaks, and allows monitoring of eventual 

progression of gutter size during follow-up. 
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Introduction 
Most reinterventions after endovascular aneurysm repair (EVAR) are needed to repair 

complications at the proximal part of the endograft caused by sealing failures and 

endograft migration.1,2 Positioning of the endograft close to the lowest renal artery to 

optimize the sealing area can be challenging in hostile proximal necks (necks < 15 mm, 

severe angulation > 60, diameter > 28 mm, and thrombus).3-5 

Juxtarenal abdominal aortic aneurysms (JAAAs) are defined as aneurysms that involve 

the lower margins of at least one of the renal artery origins and account for 15% of all 

AAAs.6-9 Standard EVAR is not a valid option in JAAAs because of the absence of a 

sufficient landing zone in the aortic neck. JAAAs are treated by open surgical repair, 

fenestrated EVAR (FEVAR), or chimney EVAR (ChEVAR). 

Fenestrated aortic endografts have been developed for and applied in patients with a 

JAAA and have a proven clinical efficacy, with a lower 30-day mortality rate compared 

with open surgery (2.4% vs 3.4%) and an early type Ia endoleak rate of 4.3%.10 One of 

the disadvantages of custom-made fenestrated endografts is the interval between the 

computed tomography (CT) scan and implantation (manufacturing time of 4 to 8 

weeks), making the procedure unsuitable for urgent AAA repairs. Moreover, 

implantation of fenestrated endografts is substantially more time consuming and 

expensive compared with standard EVAR procedures.11 

The chimney technique, or parallel grafting, involves the deployment of side branches 

alongside the main endograft.12 The procedure was originally described by Greenberg et 

al,13 in 2003 as a bailout procedure for the treatment of patients with a short proximal 

aortic neck. The chimney technique can be used as an alternative for FEVAR in an 

emergency setting when there is no time for custom-made endografts or when the 

patient’s anatomy precludes the use of other endografts.10,11,14 The safety and midterm 

durability of ChEVAR is proven and has been associated with a lower mortality rate 

compared with open or hybrid reconstructions.15-18 Drawbacks of the chimney technique 

include the necessity of an upper extremity arterial access, which can lead to ischemic 

stroke in 3.2% of procedures, chimney stent graft compression, and gutter formation.10 

Gutter formation is considered to be the Achilles’ heel of ChEVAR and has been 

associated with a higher incidence of type Ia endoleaks compared with FEVAR.18,19 

Gutters can be defined as loss of continuous apposition between the main body of the 

endograft, the chimney stent graft, and the aortic wall. The conformability of the 

endograft around the chimney stent grafts is likely to differ between stent graft types 
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because of particular stent graft architecture and the materials used in the graft.20 The 

larger the volume of the gutter and the longer its length, the more likely it is that 

endoleaks type Ia will develop.21 However, not all gutters will lead to type Ia endoleaks. 

Gutters can differ regarding the location alongside the endograft circumference as well 

as their proximal and distal end. Besides location, evaluating gutter size and volume 

over time is important. So far, a classification system for the different gutter types after 

ChEVAR is lacking, which is the subject of this report. 

Methods 
A definition of gutter, as proposed: Gutter is characterized as the space formed by the 

loss of continuous aortic wall apposition between the endograft or chimney grafts, or 

both, and the aortic wall, with or without the persistence of blood flow in the aortic 

aneurysm. Alongside the length of the endograft and chimney grafts, three main gutter 

types can be defined: 

 

Gutter type A (Fig 2.1): A gutter that originates at the proximal start of the endograft 

fabric. This gutter can be subdivided into types A1, A2, and A3. Type A1 is a gutter 

originating at the proximal start of the fabric of the endograft and continuing into the 

aneurysm sac, with a high risk of type Ia endoleak and pressurization of the  

 

 
Fig 2.1. A, Type A1 gutter originates at the proximal start of the fabric of the endograft with continuation in 

the aneurysm sac. B, Type A2 gutter originates at the proximal start of the fabric of the endograft and 

extends into the side branch vessel because of lack of sealing of the chimney graft in the branch vessel. C, 

Type A3 gutter begins at the proximal start of the endograft fabric and terminates proximal to the 

aneurysm sac or chimney stent graft.  
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aneurysm. Type A2 is defined as a gutter originating at the proximal start of the fabric 

of the endograft and extending into the side branch vessel because of lack of sealing 

of the chimney graft in the branch vessel. Type A3 is a gutter that begins at the 

proximal start of the endograft fabric and terminates proximal to the aneurysm sac or 

chimney stent graft. 

Gutter type B (Fig 2.2): Defined as loss of apposition between the distal end of the 

chimney stent graft and the visceral artery. A type B1 gutter is defined when the 

gutter connects the visceral artery with the aneurysm sac, potentially leading to a type 

Ib endoleak. A type B2 gutter is defined when there is no connection with the 

aneurysm sac. 

Gutter type C (Fig 2.3): A gutter originating below the fabric of the endograft, without 

any connection to the proximal and distal chimney end or continuation into the 

aneurysm sac. Type C gutter describes an enclosed volume; typically, type C gutter is 

not related to endoleak. Differences in gutter size may be assessed during follow-up 

by determination of the part of the aortic wall circumference where full apposition is 

lost between the graft material and the aortic wall. This parameter is clockwise 

oriented, ranging from 0 to 360˚ of freedom, similar to the orientation of fenestrations 

in FEVAR (Fig 2.4).22 Axial slices of a center lumen line CT reconstruction can be used. 

The maximum gap between the graft material and the aortic wall can also be 

measured and eventual changes evaluated during follow-up (Fig 4). 

 

 
Fig 2.2. A, Type B1 gutter, loss of apposition between the chimney stent graft and the visceral artery with 

connection to the aneurysm sac. B, Type B2 gutter, loss of apposition between the chimney stent graft and 

the visceral artery without connection to the aneurysm sac. 
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Results and discussion 
Although numerous reports have been published on ChEVAR in recent years, a 

uniform gutter classification is lacking. Having such a classification is important to 

better interpret ChEVAR outcomes in the literature and because some but not all 

gutters will lead to endoleaks or will need (re)intervention. By determination of 

changes in the size and extent of gutters after ChEVAR during follow-up, the 

complication risk can be better assessed and a more patient-specific follow-up is 

possible. 

Type A1 and A2 gutters with persistence of blood flow in the aneurysm sac or a 

visceral artery are, by definition, type Ia endoleaks and should be treated. Gutter type 

A1, however, will lead to repressurization of the aneurysm, whereas gutter type A2 

extends into a side branch. The technique of treatment of these gutters is different. 

The type B1 gutter, with the persistence of blood flow into the aneurysm sac from a 

back-bleeding visceral artery, is similar to a type Ib endoleak and should be treated as 

such. Type A3, B2, and C gutters do not lead to endoleaks; however, a type A3 gutter 

is more prone to progress to an endoleak than a type C gutter because it originates 

from the top of the fabric of the endograft. Although type C gutters are potentially 

harmless and may occur in most ChEVAR cases, these gutters are still included in the 

classification. By categorizing type A, B and C gutters, based on the risk for failure, all 

gutter cases are covered within the categorization. Gutter type on the first 

postoperative CT scan may therefore act as a baseline for progression of the gutter, 

 
Fig 2.3. Type C gutter originates below the proximal beginning of the fabric of the endograft without any 

connection to the proximal and distal chimney end or continuation into the aneurysm sac. 
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either in size and type. Fig 2.5 provides a flowchart of the different gutter types and 

the risk of developing endoleak. 

In case two visceral stents are aligned side-by-side (Fig 2.6, A), or even crossed over (Fig 

2.6, B), a gutter may be formed between the stents, which is essentially a type A gutter. 

Depending on the lowest point of noncircumferential endograft apposition, this is 

classified as a type A1, A2, or A3 gutter. 

 

 
Fig 2.4. Slice derived from a dynamic series of an in vitro 

silicone model. Gutters may be assessed by determination of 

the part of the aortic wall circumference where full apposition 

is lost between endograft material and the aortic wall. This 

parameter is clock-wise oriented, ranging from 0 to 360˚ of 

freedom. The maximum gap between graft material and the 

aortic wall, as indicated by the arrows, can be measured along 

the hands of the clock. 

 

When ChEVAR is performed in the renal artery, a type Ia endoleak may develop in 7% 

of single chimney stent graft procedures and in 15.6% of bilateral procedures.23 Scali et 

al24 described endoleak in 32% of patients with chimney stent grafts at some point 

during a mean follow-up of 18 months. Recently, Lindblad et al25 systematically 

reviewed 911 visceral chimney stent grafts in 517 patients. The overall 30-day chimney 

stent graft patency rate was 97%, the incidence of early type Ia endoleak was 13%, the 

30-day mortality was 4%, and the procedurally related complications rate was 8%. 

If planning before ChEVAR is done precisely and measurements are performed on a 

central luminal line reconstructed CT scan, primary type Ia endoleak may resolve 

spontaneously in most cases.26 In a recently published report by Tran et al,27 follow-up 
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CT angiography (CTA) revealed spontaneous resolution of gutter endoleaks in 20.1%, 

46.2%, 61.0%, and 80.4% of patients at 1 month, 6 months, 1 year, and 2 years after the 

procedure, respectively. 

These reports did not provide a classification of gutter types. Moreover, the mechanism 

of sealing around the chimney stents is likely to be multifactorial. Interactions of the 

endograft materials and the particular endograft architecture determine the degree of 

conformation of the stent grafts in the aorta. An in vitro study showed that excessive 

endograft oversizing (30%) results in a better endograft-chimney graft apposition and a 

lower gutter area compared with 15% oversizing.20 This strategy, however, may increase 

chimney stent graft compression. 

Gutters that occur after ChEVAR are mostly determined on follow-up imaging by 

inflow of contrast. 

 

 
Fig 2.5. Flowchart shows the different gutter types and the risk of developing endoleak. 

 

We hypothesize that a gutter may also be present without the persistence of blood 

flow (ie, gutter filled with thrombus). The imaging modality that is used may fail to 

detect slow flow of contrast in the gutter, yet the gutter may still result in 
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pressurization of the aneurysm, and these patients may have to be treated 

accordingly. Quantification of gutters without the persistence of blood flow is, like 

detection of slow-flow endoleaks, challenging and highly dependent on the imaging 

modality, the imaging quality, and the experience of the radiologist. However, when 

EVAR, ChEVAR, and FEVAR procedures are performed, it may be expected that 

experienced and dedicated radiologists will review the postprocedural images. 

Gutter may resolve spontaneously over time; however, a change of a gutter with the 

persistence of blood flow toward a gutter filled with thrombus does not mean that the 

gutter itself is resolved. Therefore, determining changes in gutter size and volume, as 

proposed in the Methods, is important. 

 

The three-dimensional characteristics of the gutter can be described by using the 

clock-face circumference, the maximum distance between graft material and aortic 

neck, and the type of gutter. Center lumen line reconstructions with commercially 

available workstations can be easily used to assess changes in gutter size during 

follow-up. However, we realize that during ChEVAR follow-up, imaging with an 

optimum between a high spatial resolution, a high signal-to-noise ratio, and a low 

slice thickness, may be crucial to identify and distinguish some small gutters, 

especially in progression of the native aneurysm sac diameter without a clear type Ia 

endoleak. 

Static CT is currently most used as the imaging modality during the follow-up of 

high-risk EVAR patients. The use of static CT imaging, usually including an arterial 

 

Fig 2.6. A, Type A gutter between two side-by-side aligned visceral stents. B, Type A gutter as a result of 

two crossed-over visceral stents. 
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and venous phase to visualize the dynamic behavior of the aorta and the endograft, is 

a limitation in the quantification of gutters and other endograft-related 

complications.28 

The peak enhancement of endoleaks over time, and likely gutter, is significantly 

different from the abdominal aortic lumen. Lehmkuhl et al29 found that the highest 

endoleak detection rate was achieved when the peak enhancement of the aorta and the 

endoleak had already passed and that there was maximum contrast between the 

endoleak and the rapidly de-enhanced aorta. The use of electrocardiogram-gated CTA 

is associated with a significantly increased detection rate of endoleaks compared with 

conventional biphasic CT. In addition, a systematic review by Habets et al,30 showed 

that contrast-enhanced magnetic resonance imaging detects significantly more 

endoleaks than CTA in patients after EVAR, especially small and slow-flow endoleaks. 

We assume that these detailed types of imaging can be also used to better detect the 

clinical significance of gutters after ChEVAR if a standard CT scan fails. 

Although FEVAR is the preferred endovascular treatment for JAAAs and pararenal 

AAAs, ChEVAR is the best endovascular alternative when urgent repair is needed or 

when manufacturing of a fenestrated endograft is declined. With the advancement of 

FEVAR, the number of ChEVAR procedures may decline over the years. However, even 

if the rate of ChEVAR procedures declines, thousands of these procedures will have 

been performed, and a substantial portion of the treated patients will have gutters. A 

gutter classification will therefore still be essential to offer these patients the best follow-

up. 

The current classification ranks gutters from high to low risk for the existence or 

development of endoleaks, with highest risk indicated by type A1 and lowest risk by 

type C. As a limitation of this study, the true risk of each gutter type for the onset of an 

endoleak is yet to be researched with long-term clinical data. 

 

Conclusions 
ChEVAR is an efficient therapy with high technical success and stent graft patency; yet, 

gutter remains the Achilles’ heel of this technique. The proposed gutter classification 

enables a uniform terminology in current ChEVAR literature, a more accurate risk 

assessment of gutter-associated endoleaks, and allows monitoring of eventual 

progression of gutter size during follow-up. 
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Abstract 
Purpose: To assess the dynamic behavior of chimney grafts during the cardiac cycle.  

Methods: Three chimney endovascular aneurysm repair (EVAR) stent-graft 

configurations (Endurant and Advanta V12, Endurant and Viabahn, and Endurant and 

BeGraft) were placed in silicone aneurysm models and subjected to physiologic flow. 

Electrocardiography (ECG)-gated contrast-enhanced computed tomography was used 

to visualize geometric changes during the cardiac cycle. Endograft and chimney graft 

surface, gutter volume, chimney graft angulation over the center lumen line, and the D-

ratio (the ratio between the lengths of the major and minor axes) were independently 

assessed by 2 observers at 10 time points in the cardiac cycle.  

Results: Both gutter volumes and chimney graft geometry changed significantly during 

the cardiac cycle in all 3 configurations (p< 0.001). Gutters and endoleaks were observed 

in all configurations. The largest gutter volume (232.8 mm3) and change in volume (20.7 

mm3) between systole and diastole were observed in the Endurant-Advanta 

configuration. These values were 2.7- and 3.0-fold higher, respectively, compared to the 

Endurant-Viabahn configuration and 1.7- and 1.6-fold higher as observed in the 

Endurant-BeGraft configuration. The Endurant-Viabahn configuration had the highest 

D-ratio (right, 1.26—1.35; left, 1.33—1.48), while the Endurant-BeGraft configuration had 

the lowest (right, 1.11—1.17; left, 1.08—1.15). Assessment of the interobserver variability 

showed a high correlation (intraclass correlation > 0.935) between measurements.  

Conclusions: Gutter volumes and stent compression are dynamic phenomena that 

reshape during the cardiac cycle. Compelling differences were observed during the 

cardiac cycle in all configurations, with the self-expanding (Endurant—Viabahn) 

chimney EVAR configurations having smaller gutters and less variation in gutter 

volume during the cardiac cycle yet more stent compression without affecting the 

chimney graft surface. 
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Introduction 
Endovascular aneurysm repair (EVAR) has become the standard treatment modality for 

abdominal aortic aneurysm (AAA). Around 30% of AAA patients are considered 

unsuitable for standard EVAR due to unfavorable proximal neck characteristics, such as 

short length or severe angulation. Juxtarenal AAAs account for ~15% of all AAAs.1 

Alternative treatment options include open repair, chimney EVAR (ChEVAR), and 

fenestrated EVAR.2,3 ChEVAR combines a regular EVAR graft with chimney (or parallel) 

grafts (CGs) in the visceral arteries to maintain branch patency.4,5 A limitation of 

ChEVAR is the necessity for an upper extremity arterial access, which can lead to 

ischemic stroke in about 3% of the procedures.6 Furthermore, gutters may form due to a 

geometric mismatch between the endograft and CG and are associated with early type 

Ia endoleaks.7—9 In addition, compression of the CG, resulting from interaction with the 

endograft and the aortic wall, may induce a risk of stent thrombosis.10,11  

Several studies have described the dynamics in EVAR geometry in the aorta during the 

cardiac cycle,12—14 but none of these studies assessed ChEVAR geometry and gutters in a 

dynamic setting. We hypothesized that a larger variation in gutter volume during the 

cardiac cycle might increase the risk of type Ia endoleak. Because of the changing 

volume during the cardiac cycle, the gutter may start functioning as a valve, by which 

the intra−aneurysmal pressure increases. Parodi et al.15 showed that the mean pressure 

in the aneurysm sac increases in the presence of an endoleak, the extent of which is 

directly proportional to the endoleak size. 

As described by several authors, computed tomography angiography (CTA) imaging of 

low−flow endoleaks leads to significantly different enhancement peaks compared with 

the lumen of the abdominal aorta.16,17 The dynamic behavior of gutter volume in 

combination with imprecise acquisition timing might lead to an underestimated or 

undiagnosed gutter−related endoleak. Our previous research suggested that 

progression of the native aneurysm sac diameter without clear type Ia endoleak might 

be the result of suboptimal imaging.9 Although there is no best CTA scan protocol to 

identify low−flow gutters as well as all endoleak types, follow−up imaging of ChEVAR 

patients should consist of multiphase contrast−enhanced CT or electrocardiography 

(ECG)−gated contrast−enhanced CT. The latter imaging protocol was used in this study 

to quantify the dynamic geometric behavior of 3 ChEVAR configurations during the 

cardiac cycle. 
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Methods 
In Vitro Models. In vitro models (Figure 3.1) were manufactured by Elastrat Inc 

(Geneva, Switzerland), using geometry based on the average measurements from the 

preoperative CT scans of 25 AAA patients. Three different CHEVAR configurations 

were implanted by an experienced vascular surgeon (M.R.). All used the Endurant 

endograft (ETBF3216C166EE, ETLW1616C124EE; Medtronic Inc, Minneapolis, MN, 

USA), which was chosen because of its widespread use in CHEVAR8 with either 

self−expanding or balloon−expandable stents and its recent approval for use with the 

chimney graft technique based on the PROTAGORAS study (n=128).11  

 

 

Figure 3.1. Geometry of the silicone model used for the 3 

different chimney endovascular aneurysm repair 

configurations. Dimensions are in millimeters or degrees (˚).  

The CGs included a 6×52−mm self−expanding Viabahn stent−graft (W.L. Gore & 

Associates Inc., Flagstaff, AZ, USA) and 2 types of balloon−expandable covered 

stents: a 6×58−mm Advanta V12 (Atrium Maquet Getinge Group, Mijdrecht, the 

Netherlands) and a 6×52−mm BeGraft (Bentley Innomed GmbH, Hechingen, 

Germany).  
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The top of the aortic endograft (24% oversized according the Medtronic ChEVAR 

instructions for use) was positioned flush below the level of the distal edge of the 

superior mesenteric artery (SMA). The right CG was positioned parallel to the 

endograft in all configurations, with the top at the level of the lower edge of the 

SMA. The left CG was positioned with its proximal end at the midline of the SMA 

orifice. The Endurant was deployed first, followed by positioning and deployment 

of the CGs. In all models, the Endurant was postdilated with a compliant balloon 

(Reliant; Medtronic) to adapt to the model, while a 6−mm angioplasty balloon was 

inflated simultaneously in the CGs to prevent stent compression. The configurations 

[Endurant−Advanta (EA), Endurant−Viabahn (EV), and Endurant−BeGraft (EB)] 

were flushed with water at 37˚C to allow maximal expansion of the nitinol stents. 

Angiographic images of the configurations are displayed in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic overview of the flow setup 

 

Figure 3.2. Anteroposterior angiograms of the 3 in vitro chimney endovascular aneurysm repair 

configurations: (A) Endurant-Advanta, (B) Endurant-Viabahn, and (C) Endurant-BeGraft.  
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Flow Model. A flow model generating physiologic flow at resting condition as 

previously described18 was used with the following settings: 60 beats/minute, diastolic 

pressure of 90 mm Hg, systolic pressure of 120 mm Hg, and mean flow 1.6 L/min 

(range 0.0—5.0 L/min). The 4 outflow vessels, 2 iliac and 2 renal arteries, all accounted 

for a quarter of the total flow. The flow rate was continuously assessed at 60 Hz with 5 

flow sensors [Cynergy3, type UF8B (Cynergy3 Components Ltd, Dorset, UK) and 

FCH−m−POM−LC (BIOTECH e.K., Vilshofen, Germany)]. A blood mimicking fluid 

based on water, glycerol, and sodium iodide (47.4%, 36.9%, 15.7%, respectively) with a 

viscosity of 4.3 cP was used.19 Placing the models in a container with a water level 5.0 

cm above the model accounted for the intra−abdominal pressure (5—7 mm Hg). 

Compliance directly below the renal arteries was comparable to a healthy aorta.20,21 Each 

configuration was placed in the flow model for 5 minutes before starting the CTA. A 

schematic representation of the setup is shown in Figure 3.3. 

ECG-Gated CT Scan. Images were acquired with a 256−slice CT scanner (Brilliance iCT; 

Philips Healthcare, Eindhoven, the Netherlands). Scanning parameters were similar to 

conventional CTA in a clinical setting and included a 120−kV tube voltage, 242−mA 

tube current (399 mA·s), 125×0.625−mm collimation, 10 unidirectional 1.65−second scan 

phases, 1.0−mm slice thickness, and a 200−mm field of view on the long axis. A matrix 

size of 512×512 pixels was used with a pixel spacing of 0.684 mm. A contrast bolus 

(Xenetix 350; Guerbet, Paris, France) tracking threshold of 150 HU was used to initiate 

the scan and to increase the differences in intensities between the lumen, endograft, 

CGs, and vessel wall. 

 

 

Figure 3.4. Computed tomography (CT) slices at the midline of the right renal artery perpendicular to the 

central lumen line for measurement of the gutter surfaces in the (A) Endurant-Advanta, (B) Endurant-

Viabahn, and (C) Endurant-BeGraft configurations. 
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Measurements. Endograft, CG, and gutter surfaces were measured independently by 2 

observers (S.O. and E.D.) using 3Mensio Vascular software (Pie Medical, Bilthoven, the 

Netherlands). Each model was analysed once per observer, so in total 3 dynamic CT 

scans were evaluated. All surface calculations were performed over a central lumen line 

(CLL) perpendicular to the flow lumen on subsequent 1−mm slices using the polygon 

region of interest tool. Measurements were conducted in all 10 phases per series to 

assess the geometric changes during the cardiac cycle. An example of measured gutter 

surfaces is shown in Figure 3.4. Gutter types were characterized according to the 

scheme developed by Overeem et al9 (Figure 3.5), in which type A gutters originate at 

the proximal fabric of an endograft, type B gutters refer to loss of apposition of the CG 

in the branch vessel, and type C gutters start below the fabric of the endograft.  

Measurements of endograft and gutter surfaces started at the beginning of the endograft 

fabric, 1 to 2 mm above the markers, and ended at the level where the endograft lost 

wall apposition. The CG surface started at the beginning of the CG fabric and ended 2.0 

mm in the renal artery, where the surface remained constant. The average surface of the 

CGs and endograft over the CLL at all 10 time points was used for analysis. The surface 

measurements were performed to identify the dynamic behavior of the geometry of the 

configurations. Large changes in CG surface indicated high compliance of the stent. 

The ratio of the length of the major and minor axes of the surface area, the D−ratio, was 

used to determine both endograft and CG compression, with a D−ratio of 1 equaling a 

circle. A D−ratio > 1 described a more oval shape, and thus CG compression. The 

absolute difference and relative increase between the largest and smallest surfaces, 

volumes, and D−ratio during the cardiac cycle were determined. 

Statistical Analysis. Interobserver variability was assessed between observers using the 

intraclass correlation coefficient (ICC). An ICC > 0.8 is considered to indicate a low 

variability between observers. A Student t test was used to test significance between the 

measurements performed per configuration during the cardiac cycle. The threshold of 

statistical significance was p< 0.05. Statistical analysis was performed with SPSS 

software (version 22; IBM Corporation, Armonk, NY, USA). 
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Results 
The geometric changes in gutter volume, endograft surface, chimney volume, and 

the D−ratio during the cardiac cycle are shown in Table 3.1. Four gutters were 

observed in each of the configurations (Table 3.2), although the types differed.9 In all 

configurations a gutter−related type Ia endoleak was observed, since contrast was 

seen in the aneurysm sac directly after bolus administration.  

Gutter volumes and changes in gutter volume during the cardiac cycle differed 

significantly in all 3 configurations (p< 0.001). The largest gutter volume (232.8 mm3) 

and change in volume (20.7 mm3) between systole and diastole was observed in the 

EA configuration. These values, respectively, were 2.7− and 3.0−fold higher 

compared with the EV configuration and 1.7− and 1.6−fold higher compared with 

the EB configuration. 

The differences in D−ratio of the Endurant endograft during the cardiac cycle were 

small in all configurations (EA, 1.13—1.18; EV, 1.13—1.15; and EB, 1.21—1.24). In 

addition, change in D−ratio between systole and diastole was comparable for all 3 

configurations (EA, 0.05; EV, 0.03; and EB, 0.03).  

 The D−ratios for both the left and right chimneys were the lowest for the EB 

configuration (right, 1.11—1.17; left, 1.08—1.15) and the highest for the EV 

configuration (right, 1.26—1.35; left, 1.33—1.48). The average chimney surface 

measurements (left, 26.6—30.7 mm2; right, 26.9—29.2 mm2), as well as the change in 

surface during the cardiac cycle (left 4.1, mm2; right 2.3 mm2), were also the highest 

in the EV configuration. The average surface and change in surface in the EB 

configuration during the cardiac cycle were almost similar for the right (18.4—19.2 

mm2 and 0.8 mm2, respectively) and left (19.8—21.6 mm2 and 0.8 mm2, respectively) 

chimneys. There was a statistically significant difference in D−ratio and average 

surface during the cardiac cycle in all 3 configurations (p< 0.001). 

The angulation of the right chimney (EA, 19.5˚; EV, 13.2˚; EB, 24.3˚) differed from the 

left CG (EA, 38.3˚; EV, 23.1˚; EB, 57.3˚) in all configurations, with the EB 

configuration having the largest angulation. Interestingly, the angulation of the CGs 

per configuration did not change significantly during the cardiac cycle. A high 

correlation was found for all measurements (Table 3.3), being the lowest in the left 

chimney surface measurements with an ICC of 0.935. 
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Figure 3.5. Overview of the gutter types according to the classification of Overeem et al9: (A) type A1, (B) 

type A2, (C) type A3, (D) type B1, (E) type B2, and (F) type C 



CHAPTER 3      

54 

 

Discussion 
The importance of CG type in CHEVAR is well recognized in clinical practice.11,22,23 In 

the current study, differences were found in endograft surface, CG compression, and 

gutter volume in the different configurations during the cardiac cycle. In all 3 

configurations, type Ia endoleaks were observed in conjunction with type A1 gutters 

(high risk). Video 1 details the contrast enhancement patterns during the cardiac cycle 

(Figure 3.6). Interestingly, enhancement of a gutter leak was present only in systole, 

which highlights the importance of CTA timing when using static CTA images in 

clinical follow−up. Although the majority of primary type Ia gutter endoleaks resolve 

spontaneously over time (88% in a study by Ullery et al.24), treatment may also be 

required, particularly in larger endoleaks.  

The EA configuration had the largest gutter volume and a substantial change in gutter 

volume, which might increase.25—27 the risk of type Ia endoleak. In contrast, the EV 

configuration had the lowest gutter volume and only a small change in gutter volume 

during the cardiac cycle. However, the CG D−ratio and the change in CG D−ratio were 

the largest in the EV configuration. This is likely related to the relatively low radial force 

of the Viabahn in relation to the Endurant, causing stent compression. The D−ratio 

seems a logical way of expressing stent compression; however, most studies report stent 

compression as a percentage of the original lumen.14 Mestres et al28 performed an 

interesting in vitro study describing different endograft/parallel stent combinations, 

concluding that the combination of self−expanding stents (Viabahn) and Endurant 

endografts should be avoided because of the risk of stent compression. Nevertheless, in 

the current study, the average endograft surface was found to be the largest in the EV 

configuration, indicating that compression does not immediately imply a stenosis.  
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Table 3.1. — Geometric Changes in Gutter Volume, Endograft Surface, and the Chimney Grafts 

During the Cardiac Cycle. 

 Endurant/ 

Advanta 

Endurant/ 

Viabahn 

Endurant/ 

BeGraft 

Gutter volume (mm3) 

Minimum 

Maximum 

Difference 

 

212.1 

232.8 

20.7 

 

79.9 

86.7 

6.8 

 

126.0 

138.8 

12.8 

Endograft surface (mm2) 

Minimum 

Maximum 

Difference 

 

671.7 

693.7 

22.0 

 

734.8 

746.1 

11.3 

 

652.2 

676.2 

24.0 

D-ratio of endograft 

Minimum 

Maximum  

Difference  

 

1.13 

1.18 

0.05 

 

1.13 

1.15 

0.02 

 

1.21 

1.24 

0.03 

Chimney surface right (mm2) 

Minimum  

Maximum  

Difference  

Angulation, deg 

 

22.8 

24.8 

2.0 

19.5 

 

26.9 

29.2 

2.3 

13.2 

 

18.4 

19.2 

0.8 

24.3 

D-Ratio right 

Minimum 

Maximum  

Difference  

 

1.16 

1.25 

0.09 

 

1.26 

1.35 

0.09 

 

1.11 

1.17 

0.06 

Chimney surface left (mm2) 

Minimum 

Maximum 

Difference 

Angulation , deg 

 

19.8 

21.6 

0.8 

38.3 

 

26.6 

30.7 

4.1 

23.1 

 

22.9 

23.9 

1.0 

57.3 

D-Ratio left 

Minimum 

Maximum 

Difference 

 

1.30 

1.36 

0.06 

 

1.33 

1.48 

0.15 

 

1.08 

1.15 

0.07 

 

 

 

 



CHAPTER 3      

56 

 

Table 3.2. Number of Gutter Types per Stent Configuration. 

Gutter Typesa Endurant/Advanta V12  Endurant/Viabahn Endurant/BeGraft 

A 

 A1 2 1 1 

 A2 0 0 0 

 A3 1 2 2 

B 

 B1 0 0 0 

 B2 0 0 0 

C 1 1 1 

aType A gutters originate at the proximal fabric of an endograft, type B gutters result from 

loss of apposition of the chimney stent-graft in the branch vessel, and type C gutters start 

below the fabric of the endograft. Subtype A1 continues in the aneurysm sac, A2 extends into 

the visceral artery, and A3 terminates above the aneurysm sac or branch vessel. Subtype B1 

gutter connects with the aneurysm sac, and B2 gutters have no connection with the 

aneurysm sac. Subtype C gutter describes an enclosed volume, originating below the 

proximal start of the endograft fabric and without connection to the aneurysm sac or 

proximal or distal chimney end. 

Table 3.3. — Variability Between Observers 

 

The 2 balloon−expandable CGs in the study had different characteristics. While gutter 

volumes and changes in gutter volume during the cardiac cycle were lower in the 

BeGraft CG, the D−ratios were also lower. This observation may seem counterintuitive 

as there seems to be an inverse relation between the D−ratio and gutter volume. This 

result, however, could be explained by the difference in stent designs. The Advanta V12 

consists of 316L steel that is encapsulated with polytetrafluoroethylene (PTFE), 

rendering the stent stiffer compared to the BeGraft, which is a cobalt chromium stent 

with a single PTFE layer. Reduced flexibility could cause kinking and, as such, a high 

D−ratio. This hypothesis is confirmed by the observation that the angulation was larger 

 Intraclass Correlation Coefficient 

Endograft surface (n=282) 0.988 (95% CI 0.985 to 0.991) 

Chimney (left) surfaces (n=479) 0.935 (95% CI 0.922 to 0.945) 

Chimney (right) surfaces (n=598) 0.963 (95% CI 0.957 to 0.969) 

Gutter volume (n=120) 0.957 (95% CI 0.939 to 0.970) 

Abbreviation: CI, confidence interval  
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in the BeGraft, indicating a more parallel position of the CG. Nevertheless, Tessarek et 

al29 have shown comparable radial compression force values of both stents (0.21 vs 0.24 

N/mm to achieve 50% diameter reduction). 

The average maximum surfaces of the left and right CGs differed significantly, more 

than the change in chimney surface during the cardiac cycle, presumably caused by a 

combination of CG positioning and the geometry of the model. This highlights the 

importance of CG positioning, which might have a larger impact on conformability and 

gutter volume than chimney type and requires further research. 

Limitations. First, the models do not replicate the elasticity of the native aorta, which 

might result in different stentgraft conformation and behavior. Second, the models were 

tested under ideal resting conditions, without a complex neck anatomy and/or 

calcifications. Only 1 model per configuration was tested. 

Another limitation of the study is the position of the CGs. As shown in Figure 3.2, the 

proximal edge of the stentgraft was positioned at the level of the renal arteries. With the 

current knowledge of proper CHEVAR technique, the main body would have been 

positioned higher and the CGs would have been positioned more parallel to extend the 

seal in the suprarenal aortic neck. 

Third, although the distinct CG designs and materials are the essence of this study, 

these individual materials have particular morphologic appearances on CT images. The 

greater or lesser extent of scattering of the metal struts influenced the estimated CG 

surface during measurement. Therefore, the measured surface may be slightly 

overestimated compared to the true CG surface. 

Conclusions 
Gutters are a dynamic phenomenon, with a volume that changes throughout the 

cardiac cycle. The configuration with a self−expanding chimney stentgraft had the 

lowest gutter volume and smallest change in gutter volume during the cardiac cycle. 

However, this resulted in the highest CG compression without affecting the CG surface. 

Compelling differences were also observed in the two studied balloon-expandable CGs. 

Further research with more endograft−CG configurations, different positioning of the 

CGs, and varying endograft oversizing should establish the best CHEVAR 

configuration in clinical practice. 
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Supplemental Material 
The online video is available at http://journals.sagepub.com/doi/ 

suppl/10.1177/1526602818762399 
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What this paper adds: 

Fenestrated endovascular aneurysm repair (FEVAR) is associated with a high 

reintervention rate, which may be related to the connection between the main body and 

the visceral covered stent graft (CSG). Suboptimal flaring of the CSG may be an 

important determinant for type IIIa endoleak or occlusion. A novel method to identify 

changes in geometry of visceral stent grafts in patients undergoing FEVAR is 

introduced. Precise analysis of the geometry of visceral CGSs in FEVAR is feasible with 

the presented method, including the morphology of the flare. Changes in geometry may 

precede later complications and may aid in localization of its origin. 

Abstract 
Objective. To validate a novel method to evaluate changes in the geometry of visceral 

stent grafts in patients undergoing fenestrated endovascular aneurysm repair (FEVAR). 

Introduction. FEVAR is associated with a high reintervention rate. Suboptimal flaring of 

the visceral covered stent graft (CSG) may be an important determinant of type IIIa 

endoleak or CSG occlusion. So far, no method has been described for accurate 

determination of the CSG geometry.  

Methods. Retrospective analysis was conducted on computed tomography angiograms 

(CTAs) of 10 FEVAR patients (31 CSGs) with at least 2 years of CTA follow-up. 

Centerline reconstructions were made through the fenestrated stent graft (FSG) and 

each CSG. Flare geometry was reconstructed based on marker coordinates and a mesh 

of the aortic lumen. The shortest distance was calculated from the top of the flare 

circumference to the FSG fabric. The amount of flaring was assessed with the flare-to-

fenestration diameter ratio and CSG compression with the diameter ratio (D-ratio). All 

measurements were performed by two observers, and interobserver variability of the 

measurements was assessed. 

Results. Excellent interobserver agreement was achieved for CSG diameter and flare-to-

fenestration distance calculations (ICC, 0.865 and 0.944; RC, 2.2% and 4.5%, 

respectively). Six patients had CSG-related complications during follow-up: two type 

IIIa endoleaks and four CSG occlusions. Five of the six CSGs with complications 

showed a considerable change in the D-ratio compared with the first postoperative 

CTA.  

Conclusions. Precise assessment of the geometry of visceral CSGs in FEVAR is feasible 

with the presented method. Geometrical changes that may precede later complications 

can be detected, which may aid in localization of the origin, but a larger series of 

patients is necessary to define its true clinical merit.  
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Introduction 
Fenestrated endovascular aneurysm repair (FEVAR) of aortic abdominal aneurysms 

(AAAs) provides seal in the suprarenal aorta while preserving blood flow to the visceral 

arteries. FEVAR is associated with high primary procedural success (99%), low 

perioperative mortality (4.1%), and low intraoperative target vessel occlusion (0.6%).1 

However, within 3 to 5 years after the primary procedure, secondary interventions are 

reported in 11% to 44% of FEVAR patients, which are related to occlusion of target 

vessels in 5% to 15% and to covered stent graft (CSG) endoleak in 4% to 10%.1—4 

CSGs are secured in the fenestrations of the main graft by flaring. Hemodynamic forces 

act on this connection, which can affect the position of the fenestrated stent graft (FSG) 

and its CSG branches. This can result in compression or kinking of the CGS branches. 

Mismatch in diameter between the fenestration and the CSG and suboptimal flaring 

during the primary procedure may cause type IIIa endoleaks. Moreover, a decrease in 

diameter of the flared end of the CSG (flare) might affect fixation and seal of the CSG in 

the fenestration, resulting in CSG displacement and endoleak during follow-up.  

This study validates a new method to assess CSG morphology, including the flared 

proximal part on post-FEVAR computed tomography angiography (CTA) scans.  

 

Methods 
The postoperative geometry of FSGs and CGSs in the aorta and branch vessels was 

measured on a dedicated vascular workstation (3Mensio Vascular, version 9.1; 

Bilthoven, The Netherlands) by two experienced observers (S.O., B.N.). An aortic center 

lumen line (aCLL) was constructed in the midflow lumen of the aorta. Separate CSG 

center lumen lines (csgCLL) were constructed through the midlumen of each stented 

branch. On these stretched vessel reconstructions, minimum and maximum diameters 

of the CGSs were measured, starting at the flare, in 1-mm intervals for the first 15 mm 

and then in 2-mm intervals over the length of the CSG.  

The three-dimensional (3D) orientation and geometry of the CSGs on the postoperative 

CTA scans were determined with 24 coordinate markers on the csgCLL reconstructions. 

Eight markers were placed circumferentially at the top of the flare, eight at the level of 

the fenestration, and eight at the distal end of the CSGs (Figure 4.1 A-B).  

The 3D coordinates of the aCLL, csgCLLs, coordinate markers, and mesh of the aortic 

lumen and branch vessels were exported from 3Mensio and loaded into dedicated 

software for automated geometric analysis (MATLAB, 2017A; The MathWorks Inc, 

Natick, MA). 
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Figure 4.1. A. Three-dimensional overview of the eight red markers at the top of the flare, eight green 

markers at the level of the fenestration, and eight blue markers at the distal end of the CSG. For the flare to 

fenestration ratio, minimum and maximum diameters were measured at the top of the flare and at the level 

of the fenestration, indicated with the yellow arrows. B. Stretched vessel view of the reconstructed image of 

the flaring of a celiac trunk CSG. Flare diameter (D2) and fenestration diameter (D1) are indicated. 

The orientation and geometry of the CSGs is determined by three CSG-specific 

parameters: 

 Flare-to-fabric distance. The circumference of the flared edge of the CSG was 

determined by spline interpolation through the eight coordinate markers. The distance 

was calculated for each of the 300 interpolated points over the circumference of the flare 

to the shadow projection point on the mesh of the FSG fabric. The shadow projection 

points were calculated with the directional vector of the csgCLL at the fenestration of 

the flare. The flare-to-fabric distance was calculated for each set of flare and shadow 

projection coordinates (Figure 4.2 A). The flare-to-fabric distance was visualized in a 

color-scale over the 3D geometry of the flare (Figures 4.3-4.5).  

Flare-to-fenestration diameter ratio. The average diameter of the proximal flare edge 

(D2) was divided by the average diameter of the CSG at the level of the fenestration 

(D1) to obtain the flare-to-fenestration diameter ratio (Figure 4.2B). The flare-to-

fenestration diameter ratio describes the amount of flaring of the CSG relative to the 

amount of compression at the fenestration.  

CSG compression ratio (D-ratio). The ratio of the major and minor axis of the CSG (D-

ratio) was used to determine CSG compression.5 A D-ratio of 1 equals a circle, whereas 

higher values describe an oval shape and indicate CSG compression. Compression of 

the CSG was determined over the entire length of the CSG. 
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Figure 4.2. Schematic representation of the flare geometry,(A) distance from the top of the flare to the FSG 

fabric (flare-to-fabric distance) is calculated for 300 consecutive points over the flare circumference. (B) The 

minimum and maximum diameter, orthogonal, of the covered stent graft is measured at the flared top end 

(D2) and at the level of the fenestration of the FSG (D1). These diameters are used for the flare-to-

fenestration diameter ratio. The D-ratio was determined for the complete CSG trajectory. FSG: Fenestrated 

Stent graft. 

Study cohort. Validation of the method was performed on CTA scans of 10 patients (8 

men; median age, 81.5 years [IQR 6.3 years]), who underwent FEVAR for suprarenal 

AAA. Complications associated with the CSG were defined as type IIIa endoleak and 

CSG stenosis or occlusion. Indications for FEVAR included juxtarenal or suprarenal 

AAA. Six patients with CSG related complications were selected from the hospital’s 

database of all patients who underwent FEVAR with these complications: two patients 

with endoleak type IIIa (one at the superior mesenteric artery [SMA]), one at the right 

renal artery), and four patients with CSG occlusion (Table 4.1). No type Ia endoleak or 

stent graft migration was observed in these patients. Three patients with occlusion 

underwent a secondary endovascular intervention. Four patients without complications 

at least 24 months of follow-up were selected as a reference. The study was designed for 

evaluation and validation of the proposed method, so patients were not included 

consecutively, and patients with and without complications were not matched. 

The study was approved by the hospital’s review board and compliant with the 

Declaration of Helsinki. Informed consent was not required according to institutional 

policy on retrospective research. 

Procedure details. All FSGs were custom-made Zenith endografts (Cook Medical Inc, 

Bloomington, IN, USA). A total of 31 CSGs were deployed (10 double renal, 7 SMA, and 

4 celiac trunk). Three celiac scallops and three superior mesenteric scallops were 
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incorporated (Table 4.1.). Atrium Advanta (Atrium Medical Corporation, Hudson, NH, 

USA) CSGs were used in 9 patients (27 CSGs), Bentley BeGraft (Bentley Innomed, 

Hechigen, Germany) CSGs in 1 patient (4 CSGs). All procedures were performed in a 

hybrid operating room. CSGs were 1-mm oversized compared with the target vessel 

diameter. The CSG flare was dilated with 12- × 20-mm percutaneous transluminal 

angioplasty balloons.  

Table 4.1. Fenestrated endovascular aneurysm repair stent graft configurations 

Target vessels, 

No. 

Patients, No. Coeliac axis SMA Renal arteries 

4 4 

3 

Fenestration 

Scallop 

Fenestration 

Fenestration 

2 Fenestrations 

2 Fenestrations 

3 3  Scallop 2 Fenestrations 

 

Imaging protocol. Post-FEVAR imaging consisted of an arterial phase CT scan with 

intravenous contrast (40-60 mL Xenetix 350; Guerbet, Paris, France) and 

electrocardiographic gating at 70% RR-interval, during breath-hold. Tube voltage was 

100 kV and slice thickness was 1.5 mm with 0.75-mm spacing on a 256-slice CT scanner 

(Philips, Best, The Netherlands). Follow-up imaging was planned 30 days after FEVAR 

and annually thereafter.  

Statistical Analysis. Statistical analysis was performed with SPSS 25 software (IBM, 

Armonk, NY, USA). Continuous variables are expressed as mean ± standard deviation 

or median and interquartile range [IQR]. Interobserver agreements were determined for 

the flare-to-fabric distance and diameter calculations, from the measurements of two 

independent observers from the total of 31 CSGs. Interobserver agreement was tested 

with the intraclass correlation coefficient (ICC), a two-way mixed model by absolute 

agreement. ICC values > 0.8 were considered to reflect good agreement. The mean 

difference of paired measurements was given as well as the repeatability coefficient 

(RC), which is defined as 1.96 times the standard deviation of the difference of paired 

observations. The RC describes the 95% confidence interval of the measurement 

variability.6 Friedman Test was used to compare changes in diameters over time, which 

was and considered significant for p <  .05. 
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Results 
All patients had significant comorbidities, including chronic pulmonary obstructive 

disease (n = 4), coronary artery disease (n = 3), chronic kidney disease (n = 2), and 

congestive heart failure (n = 2). All patients were classified as American Society of 

Anesthesiologists Physical Status (ASA) Classification III. Median CTA follow-up was 

33.7 months, with a minimum of 23.1 months. Median preoperative aneurysm size was 

61.5 mm (IQR, 58.5—64.5 mm).  

Interobserver agreement. Interobserver agreement for the CSG diameter measurements 

over the complete CSG trajectory was excellent, with an ICC of 0.865 (95% CI, 0.835—

0.889). ICC for the flare-to-fabric distance was excellent, 0.944 (95% CI, 0.940—0.947). The 

mean difference between measurements of CSG diameter was 0.03 mm with an RC of 

1.55 mm. The mean difference between repeated measurements for the flare-to-fabric 

distance was 0.1 mm with an RC of 1.65 mm.  

Outcomes. Technical success, defined as successful completion of FEVAR with the FSG 

and CSGs patent and no evidence for type I or III endoleak, was achieved in 90% of 

patients. Outcomes are listed in Table 4.2.  

The CSG was not deployed in one patient because perioperative misalignment of the 

celiac trunk fenestration made it impossible to canalize the celiac trunk. Exploratory 

diagnostic laparotomy because of abdominal pain did not show bowel ischemia. Renal 

artery stenosis > 50% was seen after 30 days in two patients on follow-up CTA, and one 

underwent successful endovascular revision surgery. As assessed by the estimated 

glomerular filtration rate, renal function of the second patient remained ≥ 60 

mL/min/1.73 mg2, and the patient preferred no further treatment.  

At the 3-year CT follow-up, two renal artery occlusions were observed, although both 

patients showed inferior pole contrast enhancement. The first patient underwent 

successful endovascular thrombolysis. Figure 4.3 shows the fenestration geometry of the 

other occluded CSG of the second patient. With the new method, the left renal CSG 

showed increased compression of the flare (flare-to-fabric distance, flare-to-fenestration 

ratio and D-ratio at the flared end changed from 1.4, 1.1, and 9.7 ± 0.3 mm, 1.1 and 1.4 at 

30 days to 8.3 mm ± 1.3 mm, 0.8 and 3.0 at 1 year, respectively). The CSG occluded at 3 

years, but no reintervention was planned due to the patient’s poor prognosis.  
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Figure 4.3. Left renal CSG during 3 year follow-up. The flare was almost completely compressed at 1 year, 

resulting in stent occlusion at 3 years. No reintervention was planned. 

Late type IIIa endoleak developed in two patients. The endoleak in one patient was 

diagnosed 1 year after the primary intervention at the connection between FSG and 

CSG. The endoleak resolved after extending the CGS with an Atrium Advanta (6 × 38 

mm) and ballooning the CGS (Figure 4.4). The mean flare-to-fabric distance, flare-to-

fenestration ratio and D-ratio at the flared end changed from 7.1 ± 1.8 mm 1.1, 1.1, and 

at 30 days to 8.4 ± 0.9 mm, 1.3 and 1.5 at 1 year, respectively, so the flare cross-section 

became more oval. After reintervention, the mean flare-to-fabric distance, flare-to-

fenestration ratio and D-ratio at the flared end were 1.0, 1.1, and 8.2 ± 1.4 mm. 

The other patient, with Marfan syndrome, had a type IIIa endoleak at the fenestration of 

the SMA, which was diagnosed 3 years after the primary intervention. The endoleak 

was successfully treated with an Atrium Advanta (7 × 59 mm). The flare-to-fabric did 

not change over time, the D-ratio at the flared end changed from 1.0 at 30 days to 1.1 at 

1 year to 1.4 at 2 years and 1.6 at 3 years of follow-up, and the flare cross-section became 

more oval with a dent (Figure 4.5). After reintervention at 3 years, the D-ratio at the 

flared end was 1.0. 
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Figure 4.4. Right renal CSG during four 2 years follow-up. The reconstruction shows an oval shape of the 

flare at 1 year, resulting in type IIIa endoleak. Revision was performed one month later, and the endoleak 

was resolved. 

 

Table 4.2. ‒ Covered stent graft related complications specified per patient  

Patient Complication Follow-up time Reintervention 

3 Occlusion right renal CSG  32 days  Endovascular 
thrombolysis 

4 Occlusion left renal CSG  35 days Endovascular 
thrombolysis 

7 Type IIIa endoleak superior 

mesenteric artery CSG  

3 years Endovascular placement 

of Atrium Advanta (7 × 
59 mm) 

8 Occlusion left renal CSG  3 years Endovascular 
thrombolysis 

9 Type IIIa endoleak right renal CSG  1 year Endovascular placement 
of Atrium Advanta (6×38 
mm) 

10 Stenosis at fenestration of both 
renal CSGs. Occlusion of left renal 
CSG at FU4. 

3 years No reintervention 
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Figure 4.5. Superior mesenteric artery CSG during five follow-up moments. The reconstruction of the flare 

shows a dent in the flare at 2 years follow-up, larger at 3 years and leading to endoleak type IIIa. Revision 

surgery was performed 3.1 years after primary intervention and the endoleak was resolved 

 

Geometry of covered stent grafts 

The flare-to-fabric distance, flare-to-fenestration diameter ratio, and D-ratio over time 

between the CSGs with complications and without are summarized in Figure 4.7 

Flare-to-fabric distance. The average flare-to-fabric distance of all CSGs did not change 

during follow-up: 6.9 ± 2.5 mm, 6.6 ± 2.4 mm, and 6.4 ± 2.3 mm at 30 days, 1 year, and 2 

years, respectively (p = .894). The average minimum and maximum flare-to-fabric 

distance did not change significantly over time. However, some local changes of the 

flare-to-fabric distance were observed. Figure 4.6 shows an example of decreasing flare-

to-fabric distance at the distal end of a right renal CSG (5.6 mm to 4.4 mm to 2.3 mm) as 

a result of CSG migration into the branch artery. Within the course of the study, no 

complication was observed in this CSG. Follow-up CTA was scheduled within 3 

months.  
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Flare-to-fenestration diameter ratio. The mean diameter of the top of all renal CSG flares 

(n = 20) did not change (8.6 ± 0.9 mm, 8.4 ± 0.9 mm, and 8.4 ± 1.0 mm; p = .189), neither 

did the diameter at the level of the fenestration (7.0 ± 1.2 mm, 6.8 ± 1.0 mm, and 6.9 ± 1.0 

mm; p = .905). The same trend was observed for the SMA and celiac trunk CSG flares. 

As a result, the mean flare-to-fenestration ratio of all CSGs did not change during 

follow-up (1.2 ± 0.2, 1.2 ± 0.2 and 1.2 ± 0.3; p = .327). Eleven CSGs (n = 31) had > 25% 

flaring, or 1.3 flare-to-fenestration ratio, whereas five CGS had a < 1.1 flare-to-

fenestration ratio at 30 days.  

D-ratio. The mean D-ratio for all CSGs did not change at 30 days, 1 year, and 2 years (1.1 

± 0.2, 1.2 ± 0.2 and 1.2 ± 0.4; p = .584). Five of the six CSGs with complications showed a 

nonsignificant although considerable change in the D-ratio compared with the first 

postoperative CTA (Figure 4.7C).  

 

 

Figure 4.6. Flare-to-fabric distance of a right renal CSG during 2 years follow-up. Decreasing flare-to-fabric 

distance at the caudal site suggests CSG migration into the branch artery. 
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Figure 4.7. Flare-to-fabric distance, mean ± SD for the non-complications and mean distance per 

complicated CSG (A), Flare-to-fenestration diameter ratio (B) and D-ratio (C) for the CGS with 

complications and noncomplication group (n = 25) 
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Discussion 
This study introduces a semiautomated method for accurate analysis of the 3D 

geometry of CSGs. Geometric analysis of consecutive post-FEVAR CT scans allows 

detection of subtle changes that may precede serious complications such as stent 

occlusion and type IIIa endoleak. 

Most reinterventions after FEVAR are a result of type I or IIIa endoleak or loss of a 

target vessel.3,4 This study is, to our knowledge, the first to describe CSG geometry 

related to complications after FEVAR. 

Reproducibility of the flare-to-fabric distance and diameter measurements was 

excellent, and the variability of the measurements was similar to length and diameter 

measurements in the infrarenal neck for EVAR and FEVAR planning.7-9 The geometric 

parameters can be measured with high precision because the boundary of the metal 

stent frames is clearly delineated in the CTA scans. 

Full compression of a CSG, assessed with the D-ratio, results in occlusion of the branch, 

with devastating consequences for the organ it perfuses. Occlusion may be preceded by 

incremented increase of the compression of the CSG, sometimes resulting from FSG 

migration, which can be detected on the CT scans. CSG compression may also result in 

mismatch with the FSG, resulting in type IIIa endoleak. Accurate analysis of CSG 

compression on consecutive CT scans may therefore predict later complications, 

allowing timely reinterventions, and may aid in the correct classification of an endoleak. 

In the treatment of endoleaks after FEVAR, a correct assessment of the origin of the 

endoleak is crucial. Type Ia endoleak requires a different reintervention strategy than a 

type IIIa endoleak, and the software introduced here may aid in an accurate and precise 

determination of the origin of the endoleak. Five of the six complicated CSGs showed a 

significant increase of the flare-to-fenestration ratio or D-ratio.  

Adequate flaring of the CSG, assessed by the flare-to-fenestration ratio, is required to 

resist component displacement or migration and type IIIa endoleak. The amount of 

flaring and observation of a decreased flare during follow-up can be determined by 

assessing the flare-to-fenestration diameter ratio on consecutive CT scans. We observed 

a large variation in flare morphology of the assessed CSGs on the 30-day CT scan. Most 

CSGs were flared > 25%, meaning that the CSG was 25% larger at the flared edge than 

at the level of the fenestration, but some CSG were flared < 10%, potentially affecting 

fixation of the CSG in the FSG. Both CSGs that developed a late type IIIa endoleak had < 

10% flare or decreased flare during follow-up.  

As a result of hemodynamic forces and inadequate fixation of the CSG in the FSG, the 

CSG may displace into or out of the branch artery, as shown in Figure 4.6. The added 
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value of flare-to-fabric distance is during visualization of the CSG, especially when 

comparing changes over time. The flare-to-fabric distances, visualized in color over the 

circumference of the flare, emphasize changes in geometry that may not be seen 

otherwise.  

Limitations. The study was designed to validate a method for determining changes in 

geometry of CSGs in FEVAR patients, and the patients included in the study do not 

represent the average population of FEVAR patients. The results of this study should 

therefore not be used as a reference for complicated versus noncomplicated CSGs. In 

addition, the mean flare-to-fabric distance did not statistically change between CSGs 

with and without complications, and this did not change over time due to the small 

number of patients. A large clinical study with consecutive patients is required to 

determine the incidence of complications after FEVAR and the predictive value of 

accurate assessment of the CSG geometry.  

The current method is based on accurate centerline reconstruction and placement of 3D 

coordinate markers. Although this is done with high precision, measurements are time 

consuming and possibly operator dependent. Future efforts on automatic segmentation 

of the FSG and branch CSGs should speed up the process and may further reduce 

interobserver variability. Migration of the FSG may result in component displacement, 

CSG occlusion, and type IIIa endoleak. Accurate determination of FSG displacement 

was not assessed, which should be included in future studies with a larger consecutive 

patient cohort.10  

CSG morphology may change during the cardiac cycle,11,12 which may result in variable 

CSG orientation and D-ratios during the cycle. The CTA scans in this study were 

triggered at mid-diastole, which should represent maximum compression, but without 

dynamic imaging, this could not be verified. Future research may focus on dynamic or 

multiphase CTA data to assess changes in CSG geometry during the cardiac cycle.  

 

Conclusions 
Accurate semiautomated assessment CSG geometry can be performed with an excellent 

reproducibility with the method proposed in this study. Visualizing and quantifying the 

geometry of the individual CSG after FEVAR over time provides insight in potential 

modes of failure, which may precede stent occlusion or type IIIa endoleak. Large 

variation was observed in CSG geometry in this small patient cohort, and all CSG with 

complications showed hazardous geometric changes. A large consecutive patient series 

should determine the association between unfavorable CSG geometry and CSG-related 

complications and the true clinical value of this new method. 
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Abstract 

BACKGROUND: Juxtarenal abdominal aortic aneurysms (JAAAs) pose clinical 

challenges for vascular specialists. Chimney endovascular sealing (ChEVAS) might be 

an ideal endovascular solution in the treatment of JAAAs. We present technical aspects 

and early clinical results of a multicenter experience with ChEVAS. 

METHODS: This was a retrospective, multicenter study. Between November 2014 and 

March 2016, 16 patients underwent elective endovascular repair of JAAAs with 

ChEVAS of 1 or 2 renal and/or superior mesenteric artery vessels. Essential technical 

steps, early complications, chimney stent patency, gutter formation, type Ia endoleak, 

30-day outcome, renal function, and neck characteristics were the endpoints.

RESULTS: There were 26 chimney stents implanted with 100% technical success. The

intraoperative death and 30 day mortality was 0%. Secondary interventions were

required in 3 patients each due to type Ia endoleak, limb occlusion and brachial

dissection. The latter patient presented with renal chimney stent occlusion and required

haemodialysis. One patient was known to have a pulmonary malignancy and left-sided

carotid stenosis and sustained a left hemispheric stroke after the endovascular

procedure. The preoperative median aortic neck length was 3 mm, after ChEVAS the

median seal length between endobags and the aortic neck was 25 mm. No further

significant changes in neck morphology were found at the one-month follow-up.

CONCLUSIONS: ChEVAS is an off-the-shelf solution to treat JAAAs with high

technical success. Longer-term follow-up with a substantial number of patients can

answer the question of whether ChEVAS is a sustainable technique that is preferred

over open surgery or fenestrated endovascular aneurysm repair.
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Introduction 
Endovascular repair for juxtarenal abdominal aortic aneurysms (JAAAs) is common 

practice worldwide. Fenestrated endovascular aneurysm repair (FEVAR) is a well-

known option and part of the armamentarium of most experienced endovascular teams. 

The disadvantages of this technique include the time needed to manufacture a custom-

made fenestrated endograft and the high costs. Off-the-shelf fenestrated grafts are 

available too; however, not all aortic anatomies are suitable for these devices, and 

technical success is limited so far.1-3 EVAR with the chimney (ChEVAR) technique 

consists of using stent grafts parallel to an aortic endograft.4 One of the main advantages 

is that this ChEVAR does not depend on tailor-made manufacturing of endografts. 

However, the proximal part of the current EVAR devices is made to seal the 

circumference of the aortic neck and does not account for parallel grafts competing with 

the main body to be apposed to the aortic wall.  

The pitfall regarding the durability of the chimney techniques and the technical issues 

to overcome are partially due to so-called gutters that occur due to loss of apposition 

between the aortic endograft, the CGs, and the aortic wall. These gutters may cause type 

Ia endoleaks and endograft migration. Endovascular aneurysm sealing (EVAS), a novel 

strategy that is used to exclude the abdominal aortic aneurysm (AAA), is based on the 

Nellix sac anchoring endosystem (Endologix Inc, Irvine, CA, USA) to seal the entire 

aneurysm sac.5,6 The Nellix device consists of two polytetrafluoroethylene-covered 

balloon-expandable stent frames with an endobag attached. The endobags are filled 

with a biostable polymer to exclude the aneurysm. Since the introduction of the Nellix 

system, which is still an investigational device in the United States, multiple studies 

have been published on its results and potentiality.7,8  

Theoretically, the Nellix system offers a better solution to minimize gutter formation in 

the chimney technique because the polymer-filled endobag may adapt to the anatomy 

of aorta as well as to the CGs. The polymer-filled endobags can literally surround the 

CGs. Niepoth et al.9 reported the use of different covered stents in combination with the 

Nellix device in an in vitro model, focusing on gutter formation. So far, a few clinical 

studies have been published on the chimney technique in combination with EVAS 

(ChEVAS). Most of the patients were highly selected cases in whom more conventional 

methods of endovascular treatment were deemed difficult or unfeasible.10-14 In this 

report, we describe the essential technical steps for successful ChEVAS outcomes along 

with the 30-day outcomes in 16 consecutive patients.  
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Methods 
The prospective data of 16 consecutive patients from two centers with extensive EVAS 

experience ( > 100 elective EVAS cases each) were retrospectively analysed. Aortic 

anatomy on preoperative and postoperative computed tomography (CT) scans was 

analysed, and procedural data were recorded, including length of surgery, radiation 

dose, contrast use, blood loss, number of visceral arteries involved, types of stents 

implanted, amount of polymer injected, occurrence on endoleaks, and obstructions. In-

hospital complications and 30-day complications were also gathered. All patients had a 

follow-up CT scan within 1-month of the operation. Neck geometry measurements were 

performed on preprocedural and 1-month post-EVAS CT angiograms (CTA) with 

dedicated 3Mensio Vascular software (Pie Medical, Bilthoven, the Netherlands). 

Measurements were conducted in the plane perpendicular to the flow lumen and 

reconstructed over a center lumen line (CLL). Minimum and maximum diameters were 

measured in 2 orthogonal directions. The preoperative baseline was set at the level of 

the lowest renal artery. The postoperative baseline was set at the lowest nontargeted 

artery, and the CLL was constructed through the center of the endobags.  

Volume measurements were performed on 3-dimensional vessel segmentations which 

were reconstructed from segmentation of the contrast-enhanced lumen (Figure 5.1A, 

1B), as described by Boersen et al.15  

 

   

Figure 5.1A-C: A) 3-dimensional reconstruction based on a preoperative computed tomography angiography; 

B) computed tomography angiography at the 30-day follow-up; C) completion digital subtraction 

angiography with 2 renal artery chimney stent-grafts. 
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Operative procedure (in case of CGs for both renal arteries) All procedures are 

performed under general anesthesia. All arterial accesses are done using cutdowns 

(fem-oral, axillary, and/or subclavian artery). The C-arm is positioned at the headboard 

or the right side of the patients to allow easy cannulation of the left axillary or 

subclavian artery. If 1 chimney graft will be used, a 7f destination guiding sheath 

(Terumo, Tokyo, Japan) is placed through the left brachial or axillary artery. If 2 

chimney grafts are needed, two 6F or 7F destination guiding sheaths are placed via the 

left axillary or subclavian artery (separate punctures). A subclavicular incision can be 

made for open access of the subclavian artery.  

The renal arteries are cannulated, and a 0.035-inch angled Terumo guidewire (Terumo 

Europe, Leuven, Belgium) is exchanged for a Rosen wire (Cook Medical, Bloomington, 

IN, USA) or fixed Core wire (Cook Medical). After the guiding sheath has been 

positioned in the renal arteries, the atrium V12, chimney stent-grafts (atrium Medical 

Corp, Hudson, NH, USA) are positioned into the renal arteries. The diameter of the CGs 

is oversized by 1 mm maximum compared with the diameter of the renal arteries. A 

digital subtraction angiography (DSA) is performed with a calibration catheter accessed 

through the common femoral arteries (CFAs) over a stiff guidewire to measure the 

appropriate lengths of the Nellix systems at each side. The proximal seal of the Nellix 

systems starts at the top of the second stent, which means that the proximal stent is 

uncovered. Preserving the internal iliac arteries is important, which should be taken into 

account when choosing the lengths of the Nellix systems. 

The Nellix stents are placed in the aorta over stiff guidewires through the CFAs (Figure 

5.1C). The C-arm must be rotated to appreciate the origin of the superior mesenteric 

artery (SMA). Determining the position of the CGs into the renal arteries and in relation 

to the top of the Nellix endosystems can be difficult with a complete lateral projection of 

the visceral aorta. The authors prefer a 45˚ to 60˚ left anterior oblique rotation of the C-

arm.  
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The inferior border of the SMA is 

marked, and the Nellix stents and 

renal CGs are placed in position. 

The proximal stent of each Nellix 

device is bare and can be at the level 

of the origin of the SMA, as long as 

the top of the second stent of the 

Nellix stent frame starts at the level 

of the lower border of the SMA. The 

top of the CGs should be at the 

same level as the top of the Nellix 

stent (Figures 5.2 and 5.3). The 

Nellix stents and the CG can be 

deployed simultaneously. The 

endobags are prefilled with non-

heparinized saline at up to 180 to 

200 mmHg during the prefill, the 

balloons of the chimney stent-grafts 

are kept inflated to avoid compression. 

When the endobags are filled, the balloons of the CGs are deflated and a DSA is 

performed to check for endoleaks and patency of the CGs. It is important to determine 

the inferior border of the SMA again and to check whether the top of the endobags (start 

of the sealing) is just below the SMA. If satisfied with the position of all of the stent-

grafts, the operator removes the saline from the endobags while the balloons of the renal 

stents are kept deflated. It is extremely important that one physician holds the Nellix 

stents firmly while another physician takes care of the balloons of the CGs. 

 

 

Figure 5.2.–Undeployed Nellix stent-grafts and renal 

chimney grafts. The proximal bare stents of the Nellix 

devices are at the level of the superior mesenteric artery. 

The fabric of the endobags starts at the top of the second 

stent of the Nellix devices. 
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After the saline prefill is 

withdrawn, the endobags are 

filled with polymer to 180 to 

200 mmHg. During filling of 

the endobags and curing of the 

polymer, the balloons of the 

CGs and the Nellix balloons are 

kept inflated. This means a total 

occlusion of the aorta and renal 

arteries for approximately 3 to 4 

minutes. The balloons are 

deflated after the polymer is 

cured, and a DSA is performed 

in an anterior-posterior (AP) 

and lateral direction (or 60˚ 

right anterior oblique and 60˚ 

left anterior oblique 

angulations) to check for possible type Ia and Ib endoleaks or stent graft obstructions. A 

completion DSA only in an AP direction is insufficient to determine type Ia endoleaks 

(Figure 5.4A, B). If necessary, a secondary fill can be performed through the secondary 

fill line of each Nellix endosystem. When only one chimney is used, the renal stent-graft 

is positioned in the lowest renal artery, and the top of the endobags of the Nellix 

endosystem must therefore be positioned at the lower border of the origin of the 

proximal renal artery. This means that the proximal stents of the Nellix device can be at 

the level of the proximal renal artery. When 3 chimneys are used, the SMA is also 

treated with a stent graft, and the endobags must be placed just below the origin of the 

celiac trunk. 

 

Figure 5.3.–Filled endobags of the Nellix stent-grafts and 

deployed renal chimney stent-grafts. 
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Figure 5.4.–A) Completion angiography (anteroposterior view) of a patient with a chimney stent-graft in 

an accessory renal artery of a horse-shoe kidney. No type Ia endoleak is visible. B) lateral view with a type 

Ia endoleak with outflow in the inferior mesenteric artery.  

Definitions. Technical success is defined, as described by Chaikof et al.,16 on an intent-

to-treat basis and requires the successful introduction and deployment of the device in 

the absence of surgical conversion or mortality, type I or III endoleaks, or graft limb 

obstruction  

 

Statistics. SPSS 22.0 software (IBM Corp, Armonk, NY) was used for statistical analysis. 

Baseline characteristics and differences in preoperative and postoperative neck 

geometry were calculated. Continuous variables are presented as the mean with the 

standard deviation in case of normal distribution and as the median and interquartile 

range for data with a non-Gaussian distribution, tested with the Shapiro-Wilk test. The 

Wilcoxon signed rank test was used, with significance set at P < 0.05.  
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Results 
Between November 2014 and April 2016, 16 consecutive elective ChEVAS procedures 

were performed. Initial technical success was 100%. Patient characteristics and 

procedural data are reported in Table 5.1.  

Table 5.1.– Demographics of patients and procedural data. 

Parameter Mean ± SD, median (IQR), or %. (N = 16) 

Male gender 87.5 

Age, years 73 ± 5.3 
eGFR, mL/min/1.73m2*  > 60  
ASA 
I 

II 
III 
IV 

 
0 

7 
9 
0 

Chimneys used, No. 
1 chimney 
2 chimneys 
3 chimneys 

26 
7 
8 
1 

Fluoroscopy time, min  33 (12.8) 
Contrast used, mL 145 (30) 
Dose area product, mGy·cm2 318 (244) 

OR time, min 165 (82.5) 
Estimated blood loss, mL 175 (225) 
Fill pressure, mm Hg 185 (16.3) 

Polymer fill volume, mL 69 (31) 

*eGFR, estimated Glomerular Filtration Rate; ASA, American Society of Anesthesiologists 

 

7 patients underwent 1 CG placement for a renal artery, 8 patients were treated with 2 

renal artery CGs, and in 1 patient, the SMA was stented as well. The preoperative 

median aortic neck length was 3 mm. After ChEVAS, the median seal length between 

the endobags and the aortic neck was 25 mm, so 22 mm of new neck was gained during 

the procedures. No further significant changes in neck morphology were found at the 1-

month follow-up after ChEVAS (Table 5.2). Mean operative time was 165 minutes, with 

an estimated mean blood loss of 175 mL.  

Table 5.2.– Neck geometry preoperative and 30 days postoperative. 

Measurement Preoperative  
(N = 16) Median (IQR) 

30 days postoperative  
(N = 16) Median (IQR) 

Aortic neck length, mm 3 (5) 25 (11.5)  
Suprarenal aortic diameter, mm 26.5 (4.25) 28 (4.5)  

Diameter at renals, mm 27.5 (5) 29.5 (6.25)  
Maximum aneurysm diameter, mm 62 (10.75) 60 (10.25)  
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The mortality rate was 0% within 30 days. Complications occurred in 4 patients in the 

first 30 days (Table 5.3). Periprocedural renal artery injury of the right kidney occurred 

in 1 male patient, leading to renal haemorrhage without permanent sequelae. No 

reintervention was needed for this complication. This patient was known to have a 

pulmonary malignancy and left-sided carotid stenosis and sustained a left hemispheric 

stroke after the endovascular procedure. He was admitted to the intensive care unit for 

3 days and was discharged to a nursing home 5 days after surgery.  

In a female patient, new-onset haemodialysis occurred after both renal stent grafts 

occluded within 1 month. A dissection of the left axillary artery also occurred, and she 

therefore needed a secondary intervention to successfully restore flow 1 day after 

implant. Occlusion of a single Nellix stent was documented 3 weeks after implantation 

in 1 patient. A femorofemoral cross-over bypass was performed successfully 64 days 

after the ChEVAS procedure.  

A type Ia endoleak was determined in another patient during the first postoperative 

CTA. This resulted from a gutter that was not appreciated during implant with AP 

angiography only (Figure 5.4A). The gutter was observed between the Nellix stents and 

the CG into the accessory renal artery in a patient with a horseshoe kidney. The outflow 

of this type Ia endoleak was into the inferior mesenteric artery (Figure 5.4B). At day 71 

after implant, the inferior mesenteric artery was coiled successfully, as well as the type 

Ia endoleak via brachial access.  

Table 5.3. — Complication rate at 30 days  

Complication No. (%) 

Rupture 0 (0) 

Mortality 0 (0) 

Intraoperative death 0 (0) 

New onset dialysis 1 (6.25) 

Hemispheric stroke 1 (6.25) 

Secondary procedure 

Limb occlusion, femorofemoral cross-over 

Type Ia endoleak, coiling of IMA 

Brachial artery dissection, surgical reintervention 

4 (25.0) 

1 (6.25) 

1 (6.25) 

1 (6.25) 

Endoleak type Ia 1 (6.25) 

Limb occlusion 1 (6.25) 

Renal chimney occlusion 1 (6.25) 
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Discussion 
Endovascular treatment of JAAAs is a challenge to vascular specialists. In the modern 

era, where endovascular solutions are explored more and more, FEVAR and ChEVAR 

are the best known endovascular options in patients both fit and unfit for open surgery. 

However, both techniques have their limitations. The biggest challenge with the 

ChEVAR technique is to prevent gutter formation and type Ia endoleaks. The 

combination of EVAS with use of the Nellix endosystem and CGs is a relative new 

technology and available as a solution in Europe. In the United States, the Nellix device 

is still under investigation. Because the polymer-filled endobags seal the aneurysm and 

can surround the CGs, gutter formation is expected to be less compared with ChEVAR.  

So far, only a few studies have been published on the chimney technique in combination 

with the EVAS technology.12-14 In this multicenter experience, we report high technical 

success with a low rate of type Ia endoleak. However, the 30-day complication rate is 

still substantial. Most of the complications, such as dissection of the access artery, 

stroke, renal artery perforation, and postoperative haemorrhage, are related to the 

procedure and not to the device by itself.  

The technical aspects of the procedure must be considered. We believe an endovascular 

team must be experienced with the Nellix device before starting ChEVAS. A learning 

curve of at least 10 regular Nellix patients is needed.  

It is important to understand that the Nellix device endobags, which are the sealing part 

of the device, begin at the level of the second stent. Filling of the endobags cannot be 

seen under fluoroscopy. Adding contrast to the prefill aids in visualizing the endobags 

and in appreciating the sealing zone of the endobags compared with the orifices of the 

target visceral arteries. No contrast can be added to the polymer.  

The top end of the visceral stent grafts should be at the same level as the top of the 

stents of the Nellix devices to make sure the visceral arteries remain perfused.  

During the saline prefill and polymer fill of the endobags, it is essential to keep the 

Nellix balloons and the visceral stent graft balloons inflated. Inflation of the Nellix 

balloons helps to support the Nellix stents and to add a stable construction, especially in 

the tortuous aortoiliac anatomy. The chimney balloons have to be inflated during fill of 

the endobags to avoid compression of the CGs. A drawback of inflation of the visceral 

stents is to induce renal or bowel ischemia; however, curing of the polymer will take 

only 3 to 4 minutes.  
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We prefer balloon-expandable stent grafts for the visceral arteries over self-expandable 

stents. An in vitro study from de Bruin et al.17 showed that the use of balloon-

expandable stents may be optimal to reduce gutter formation.  

Angiography is crucial, not only in the AP direction but also in a lateral view or 60˚ left 

anterior oblique and right anterior oblique rotational views to check for type Ia and IB 

endoleaks.  

So far, what the minimum length of the sealing zone in the aortic neck should be in 

ChEVAS cases is not known. In the current series, there was a substantial increase of 

neck length from 3 mm to 25 mm. The minimum neck length within the instructions for 

use of standard use of the Nellix device is 10 mm. For ChEVAS, 10 mm of seal zone will 

be too short to avoid type Ia endoleaks. It is obvious that the more visceral arteries are 

involved during ChEVAS the longer the sealing zone should be.  

The two major limitations of this report are the small number of patients and the short 

follow-up. The Aneurysm Study for Complex AAA Evaluation of Nellix Durability 

(ASCEND) trial (see www.clinicaltrials.gov) is a multicenter prospective registry that 

has been designed to provide more information on the indications and durability of this 

promising technique. The first results are expected to be published shortly.  

A few limitations of the current ChEVAS technique still exist. First, the maximum 

length of the Nellix stents is 200 mm, which may still be too short to completely exclude 

the aneurysm. In these cases, other endograft limbs are needed to extend the Nellix into 

the common iliac arteries. A Nellix-in-a-Nellix can also be used,18 but this technique is 

rather expensive and may cause an increased risk of obstruction. 

Second, in the occasion of a type Ia endoleak, no proximal extensions are currently 

available. Embolization using coils or Onyx (Covidien Mansfield, MA, USA), such as in 

our patient, has been described to successfully exclude type Ia endoleaks.19 Extension of 

the Nellix stents and the CGs sometimes has to be performed as well. This necessitates 

renewed access from both the lower and upper extremities.  

Finally, the diameter of the juxtarenal aorta should be > 22 mm to accommodate both 

Nellix stents as well as at least 1 CG.  
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Conclusions 
Parallel grafts combined with EVAS with the Nellix device are an off-the-shelf solution 

to treat JAAAs. Seal of the endobags around the parallel grafts will minimize the risk of 

gutters and type Ia endoleaks. Experience with the Nellix endografts in regular AAA 

treatment before starting ChEVAS is essential. Longer-term follow-up with a substantial 

number of patients, such as in the ASCEND registry, can answer the question whether 

ChEVAS is a sustainable technique that is preferred over open surgery or FEVAR.



CHAPTER 5  

96 

List of references
1. Georgiadis GS, Herwaarden JA Van,

Antoniou GA, Hazenberg CEVB, 

Giannoukas AD. Systematic Review of 

Off-the-Shelf or Physician-Modified 

Fenestrated and Branched Endografts. J 

Endovasc Ther. 2016;23:98—109.  

2. Farber MA, Vallabhaneni R, Marston WA.

Off-the-shelf devices for complex aortic

aneurysm repair. J Vasc Surg.

2014;60:579—83.

3. Mendes BC, Oderich GS, Macedo TA,

Pereira AA, Cha S, Duncan AA, et al.

Anatomic feasibility of off-The-Shelf

fenestrated stent grafts to treat juxtarenal

and pararenal abdominal aortic

aneurysms. J Vasc Surg. 2014;60:839—48.

4. Greenberg RK, Clair D, Srivastava S,

Bhandari G, Turc A, Hampton J, et al.

Should patients with challenging anatomy

be offered endovascular aneurysm repair?

J Vasc Surg. 2003;38:990—6.

5. Krievins DK, Holden A, Savlovskis J,

Calderas C, Donayre CE, Moll FL, et al.

EVAR using the Nellix Sac-anchoring

endoprosthesis: treatment of favourable

and adverse anatomy. Eur J Vasc

Endovasc Surg. 2011;42:38—46.

6. Donayre CE, Zarins CK, Krievins DK,

Holden A, Hill A, Calderas C, et al. Initial

clinical experience with a sac-anchoring

endoprosthesis for aortic aneurysm

repair. J Vasc Surg. 2011;53:574—82.

7. Böckler D, Holden A, Thompson M,

Hayes P, Krievins D, De Vries JPPM, et al.

Multicenter Nellix EndoVascular

Aneurysm Sealing system experience in

aneurysm sac sealing. J Vasc Surg.

2015;62:290—8.

8. Carpenter JP, Cuff R, Buckley C, Healey

C. Thirty-day results of the Nellix system

investigational device exemption pivotal

trial for endovascular aneurysm sealing. J 

Vasc Surg. 2016;63:23—31.  

9. Niepoth WW, de Bruin JL, Lely RL,

Wisselink W, de Vries J-PPM, Yeung KK,

et al. In vitro feasibility of a sac-sealing

endoprosthesis in a double chimney graft

configuration for juxtarenal aneurysm. J

Endovasc Ther. 2014;21:529—37.

10. Alsac J, Rouer M, Batti S El, Julia P.

Chimney Stentgraft for Endovascular

Sealing of Pararenal Aortic Aneurysm.

Ann Vasc Surg. 2014;463—4.

11. Dijkstra ML, Lardenoye JW, van Oostayen

JA, Zeebregts CJ, Reijnen MMPJ.

Endovascular aneurysm sealing for

juxtarenal aneurysm using the Nellix

device and chimney covered stents. J

Endovasc Ther. 2014;21:541—7.

12. Torella F, Chan TY, Shaikh U, England A,

Fisher RK, McWilliams RG. ChEVAS:

Combining Suprarenal EVAS with

Chimney Technique. Cardiovasc Intervent

Radiol. 2015;38:1294—8.

13. Truijers M, van Sterkenburg SMM,

Lardenoije JW, Reijnen MMPJ.

Endovascular repair of a ruptured

pararenal aortic aneurysm using the nellix

endovascular aneurysm sealing system

and chimney grafts. J Endovasc Ther.

2015;22:291—4.

14. Youssef M, Dünschede F, El Beyrouti H,

Salem O, Vahl C-F, Dorweiler B.

Endovascular Repair of Paravisceral

Aortic Aneurysms Combining Chimney

Grafts and the Nellix Endovascular

Aneurysm Sealing Technology (Four-

Vessel ChEVAS). Thorac Cardiovasc Surg

[Internet]. 2016; 10.1055/s-0036-1571304

15. Boersen JT, Schuurmann RCL, Slump CH,

van den Heuvel DAF, Reijnen MMPJ, ter

Mors TG, et al. Changes in Aortoiliac



    TECHNICAL ASPECTS AND EARLY RESULTS OF CHEVAS  

97 

 

Anatomy After Elective Treatment of 

Infrarenal Abdominal Aortic Aneurysms 

with a Sac Anchoring Endoprosthesis. Eur 

J Vasc Endovasc Surg. 2015;51:56—62.  

16.  Chaikof EL, Blankensteijn JD, Harris PL, 

White GH, Zarins CK, Bernhard VM, et al. 

Reporting standards for endovascular 

aortic aneurysm repair. J Vasc Surg. 

2002;35:1048—60.  

17.  de Bruin JL, Yeung KK, Niepoth WW, 

Lely RJ, Cheung Q, de Vries A, et al. 

Geometric study of various chimney graft 

configurations in an in vitro juxtarenal 

aneurysm model. J Endovasc Ther. 

2013;20:184—90.  

18.  Zerwes S, Nurzai Z, Leissner G, Kroencke 

T, Bruijnen H-K, Jakob R, et al. Early 

experience with the new endovascular 

aneurysm sealing system Nellix: First 

clinical results after 50 implantations. 

Vascular [Internet]. 2015; 

10.1177/1708538115605430 

19.  Sheehan MK, Barbato J, Compton CN, 

Zajko A, Rhee R, Makaroun MS. 

Effectiveness of coiling in the treatment of 

endoleaks after endovascular repair. J 

Vasc Surg. 2004;40:430—4.  

 

 



 

 

Chapter 6 
 

 

 

 

 

 



 

 

 

Assessment of changes in stent graft geometry 

after chimney endovascular aneurysm sealing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SP Overeem 

SR Goudeketting 

RCL Schuurmann 

JM Heyligers 

HJM Verhagen 

M Versluis 

JPPM de Vries 

 

 

Journal of Vascular Surgery 2019;02(68):1-11 

 



CHAPTER 6      

 

100 

 

Abstract 
Background. Chimney endovascular aneurysm sealing (ChEVAS) could potentially 

minimize gutter-associated endoleaks in patients with juxtarenal abdominal aortic 

aneurysms resulting from the use of the conformable endobags surrounding the 

chimney stent grafts (CGs). The aim of the present study was to quantify the 

(non)apposition of the endobags in the proximal aortic neck, migration of the endograft 

stent frames, and changes in geometry of the CGs during the follow-up period. 

Methods. The prospective data from 20 patients undergoing elective ChEVAS were 

retrospectively reviewed. The aortic anatomy was analysed on preoperative and 

postoperative computed tomography scans. The (non)apposition of the endobags in the 

aortic neck, Nellix (Endologix, Irvine, Calif) stent frame migration, and chimney graft 

geometry and migration were assessed. 

Results. The median preoperative infrarenal neck length was 4.0 mm (interquartile 

range [IQR], 0-6.0 mm). The median seal length in the juxtarenal aortic neck at the first 

follow-up was 23.0 mm (IQR 18.0-30.8 mm). Five type Ia endoleaks were identified on 

postoperative imaging; one at 1 month and four newly diagnosed at 1 year. Of these five 

type Ia endoleaks, two were type Is1 (not extending into the aneurysm sac) and did not 

need reintervention and other three were type Is2 (extending into the aneurysm sac). 

One of these patients died of malignancy before reintervention could be performed. 

Bilateral CG occlusions in one patient were documented at the 1-month follow-up 

(patient needed haemodialysis) and two patients with a new single CG occlusion were 

found at the 1-year follow-up. No reinterventions were performed for the CG 

occlusions. An occluded Nellix stent frame in one patient was treated with 

femorofemoral crossover bypass. Kaplan-Meier estimate of reintervention-free survival 

was 85.0% after 1 year. Migration ≥ 5 mm of the proximal end of the Nellix stent frames 

was observed in 20.0% of the patients, but no reintervention was performed at the 1-

year follow-up. Imaging showed 20.1% of the available sealing surface was not used, 

and the nonapposition surface increased to 30.6% of the preoperative aortic neck surface 

at 1 year. Median migration was 3.5 mm (IQR, 2.4-5.0 mm) and 3.1 mm (IQR, 2.0-4.8 

mm) for the left and right proximal end of the Nellix stent frames, respectively, and was 

3.0 mm (IQR, 2.2-4.8 mm) for the proximal end of the CGs at 1 year of follow-up. 

Conclusions. Substantial distal migration of the Nellix endograft and positional changes 

of the CGs in the juxtarenal aortic neck were observed at 1 year of follow-up, resulting 

in a 25.0% type Ia endoleak rate, with three of these type Ia endoleaks extending into the 
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aneurysm sac. The reintervention-free survival rate was 85.0% at 1 year in this cohort of 

20 patients. Careful follow-up after ChEVAS is advised because changes are often 

subtle. The authors have stopped the ChEVAS procedure so far. Long-term follow-up 

data on the stability of the Nellix endograft and the consequences of migration on CGs 

is required before this technique should be used in clinical practice.  

Keywords. Abdominal aortic aneurysm; Chimney stent graft; Endovascular aneurysm 

sealing; EVAS; Nellix 
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Introduction 
The treatment of complex abdominal aortic aneurysms (AAAs) that involve the renal 

and visceral arteries has been challenging. A substantial number of patients with 

juxtarenal and pararenal AAAs will be unfit to undergo open repair. Therefore, 

endovascular interventions have been preferred. Although the short-term results of 

fenestrated endovascular aneurysm repair (FEVAR) have been excellent, according to 

the GLOBALSTAR (Global Collaborators on Advanced Stent-Graft Techniques for 

Aneurysm Repair) registry,1 a substantial pro-portion of patients will not be able to 

undergo FEVAR because of anatomic issues.2,3 Also, and the time required to 

manufacture these custom endografts can require ≤ 8 weeks.2,3  

Off-the-shelf techniques, such as chimney EVAR (ChEVAR), have been used for several 

years and have shown promising short-term results.4-7 The disadvantages of the 

chimney technique include the formation of gutters and the increased risk of gutter-

associated type Ia endoleaks.8 Chimney endovascular aneurysm sealing (ChEVAS) has 

been introduced as technique similar to that of ChEVAR, in which the uniqueness of the 

components potentially ad-dresses one of the issues with parallel grafting (ie, gutters) 

using the conformable endobags of the Nellix Endosystem (Endologix, Irvine, Calif) to 

surround the chimney stent grafts (CGs).9-11  

To maximize the sealing length of the ChEVAS configuration in the juxtarenal landing 

zone or the hereafter introduced apposition surface, the endobags of the Nel-lix 

endosystem must be deployed just below the orifice of the lowest unstented renal or 

visceral artery. To date, studies of the deployment accuracy of the Nellix endo-bags in 

the juxtarenal neck after ChEVAS have been scarce, and little is known regarding the 

possible position changes of the Nellix stent frames, endobags, and CGs during the 

follow-up period. 

The aim of the present study was to quantify the non-apposition of the endobags in the 

juxtarenal aortic neck, determine the eventual migration of the endograft stent frames, 

and evaluate the changes in the geometry of the CGs during ChEVAS follow-up. 

Methods 
Patient population. A database containing the data from 27 consecutive patients who 

had undergone elective ChEVAS patients from February 2015 to April 2017 was 

available from three high-volume endovascular departments. The institutional review 

board approved the present off-label and retrospective study, which was and compliant 
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with the Declaration of Helsinki. Patient informed consent was not required in 

accordance with institutional policy on retrospective research. Two patients were 

excluded because of insufficient computed tomography (CT) contrast enhancement on 

the preoperative CT scans. Four patients had undergone duplex ultrasonography at the 

1-year follow-up examination because of renal insufficiency and one patient had 

undergone evaluation with magnetic resonance angiography instead of CT angiography 

(CTA).These patients were excluded from the present analysis because the apposition 

software can only be used with CTA. Prospective data from the 20 remaining patients 

were analysed retrospectively. Of these 20 patients, 14 had been previously included in 

a study of the early results and technical aspects of ChEVAS.11  

The American Society of Anesthesiologists physical status classification was class III for 

12 of the 20 patients, who were, therefore, not good candidates for open repair mainly 

because of cardiopulmonary comorbidities. Of the remaining eight patients, with 

American Society of Anesthesiologists class II, five were considered to have a hostile 

abdomen because of previous abdominal surgery and three preferred endovascular 

treatment instead of open repair unless open repair could have been a good solution. 

FEVAR was not an option for several reasons. Of the 20 patients, 12 had unfavorable 

anatomy for FEVAR owing to small iliac arteries (< 6 mm) combined with severe 

atherosclerosis or a high juxtarenal angulation ( > 60˚). Although an iliac conduit can be 

an option for patients with small external iliac arteries, this type of hybrid procedure 

was not the treatment of choice in the three hospitals. Percutaneous transluminal 

angioplasty with covered stent placement in these atherosclerotic iliac arteries was 

considered to be at high risk of stent occlusion during follow-up. Also, in some patients, 

the internal iliac artery had to be overstented, with ischemic consequences. The 

aneurysm in five patients was > 6.5 cm, and a waiting time of ~6 to 8 weeks for a 

fenestrated device was judged to be too long a wait for these patients. These patients 

were treated within 3 weeks using ChEVAS. For three patients, the physician’s 

preference was to use a chimney procedure instead of an FEVAR. Because ChEVAR and 

ChEVAS had not been approved by the Conformité Européenne at the time of 

treatment, the choice between the two techniques was at the discretion of a 

multidisciplinary endovascular team. 

Procedure. The ChEVAS technique used in the studied patients has been described by 

several investigators.9-11 In most cases, access to the visceral and renal arteries was 

achieved through the left axillary or subclavian artery. To deliver the balloon-
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expandable covered CGs (in most cases, the Atrium Advanta V12; Maquet Getinge 

Group, Mijdrecht, The Netherlands), the sheaths were placed over a Rosen Wire or fixed 

core guidewire (Cook Medial Inc, Bloomington, Ind). The CGs were slightly oversized 

(maximum, 1 mm) compared with the diameter of the branch arteries. During the 

procedure, the length of each CG was measured, where the distal seal in the branch 

arteries was 10 to 15 mm, and the top of the CGs was located just above the proximal 

bare end of the Nellix stent frames (Endologix, Irvine, Calif). After the CGs had been 

positioned, the Nellix stent frames were introduced through the common femoral 

arteries. The Nellix stent frames were positioned such that the top of the frame was at 

the level of the intended proximal landing zone, and the proximal uncovered stent of 

the Nellix stent frame was located above the inferior border of the lowest unstented 

artery. 

After deployment of the Nellix stent frames (Endologix), the endobags were prefilled 

with NaCl. The CGs were deployed simultaneously. To avoid compression, the balloons 

in the CGs were kept inflated during the prefill and subsequent polymer fill of the 

endobags, with a fill pressure of 180 to 200 mmHg. An angiocatheter was advanced 

through the common femoral artery contra-lateral to the main body of the endograft. 

Digital subtraction angiography (DSA) was performed after the prefill and polymer fill, 

and the CG balloons were deflated to check for endoleaks and CG patency. In the case of 

endoleaks, the volume of the endobags was increased with an injection of polymer 

through the secondary fill line. 

Imaging protocols. Preoperative and postoperative imaging studies from the ascending 

aorta to the com-mon femoral arteries were available for all 20 patients. The 

postoperative imaging studies consisted of an arterial-phase CT scan with intravenous 

contrast and electrocardiographic gating at a 70% RR interval during the breath hold. 

Patients were scheduled for follow-up imaging studies at 1 and 12 months after the 

procedure. 

The intraoperative DSA protocol was dependent on the patients’ physique and renal 

function. DSA in the antero-posterior and lateral direction (or 60˚ right anterior oblique 

and 60˚ left anterior oblique angulations) was performed to check for type Ia and Ib 

endoleaks and stent— graft obstructions. 

Three-dimensional imaging analysis. The aortic anatomy determined from the 

preoperative and postoperative CT scans was analysed using 3Mensio Vascular, version 

8.1, software (Pie Medical, Bilthoven, The Netherlands). On the preoperative CT scan, a 
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center lumen line (CLL) was constructed at the midlumen to assess the neck geometry. 

On the postoperative scans, a CLL was constructed at the midlumen, through both 

Nellix stent frames (Endologix), and through each of the CGs. The preoperative and 

postoperative measurements included the aortic neck diameter, infrarenal neck length, 

suprarenal and infrarenal angulation, maximum aneurysm diameter, and diameter of 

the CGs. The measurements were performed independently by two experienced 

observers (S.O., S.G.). 

Definitions. The definitions used in the present study were based on the Endologix’s 

2013 EVAS instructions for use (IFU), which were the indicated IFU during the period 

when the included patients had been treated. An infrarenal neck length of < 10 mm was 

an indication for ChEVAS. 

Type Ia and Ib endoleak, Nellix stent frame (Endologix) occlusion, and CG occlusion 

were considered major com-plications. We used the standard classification for EVAR 

procedures to classify type Ia endoleak (endoleak distal to the proximal start of the 

fabric). However, the new EVAS type I classification, as defined by van den Ham et al,12 

was also determined.12 A type Is1 has been defined as contrast enhancement found 

between the endobag and the aortic wall in the infrarenal neck but not reaching the 

aneurysm sac and not leading to reintervention. A type Is2 endoleak has been defined 

the appearance of contrast enhancement between the aneurysmal wall and endobag 

inside the aneurysm and meriting treatment. 

The preoperative baseline was defined as the lower border of the lowest renal artery, 

perpendicular to the CLL. The target seal line was set at the lower border of the lowest 

unstented artery (Figure 6.1, A). In the case of a configuration with two renal CGs, the 

target seal line was set at the lower border of the superior mesenteric artery (SMA). 

According to the IFU, a neck diameter of ≥ 32 mm was considered to be aneurysmal. 

The preoperative aortic neck surface was defined as the surface from the target seal line 

to that neck diameter (Figure 6.1, A and B). The Nellix endobags (Endologix) will seal 

the entire aneurysm; therefore, the postoperative aortic apposition surface will comprise 

the aneurysm sac. However, this can be an impractical and challenging definition to use 

in daily practice. Therefore, the postoperative nonapposition surface was defined as the 

surface be-tween the target seal line and the upper circumference of the endobags 

sealing with the aortic wall (Figure 6.1, C). 
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(Non)apposition calculations. Markers were placed on the lower border of the renal and 

visceral arteries and four markers were placed on the proximal circumference of the 

endobags where full apposition with the aortic wall was achieved (Figure 6.2, A). A 

three-dimensional mesh of the aorta was exported from 3Mensio Vascular, version 8.1, 

software (Pie Medical), and the (non)apposition sur-face area (mm2) between the Nellix 

endobags and the aortic wall was assessed using dedicated software, as described by 

Schuurmann et al.13,14 To assess the changes in apposition during the follow-up period, 

the nonapposition surface area was analysed as an absolute surface and as a percentage 

of the preoperative aortic neck surface area. 

 

Figure 6.1. A, Definition of preoperative aortic neck surface: d1 is baseline, d2 is diameter ≥ 32 mm; target 

seal line (T)is set at the lower border of the lowest unstented artery. B, Theoretical preoperative sealing 

surface, from d2 up to the target seal line (green). C, Postoperative nonapposition surface from the 

circumference of the proximal endobags sealing with the aortic wall up to the lower border of the target 

seal line (red). 

Migration of Nellix stent frames and CGs. Dedicated software was used to quantify the 

migration of the Nellix stent frames, as described by van Veen et al.15 Consecutive CT 

scans after ChEVAS were aligned using rigid transformation and six fixed anatomic 

landmarks: the lower border of the SMA, both renal arteries, the aortic bifurcation, and 

the left and right iliac artery bifurcations. In the present study, only the migration of the 

proximal end of the Nellix stent frames (Endologix), relative to the SMA orifice, was 

determined. The root mean square error was calculated to find the error of the 

placement of the markers (mm) on the anatomic landmarks caused by differences in the 

quality of the CTA data sets, changes in anatomy, and the registration process. 
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The same method was used for the three-dimensional displacement of the CGs. The 

migration of the proximal end of the CG was of special interest because this part of the 

CG will be fixed between aortic wall and Nellix endobag (Endologix). Therefore, 

migration of the Nellix endobags could result in migration of the proximal part of the 

CGs. A reconstruction of Nellix stent frame migration and CG migration is shown in 

Figure 6.2, B. 

Geometry of CGs. Two of us (S.P.O., S.R.G.) independently measured the CG diameters. 

The ratio of the major and minor axis of the CG (D ratio) was used to determine CG 

compression.16 A D ratio of 1 equals a circle, but higher values describe an oval shape 

and indicate CG compression. The CG angle (Figure 6.3, A) was defined as the angle 

between the visceral branch (ie, the vector on the CLL from the ostium to the most distal 

points along the CLL of the CG) and the cross-sectional plane of the abdominal aorta at 

the level of the visceral artery ostium, derived from the methods used by Ullery et al.17 

The internal CG angle (Figure 6.3, B) was defined as the angle between 2 directional 

vectors over the CLL of the CG. Both vectors started at the point on the CG CLL closest 

to the ostium and ended at the proximal or distal end of the CG. 
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Figure 6.2. A, Reconstruction of Nellix stent frames and double chimney stent graft (CG) configuration at 1-

month follow-up (ie, CGs in the left renal artery and superior mesenteric artery [SMA]). Reconstruction of 

Nellix stent frames and double CG configuration at 1-month follow-up (ie, CGs in both renal arteries). The 

red markers, needed for registration of the sequential computed tomography scans, are placed on the lower 

border of the celiac trunk, SMA, and highest (HRA) and lowest (LRA) renal artery. The green markers, 

needed to calculate the nonapposition surface, are located at the top of the circumference of the endobags 

(markers 1-4). The center lumen line (CLL) is shown in yellow. B, Anteroposterior reconstruction of the 

migration of the Nellix stent frames, left renal CG, and right renal CG, relative to the SMA orifice The stent 

frames of the Nellix and CGs at 1 month (gray) and 1 year (red) after chimney endovascular aneurysm 

sealing. The red and gray dots represent the anatomic landmarks at the 1- and 12-month follow-up, aligned 

via rigid registration. The misalignment of the markers resulted from tissue deformation between the 

follow-up evaluations.
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Figure 6.3. A, Chimney stent graft (CG) angle (a) between the vector of cross-sectional plane of the 

abdominal aorta at the renal ostium and the vector of the CG from the ostium to the most distal point on 

the centerline. B, Example of the internal CG angle (b) between the CG in the lumen and the CG in the 

vessel. The center lumen line (CLL) of the CG is shown in yellow. 

 

Statistical analysis. Statistical analysis was performed using SPSS, version 25, software 

(IBM Corp, Armonk, NY). Continuous variables are expressed as the median and 

interquartile range (IQR). The interobserver agreements were determined for the 

(non)apposition, neck diameters, and CG geometry parameters of the first 10 CTA 

studies. Interobserver agreement was tested using the intraclass correlation coefficient 

(ICC), a two-way mixed model by absolute agreement. The ICC values were interpreted 

in levels of agreement assessed as poor (0-0.20), fair (0.21-0.40), moderate (0.41-0.60), 

good (0.61-0.80), and perfect (0.81-1) with the 95% confidence intervals (CIs). Differences 

in CG angulation and CG migration be-tween follow-up evaluations were tested using a 

Wilcoxon signed rank test. P values were considered significant at a 2-tailed a of < .05. A 

linear regression analysis was performed to determine whether Nellix stent frame 

migration and the corresponding CG migration were associated. 
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Table 6.1. — Patient and aneurysm characteristics 

Characteristics median [IQR] 

Patient, No 

Age, years 

Sex, n 

Men 

Women 

ASA score, No 

II 

III 

20 

75.9 [9.1] 

 

16 

4 

 

8 

12 

Preoperative aneurysm characteristics, mm 

AAA diameter 

Neck diameter baseline 

Neck diameter at SMA 

Neck diameter at celiac trunk 

Infrarenal neck length 

 

62.4 [8.8] 

31.9 [7.0] 

28.8 [2.9] 

29.2 [3.1] 

4.0 [6.0] 

Chimneys used, No 

1 CG 

2 CGs  

3 CGs 

Stent name 

Advanta V12a 

Gore Viabahnb 

Lifestreamc 

Chromisd 

 

8 (renal ch-CGs) 

11 (19 renal ch-CGs, 3 SMA ch-CGs) 

1 (2 renal ch-CGs, 1 SMA ch-CG) 

 

26 

3 

3 

1 

AAA, Abdominal aortic aneurysm; ASA, American Society of Anesthesiologists (physical 

status classification); CG, chimney stent graft; IQR, interquartile range; SMA, superior 

mesenteric artery. 
aMaquet Getinge Group, Rastatt, Germany. 
bGore Medical, Flagstaff, Ariz. 
cC.R. Bard, New Providence, NJ. 
dMedtronic, Dublin, Ireland. 



    STENT GRAFT GEOMETRY AFTER CHEVAS 

 

111 

 

Figure 6.4. A, Typical example of a patient treated with a single chimney stent graft (CG) for the right renal 

artery. The preoperative aortic neck surface is shown in green (2327.3 mm2). The upper dotted line is the 

target seal line, set at the highest renal artery; the lower dotted line is the aortic neck diameter ( > 32 mm). 

B, Nonapposition surface area at the 1-month follow-up examination shown in red (49.2 mm2). C, 

Nonapposition surface area at 12 month follow-up examination shown in red (268.0 mm2). 
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Results 
The patient demographic data and in-hospital, 30-day, and 1-year complications are 

reported in Table 6.1. A mean number of 1.7 CGs were implanted per patient. Of the 20 

patients, eight were treated with 1 CG, 11 with 2 CGs, and 1 with a triple CG 

configuration. The median neck length at the first follow-up examination was 23.0 mm 

(IQR, 18.0-30.8 mm). Hence, when the preoperative neck length was considered, the 

theoretical gain in neck length with the use of CGs would be 19.0 mm. 

Interobserver agreement. The ICCs were 0.990 (95% CI, 0.957-0.998) for the 

nonapposition surface (n = 10), 0.960 (95% CI, 0.945-0.972) for the neck diameter (n = 

140), and 0.917 (95% CI, 0.899-0.931) for the CG diameter measurements (n = 380). 

Nonapposition. The median preoperative aortic neck surface for all patients was 2611.5 

mm2 (IQR, 1436.9-3091.1 mm2). The median nonapposition surface at the first follow-up 

evaluation was 525.0 mm2 (IQR, 285.3-1172.9 mm2), indicating that 20.1% of the 

available sealing surface was not used. At the 1-year follow-up examination, the median 

nonapposition surface had increased to 799.4 mm2 (IQR, 450.0-1403.8 mm2), or 30.6% of 

the preoperative aortic neck surface. The baseline diameter remained constant during 

follow-up (1-month follow-up, 31.9 mm [IQR, 28.2-34.0 mm]; 12-month follow-up, 31.8 

mm [IQR, 30.1-36.0 mm]). A typical example is shown in Figure 6.4. 

Migration of stent frames. The median distal migration of the proximal end of the left 

and right Nellix stent frames (Endologix) was comparable at 3.5 mm (IQR, 2.4-5.0 mm) 

vs 3.1 mm (IQR, 2.0-4.8 mm). The median root mean square error was 1.4 mm (IQR, 1.3-

1.5 mm). The amount of migration was ≥ 5 mm for 5 Nellix stent frames in 4 patients 

(20.0%). 

Geometry of CGs. The median distal migration of the proximal end of the CGs (3.0 mm 

[IQR, 2.2-4.8 mm]) differed significantly from the migration of the distal ending (1.7 mm 

[IQR, 0.0-3.4 mm]; P < .001) be-tween follow-up assessments. Migration of ≥ 5 mm had 

occurred in 8 CGs (6 renal CGs and 2 SMA CGs) in 6 patients. The CG geometry results 

are reported in Table 6.2. Although the CG angulation and D ratio did not differ 

significantly during the follow-up period, the median internal CG angulation had 

changed by 4.3˚ during the follow-up period (P = .021). Thus, the proximal ending of the 

renal CG had shifted mostly distally. 

Four CGs (12.1%) became occluded during the follow-up period (Table 6.3). Analysis of 

the CG diameter showed compression (D ratio, > 2) in 15.2% of the CGs and 25.0% of 

the patients. In this cohort, no significant association was found between CG 
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compression and CG occlusion. Some patients showed high compression rates (D ratio, 

> 3); however, the CG remained patent and the other CGs had become occluded

without any compression.

Complications and reinterventions. Type Ia and Ib endoleak, stent frame occlusion, and

CG occlusion were considered as major complications and occurred in eight patients

within 1 year after the procedure (Table 6.3). Five type Ia endoleaks were identified on

postoperative imaging: one at 1 month and four newly diagnosed at 12 months. Of these

five type Ia endoleaks, two were type Is1 and did not require reintervention. Careful

observation of these patients during the follow-up period is recommended, because Is1

leaks are prone to progression and, sometimes, a small type Ia endoleak could be

overlooked, as described by van den Ham et al.12 The three other type Ia endoleaks were

type Is2 (extending into the aneurysm sac). One of these patients died of malignancy

before reintervention could be performed. Bilateral CG occlusion in one patient was

documented at the 1-month follow-up examination (the patient required

haemodialysis), and new single CG occlusion in two patients was found at the 1-year

follow-up evaluation. No reintervention was performed on any of the CG occlusions.

An occluded Nellix stent frame in one patient was treated with femorofemoral

crossover bypass. The crossover bypass had occluded after 11 months; however, no

reintervention of the bypass was performed because the patient had experienced mild

complaints. The freedom from major complications was 60%, and the freedom from

reinterventions was 85% (Figure 6.5).

Table 6.2. — Geometry of CG  

FU1  FU2 

Renal arteries 

CG Angulation, ˚ 
Internal CG Angulation , ˚ 
D-ratio ± SD

Maximum D-ratio ± SD

37.3 [19.4] 
151.1 [20.7] 
1.1 ± 0.2 

1.4 ± 0.5 

35.8 [24.6] 
155.4 [21.6] 
1.1 ± 0.2 

1.4 ± 0.2 

Superior mesenteric arteries 
CG Angulation, ˚ 
Internal CG Angulation, ˚ 
D-ratio ± SD
Maximum D-ratio ± SD

40.6 ± 8.4 

160.9 [13.9] 
1.2 ± 0.3 
1.5 ± 0.7 

39.4 ± 10.9 

160.8 [11.5] 
1.3 ± 0.1 
1.7 ± 0.3 

CG, Chimney stent graft; D ratio, ratio of the major and minor axis of the chimney stent graft; 
SD, standard deviation. Data are presented as median [interquartile range], unless noted 
otherwise. 
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Table 6.3. — Complications and reinterventions during follow-up 

Pt. no. Complications 

FU1 

Reintervention Complications FU2 Reintervention 

2 None NA Type Ia endoleak a  No 

3 None NA Type Ia endoleaka, 

occlusion left renal 

artery ch-CG 

 No 

4 None NA Type Ia endoleak b  Onyx 

embolisation 

7 Occlusion right 

Nellix stentframe 

Fem-fem 

crossover 

Occlusion fem-fem-

crossover 

No 

11 Type Ia endoleakb Embolisation with 

coils AMI 

None NA 

14 None NA Type Ia endoleakb,c No 

17 Occlusion both 

renal artery ch-

CGs leading to 

haemodialysis 

No None 

 

NA 

19 None - occlusion left renal 

artery ch-CG 

No 

CG, Chimney stent graft; IMA, inferior mesenteric artery; NA, not applicable; Pt. no., patient 

number. 
aType Is1 endoleak, not extending into the aneurysm sac and, therefore, not treated. 
bType Is2 endoleak, contrast enhancement between the endobag and aneurysmal wall or 

thrombus inside the aneurysm sac, meriting treatment.  
cDied of malignancy, not related to endovascular aneurysm sealing (15 months after 

treatment), before reintervention. 
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Figure 5.5. Kaplan-Meier curves for freedom from major complications (blue) and freedom from 

reintervention (red). 

 

Discussion 
In the present series of 20 patients undergoing elective ChEVAS with 1-year CTA 

follow-up, positional changes in Nellix stent frames, CGs, and apposition between the 

endobags and the juxtarenal aortic wall was determined using dedicated software. 

Theoretically, the Nellix endo-system offers a circumferential seal to minimize gutter-

associated endoleaks, the Achilles’ heel of ChEVAR. However, a type Ia endoleak 
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occurred in one quarter of the patients in the present series, and the risk of 

complications was substantial. Most of the existing data regarding ChEVAS have come 

from case reports or very small retrospective series. Only 1 large ChEVAS registry has 

been reported to date. Thompson et al.,9 showed good short-term results in the 

Aneurysm Study for Complex AAA, Evaluation of Nellix Durability (ASCEND) registry 

(n = 154). At 1 year, freedom from type Ia endo-leak was 95.7%, and freedom from 

reinterventions was 89.2%. Waiting for the midterm and long-term results of this 

registry before implementing the technique on a large scale seems appropriate. We 

have, thus, stopped performing the ChEVAS procedure, especially because good 

alternatives are available, such as open surgery, FEVAR, and, even, ChEVAR, all with 

proven good midterm outcomes.7,18,19 

Nonapposition surface. The (non)apposition surface area in the aortic neck has been 

introduced to describe the sealing zone of the Nellix endosystem (Endologix) more 

accurately (Figure 6.2, B). The findings from standard CTA can report only on the state 

the position of the stent frames, and no information on the position of the endobags is 

provided. The (non)apposition method quantifies the position and apposition of the 

endobags, as well as any small changes in these parameters during the follow-up 

period. In three patients, the non-apposition surface as a percentage of the preoperative 

aortic neck surface at the 1-month follow-up was > 50%(55.0%, 59.0%, and 86.0%, 

respectively). At the 12-month follow-up examination, the nonapposition surface for 

these patients had increased to 59.5%, 90.4%, and 100%, respectively. These patients had 

an angulated neck ( > 60˚ infrarenal angulation), with the Nellix stent frames positioned 

in the outer curve. These challenging neck characteristics might have resulted in a poor 

position of the endobags and minimal filling with polymer and, therefore, 

nonapposition. In 1 patient, the Nellix stent frames buckled in opposite directions, 

leading to a type Is2 endoleak. 

At the first postoperative CTA, 20.0% of the available apposition surface was not sealed 

with the endobags. To avoid incomplete sealing owing to hanging shoulders of the 

endobags, the stent frames must be positioned 5 mm above the target seal line, which 

might seem counterintuitive compared with EVAR procedures. Further-more, no 

markers are set at the top of the endobags, making accurate positioning more difficult. 

To identify the position of the top and sides of the endobags during the procedure, 

contrast in the prefill is needed. If the endobags appear to be too high, the prefill can be 

removed and the stent frames repositioned. Using this strategy might minimize the risk 
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for occluding a side branch at the seal line. Sufficient filling of the endobags, using a fill 

pressure of 180 mm Hg (according to the IFU), should be enough to prevent an irregular 

shape at the top of the endobags. Nevertheless, the physician must be aware that the top 

of the endobags will not always be flat. 

To identify the target seal line during ChEVAS, the C-arm should be positioned in a 

lateral and an anteroposterior direction. In the case of a 2 CG configuration, lateral DSA 

is crucial to identify the target seal line at the lower border of the SMA. 

Migration. No consensus has been reached on the definition of device migration in the 

reported data.20,21 The most commonly used cutoff definition (Society for Vascular 

Surgery) has been > 10 mm. van Veen et al,15 England et al,22 and Dorweiler et al,23 

recently reported new methods to detect device migration accurately, using a cutoff 

value of ≥ 5 mm, ≥ 4 mm, and ≥ 2mm, respectively.Detection of 5-mm migration seems 

crucial, because all the Nellix migrations were < 10 mm but led to substantial migration 

of a considerable part of the CGs. 

Migration was measured for the proximal and distal ends of the CG. To minimize 

motion artifact of the CGs, CTA was acquired during the arterial phase in breath hold. 

Migration of the proximal end of the CG was significantly larger than that of the distal 

end of the CG in our cohort. 

CG geometry. No consensus has been reached on the best method of positioning CGs 

during parallel stenting. Several investigators have studied the out-comes with different 

techniques of treating complex aneurysms as a result of branch geometry.17,24-26 Inherent 

to the parallel stenting technique is the sharp angulation of the CG (ie, small internal 

angle) because the CG is placed parallel to the endograft. In ChEVAS, the CG is not 

necessarily positioned parallel to the endobag and vessel wall owing to the conformable 

endobags, resulting in a relatively large (151˚) internal angle. Positioning CGs alongside 

the endograft during parallel stenting will result in a different perfusion rate of the 

visceral and renal branches compared with using flared endografts during FEVAR.27  

During the follow-up period, 12.1% of the CGs became occluded compared with 2.7% in 

the ASCEND registry.9 If kinking or compression of the CG is seen, adding a self-

expandable CG might be a good solution to prevent occlusion of the CG. Boersen et al.,28 

showed in an in vitro study that vortices occur proximal to the endobags, especially in 

wider necks, which has been associated with thrombus formation.29 Thrombi can be 

directed into the CG and can lead to occlusion. Dual-platelet therapy could be indicated 
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after ChEVAS, although clinical evidence regarding the administration of platelet 

inhibitors after the implantation of stent grafts is still lacking.30  

Software. The present retrospective study with a small number of patients found no 

clinical benefits could be gained with the software. These new measurements have two 

possible advantages. First, the measurements can serve as a precise determination of the 

postoperative seal in the juxtarenal or infrarenal neck at the first post-operative CT scan. 

Second, because the geometric changes are often subtle, the post-EVAS image analysis 

software should be able to detect (subtle) changes in endobag and stent graft position 

over time. One of the particular problems with EVAS is that the endobags are not 

oversized compared with the diameter of the aortic neck. In the case of dilatation of the 

infra- or juxtarenal aortic neck, the endobags could lose circumferential apposition and, 

thus, seal, even when the stent grafts or endobags do not migrate. This loss of 

apposition can be difficult to detect with standard arterial-phase CT with intravenous 

contrast analysis. Therefore, we advocate the use of the new imaging software, which 

can determine small changes in the loss of apposition. A comparison of the amount of 

nonapposition on consecutive post-EVAS CT scans during follow-up can, thus, be 

helpful in the detection of possible seal problems. Validation of this dedicated 

apposition and migration software in patients with EVAR was recently reported.13 The 

new measurements enabled the detection of subtle changes in endograft dimensions on 

regular CT scans in many patients before the complication became urgent.14  

Linear measurements of neck length, from the orifice of the lowest renal artery to the 

proximal top of the fabric along the aortic wall, have been used to define the neck seal in 

EVAR. However, if applied in EVAS, these measurements would not consider the 

irregular shape of the top of the Nellix endobags. The endobags in some patients will 

have a flat top; however, the endobags in others can have so-called hanging shoulders.31 

In addition, the left and right endobags will not be positioned at equal height in most 

patients. This is especially true for those with angulated necks, for which the stent frame 

of the Nellix endobag in the outer curve can be deployed higher to increase the seal 

length in the aortic neck. Measuring the distance between the target seal line and the top 

of the stent frames to describe the seal zone would be inaccurate because the distance 

be-tween the top of the stent frame and the top of the endobags is not fixed. In addition, 

movement between the stent frame and endobag can occur, which could result in a 

missed migration event of the endobags during follow-up if only neck length has been 

used. 
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The (non)apposition surface is not a parameter that can be used for direct comparison 

between patients owing to differences in the neck diameter. The nonapposition surface, 

as a percentage of the preoperative neck surface, can be used to compare differences 

during the follow-up period. Combining this information with stent frame migration 

will provide a full determination of the changes in the position of the Nellix 

endosystems (Endologix). 

Study limitations. The limitations of the present study included the relative small 

number of patients, the use of 4 different types of CGs, and the short follow-up period. 

In the present analysis, we did not consider the orientation of the CGs as a potential 

contributor to gutter-related endoleak. 

The median juxtarenal neck diameters were within the requirements of the 2013 IFU; 

however, the 2016 IFU restricted the use of the Nellix endosystem to neck diameters < 

28 mm.32 This might explain the high incidence of major complications, because some 

necks would have been considered aneurysmal according to the 2016 IFU. 

Although the use of duplex ultrasound imaging during follow-up has several benefits, 

CT imaging during follow-up remains necessary for the dedicated software. No 

dynamic CTA scans were made; therefore, changes in geometry during the cardiac cycle 

were not analysed. 

Conclusions 
Careful follow-up after ChEVAS is advised because the changes are often subtle. The 

new software could help to better determine the position and apposition of the 

endobags and to register eventual changes in sealing during the follow-up period. 

Substantial distal migration of the Nellix endograft and positional changes of the CGs in 

the juxtarenal aortic neck were observed at the 1-year follow-up evaluations. This 

resulted in a 25.0% rate of type Ia endoleak, with 3 of these type Ia endoleaks extending 

into the aneurysm sac. The reintervention-free survival rate was 85.0% at 1 year, and the 

major complication rate was 40% in this cohort of 20 patients. We have stopped using 

the ChEVAS procedure until additional data are available. Long-term follow-up 

evaluating the stability of the Nellix endograft and the consequences of migration on 

CGs is required, as are the long-term results from the ASCEND registry before this 

technique should be used in clinical practice.
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What this paper adds: 

This paper investigates the haemodynamics in three different flow lumen configurations 

of a custom, non-contained, non-cross linked polymer based endovascular approach in 

treating abdominal aortic aneurysms. The most favourable configuration was 

established by identifying flow velocity, vorticity, wall shear stress, and time averaged 

wall shear stress in an in vitro set up with laser particle imaging velocimetry. Based on 

the results, future research should focus on clinical applicability.  

Abstract 
Objective. Customised aortic repair (CAR) is a new and minimally invasive technique 

for the endovascular treatment of abdominal aortic aneurysms (AAAs). The aneurysm 

is completely sealed with a non-contained, non-cross linked polymer, while a new flow 

lumen is created with balloons. For CAR, the haemodynamically most favourable 

balloon and flow lumen configuration has not been established before; therefore, four 

flow parameters were assessed in an in vitro model. 

Methods. Three in vitro balloon configurations were implanted in an in vitro AAA 

model; a configuration with crossing balloons (CC) and two parallel configurations (PC1 

and PC2). These three models were consecutively placed in a flow system that mimics 

physiological flow conditions. Laser particle imaging velocimetry (PIV) was used to 

resolve spatial and temporal flow patterns during the cardiac cycle. In house built 

algorithms were used to analyse the PIV data for the computing of (i) flow velocity; (ii) 

vorticity; (iii) wall shear stress (WSS); and (iv) time averaged wall shear stress (TAWSS). 

Results. Suprarenal flow patterns were similar in all models. The CC showed a higher 

infrarenal velocity than PC1 and PC2 (38 cm/s vs. 23 cm/s vs. 23 cm/s), and a higher 

vorticity at the crossing of the lumens (CC: 337/s; PC1 127/s; PC2: 112/s). The lowest 

vorticity was observed in PC2, especially in the infrarenal neck (CC: 200/s; PC1 164/s; 

PC2: 98/s). Although WSS and TAWSS varied between configurations, values were the 

within non-pathological range. Conclusion: The flow lumens created by three balloon 

configurations used in an in vitro model of CAR have been studied, and resulted in 

different haemodynamics. The differences in velocity and lower vorticity, especially at 

the crossing section of the two balloons, showed that PC2 has favourable 

haemodynamics compared with the CC and PC1. Future research will be focused on the 

clinical applicability of CAR based on the PC2 design.  

Conclusion. The flow lumens created by three balloon configurations used in an in vitro 

model of CAR have been studied, and resulted in different haemodynamics. The 
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differences in velocity and lower vorticity, especially at the crossing section of the two 

balloons, showed that PC2 has favourable haemodynamics compared with the CC and 

PC1. Future research will be focused on the clinical applicability of CAR based on the 

PC2 design 

Introduction 
Since the introduction of the EVAR procedure in 1991 by Parodi et al.,1 a large variety of 

endoprostheses have been introduced.2,3 EVAR devices underwent evolution rather 

than revolution, while still improving clinical outcome.4 Tadros et al. showed that 

reintervention rates after EVAR declined from 33% in the first 5 years after implantation 

of EVAR, to 10% after 2008.5 Despite this success rate, the 15 year re-interventions rate 

after EVAR, with the use of 1st generation devices, was 26%, according to the EVAR-1 

investigators, compared to 12% in the open repair group.6 Meta-analysis of the EVAR-1, 

DREAM, OVER, and ACE trials by Powell et al. showed that type II endoleak is the 

most common complication after EVAR;7 however, only 22.8% of these patients received 

re-intervention. The second most common complication is type I endoleak, for which 

65.8% of patients receive re-intervention. EVAR eligibility is based on instructions for 

use; small iliac vessel diameter ( < 7 mm) is often associated with Asian ethnicity or 

encountered in women.8—10 

A new minimally invasive approach in the treatment of AAA, customised aortic repair 

(CAR), developed by TripleMed (Maastricht, The Netherlands) was recently introduced, 

as previously described by Bosman et al. and Doorschodt et al.11—13 Two endovascular 

balloons are used to create flow lumens in the aneurysm sac. The aneurysm is then 

excluded from the blood flow by a complete seal with a non-contained, non-cross linked 

liquid polymer, with a curing time of about 5 min. After polymer curing, the balloons 

must be deflated and removed, leaving an aortic flow lumen in the polymer. There are 

similarities between CAR and the EndoVascular Aortic Sealing (EVAS), using the Nellix 

Endosystem (Endologix, Irvine, CA, USA); however, the absence of endobags and stent 

frames may simplify CAR. 

The percutaneous CAR technique was tested by in vivo porcine experiments, by 

creating an aneurysm of a polyester tube graft, with promising results.11 The low profile 

(6 Fr) endovascular balloons used for CAR may be a solution for patients with short 

necks, high angulation, and small iliac vessel diameters. The polymer mould may 

prevent type II endoleak. 
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However, the haemodynamically most favourable balloon configuration has not yet 

been established. As local haemodynamic factors are associated with clinical outcome,14—

17 velocity, vorticity, wall shear stress (WSS), and time averaged wall shear stress 

(TAWSS) were assessed using laser particle imaging velocimetry (PIV) for three 

different in vitro flow lumen configurations. Velocity was assessed because the fluid— 

solid interaction relates to displacement forces acting on the aortic wall or new lumen 

wall. Vorticity was assessed because alterations in local haemodynamics affect 

secondary flow patterns and WSS, which are associated with the origin of 

atherosclerosis and thrombosis. Low (time averaged) WSS is associated with the 

deposition of lipids, leading to the development of atherosclerotic lesions, while a high 

(time averaged) WSS is believed to be responsible for endothelial damage. Velocity and 

vorticity can be assessed in vitro, for comparison with clinical results. Owing to the fact 

that WSS is still a challenging parameter to obtain in vivo with current ultrasound, 

computed tomography, and magnetic resonance techniques it remains a non-clinical 

parameter for now. 

Methods 
Flow models. Three custom made transparent polydimethylsiloxane (PDMS; Sylgard 

184 [Dow Corning, Auburn, MI, USA]) flow models, based on the inverse negative 

mould of a three dimensional printed abdominal aortic aneurysm (AAA) model, 

previously described by Boersen et al.,17 were used as in vitro models. The infrarenal 

neck diameter was 24 mm, infrarenal neck length 15 mm, and AAA diameter 55 mm. 

Balloon design. The first configuration, cross configuration (CC), is a com-bination of a 

full dog bone balloon (FDB; 200 × 10 mm) with a prefabricated thin skirt halfway and a 

half dog bone balloon (HDB; 120 × 10 mm [See Figure. 7.1A and 7.2A)]. The second 

configuration (PC1) consists of a FDB (200 × 10 mm) with a proximal skirt and a HDB 

(160 × 10 mm), as shown Figure 7.1B. The third configuration (PC2) consists of a FDB 

(200 × 10 mm) with an elongated skirt and a HDB (160 × 10 mm; Figure 7.1C). 
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Figure 7.1. Schematic overview of the different balloon configurations to investigate haemodynamics in 

different lumen configurations. (A) Cross configuration (CC). The full dog bone (FDB) balloon (red) and 

half dog bone (HDB) balloon (blue) cross in the mid-segment of the aneurysm. A short skirt (black) holds 

the balloons together.(B) Parallel configuration 1 (PC1). The FDB (red) and HDB (blue) balloons are placed 

parallel to create a double 10 mm lumen. A short skirt directly below the bulb of the FDB (grey) is used to 

enable kissing balloons. (C) Parallel configuration 2 (PC2). The FDB (red) and HDB (blue) balloons are 

placed parallel to create a double 10 mm lumen. A longer skirt starting directly below the bulb of the FDB 

(black) to the mid lumen is used to enable kissing balloons over a long trajectory. The six regions of interest 

are numbered 1 — 6 and highlighted in red. Region 1 is the juxtarenal segment, region 2 the infrarenal 

segment, region 3 the cross section, region 4 the aortic bifurcation, and regions 5 and 6 are the left and right 

iliac segments, respectively. The segments used for wall shear stress and time averaged wall shear stress 

calculations are highlighted in the infrarenal neck (green) and medial wall of the left iliac (yellow). 
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Figure 7.2. A reconstruction of the cone beam CT data of the three configurations. A. Cross-configuration. 

B. Parallel-configuration 1. C. Parallel configuration 2. The flow volume of the polymer mould, filled with 

air, clearly shows the differences in geometry between configurations.  

 

Procedure. First, two guidewires (Terumo Europe, Leuven, Belgium) were placed in the 

suprarenal aortic lumen through both iliac arteries. The FDB was positioned in the aorta 

over the guidewire, at the origin of the lowest renal artery. The position was visually 

analysed, to prevent renal occlusion during filling of the aneurysm with polymer. For 

PC1 and PC2 the HDB was positioned directly below the bulb of the FDB. The distal 

part of the balloons ended in the common iliac artery. PDMS was chosen as a filling 

polymer as optical distortion had to be minimized for the laser PIV experiments. All 

balloons were pressurized up to one atmosphere while filling the aneurysm with PDMS. 

The models were placed in a depressurized oven for 12 h, at 60 ˚C to remove any 

remaining air bubbles and to cure the polymer. 

After curing of the PDMS, the balloons were retracted from the newly created flow 

lumen. The models were installed in a flow set up, as previously described by Groot 

Jebbink,18 consisting of a two element Windkessel set up with a pulsatile flow (60 
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beats/min, 90—120 mmHg, mean suprarenal inflow 1.6 L/min; range: 0.0—5.0 L/min). 

The four outflow vessels, two iliac and two renal arteries, all accounted for a quarter of 

the total outflow. The volumetric flow waveform was based on a study by Olufsen et al. 

and was also used for previous flow experiments.17,19,20 Reproducibility of the 

measurements was analysed by comparison of the flow rate and flow velocity in the 

suprarenal aorta between models. The average and SD of WSS in the suprarenal region 

were assessed to obtain variability of the measurements. 

A blood mimicking fluid (BMF) based on water, glycerol, and sodium iodide (47.4%, 

36.9%, and 15.7%, respectively) with a dynamic viscosity of 4.3 mPas and a refractive 

index of 1.4, equal to PDMS, was used during flow experiments. 

Fluorescent particles (Rhodamine, size 1—20 μm, density 1190 kg/m3 [Dantec Dynamics 

A/S, Skovlunde, Denmark]) were added to the BMF for the PIV measurements. A 

continuous wave laser (5 W DPSS laser, 532 nm [Cohlibri, Lightline, Germany]) was 

used to create a laser sheet that illuminated a narrow band of fluid. Perpendicular to the 

laser sheet, a high speed camera (FASTCAM SA-X2 [Photron, West Wycombe, UK]; 

1000—3000 frames/s) captured the fluorescence signal emitted by the particles. An 

optical filter was mounted to block reflections of the laser other than those of the 

particles. A window of approximately 30 × 30 mm was imaged onto the camera with a 

resolution of 1024 × 1024 pixels. 

 

PIV-analysis. The raw PIV data were first processed using background subtraction, 

adaptive thresholding, and masking to remove artifacts (Matlab 2016A; MathWorks, 

Natick, MA, USA). Edge detection was followed by fitting the contour of the lumen. 

Analysis was based on a cross correlation algorithm.16,17 

The post-PIV data were averaged over 10 cardiac cycles to increase the signal to noise 

ratio and to calculate the average velocity vectors for a single cardiac cycle. The 

remaining end points, vorticity, WSS, and TAWSS were derived from the velocity data. 

WSS was computed with an algorithm programmed in Matlab. The velocity magnitude 

at the wall was set at a no slip boundary condition, .i.e. 0. Vorticity (ω) was defined as 

the curl of the flow velocity, u is the velocity vector (∇×u). Normal values in the aortic 

arch and aneurysm sac range from -300/second up to 300/second during the cardiac 

cycle.21—24  

The WSS (Pa) is expressed as the dynamic viscosity times the shear rate (s-(s-1), (𝜏 =𝜇 ×   ) where μ is the dynamic viscosity, u the flow velocity parallel to the wall 
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and y the distance to the wall. After validation, flow and vorticity were displayed in 

Tecplot (Tecplot Inc., Bellevue, WA, USA). The resulting cross sections were merged to 

create an overview of the flow in the whole configuration. The cross-sections were not 

necessarily recorded at the same height, owing to the complex geometry of the 

configuration. The TAWSS was defined as the WSS averaged over one heart cycle, 

( |τ | dt ) where T is the time in seconds and 𝜏  the WSS. The segment directly below 

the left renal artery and the medial left iliac wall were used for the WSS and TAWSS 

calculations (Figure 7.1). Minimum and maximum values of WSS and TAWSS were 

determined over the complete segment and, again, not necessarily measured at the 

same location. Determination of WSS and TAWSS at the newly created polymer walls 

inside the flow lumen was not useful. Therefore, this study was mainly focused on flow 

velocities and vorticity for the regions within the new lumen.  

 

Results 
Flow patterns. The velocity field maps are displayed per configuration in Figures 7.3 

and 7.4. The vorticity fields are shown in Figure 7.5, illustrating the complex flows in the 

infrarenal neck. Velocity, vorticity, WSS, and TAWSS per region per model are 

summarized in Figure 7.6 (A — D). The velocity and vorticity fields of the three 

configurations over time are available in Video S1. Supplementary videos related to this 

article can be found at doi:10.1016/j.ejvs.2018.11.012 

Suprarenal flow was comparable for all models with an average flow rate of 1.62 ± 0.04 

L/min (Figure 7.3A). The mean ± SD of the flow velocities over 10 cardiac cycles in the 

lumen of the suprarenal aorta of the CC are displayed in Figure 7.3B. The average and 

mean suprarenal WSS over 10 cardiac cycles was 0.043 Pa ± 0.0017 Pa, or 4.0% of the 

average WSS. The diameters and surface of the suprarenal lumens were identical, 24.0 

mm and 452.1 mm2, respectively. 

Assessment of the haemodynamics in the CC and PC1 models resulted in a new design 

of the balloon configurations, namely PC2. Although a decrease in vorticity in PC1 vs. 

the CC was observed, alterations to the skirt of the full dog bone balloon were thought 

to further improve the haemodynamics in the infrarenal neck. The new skirt was 

designed to assure that the HDB was positioned more proximally to increase the flow 

lumen surface and to create a smoother wall in the infrarenal neck compared with PC1 

(Figure 7.2B and C). In addition, the new skirt was designed to achieve a smoother 
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transition from the two balloons in the infrarenal neck to the neo-bifurcation, and avoid 

a dead space between the balloons that remains after the curing of the polymer (Figure 

7.2B). 

 

Cross-configuration. The inflow trajectory of the CC (region of interest [ROI] 2), where 

the lumen narrows from 24 mm to 10.5 mm, showed high flow velocities both during 

peak and end systole (38 cm/s vs. -12 cm/s; see Figure 7.6). Although the velocities 

were high, no vortices were observed. The two lumens of the balloons crossed in the 

aneurysmal sac (ROI 3), resulting in an increase of the mean surface from 91.2 mm2 to 

185.3 mm2 (Fig. 7.4A). Flow velocities decreased to 23 cm/s in peak systole, leading to 

vortices and disturbed flow due to the sudden diameter increase. Vortices were directed 

into the dead space which protrudes from the HDB lumen (Fig 7.5). Vorticity was high 

in the protruding lumen, ranging from -267/s to 337/s.  

The WSS in the infrarenal neck was -0.29 Pa to 0.63 Pa, while TAWSS was almost zero (-

0.05 Pa). The wall of the flow lumen was found to be somewhat irregular, owing to 

remnants of polymer between the balloons during curing. Distal to the crossing, high 

velocities were observed, up to 38 cm/s, while the contralateral lumen showed lower 

velocities, up to 18 cm/s during peak systole. However, the left and right outflows (ROI 

5 and 6) showed only minor differences in flow velocities (peak systole: 12 cm/s — end 

systole: -4 cm/s) (see Video s1). WSS at medial wall of the left iliac was -0.57 Pa to 0.82 

Pa, the TAWSS was 0.31 Pa. Supplementary Video 2 related to this article can be found 

at doi:10.1016/j.ejvs.2018.11.012.  
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Figure 7.3. (A) Inflow profile of the cross configuration (line), parallel configuration 1 (dashed 

line) and parallel configuration 2 (dotted line) during peak systole. The flow profiles showed 

high similarities between the configurations. Profiles are obtained in region of interest 1, as 

depicted in Figure 7.1. (B) Flow velocity vs. time in the centre of the suprarenal aorta. The 

average velocity of 10 cardiac cycles is displayed, and measurement variability is plotted 

including 1 SD (shaded error).  
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Figure 7.4. Flow velocity in the region were the balloons are positioned together in the skirt for the CC (A), 

PC1 (B) and PC2 (C) during peak systole. Large differences in infrarenal flow velocities are observed 

between the configurations. 

 

Parallel configurations — PC1. Flow velocities in the juxtarenal region (ROI 1) were 17 

cm/s during peak systole and ‒5 cm/s during end systole (Figure 7.4, Figure S1 [see 

Supplementary Material]). Small vortices were only seen directly below the renal 

arteries. The infrarenal luminal surface narrowed from 453.0 mm2 to 177.1 mm2, and the 

velocities increased in both peak and end systole (23 cm/s vs. —10 cm/s; ROI 2), which 

is a decrease of 39.5%in peak velocity. Vortices were observed in the infrarenal neck 

(Figure 7.5, Video S2). WSS in the infrarenal neck ranged from —0.86 Pa to 0.52 Pa; the 

TAWSS was 0.22 Pa. The zone of alignment of the two balloons, directly below the bulb 

of the FDB balloon, resulted in a narrowed lumen. Vorticity ranged from —194/s to 

164/s, a difference of 6.5%and ‒18% vs. the CC. Continuing in the two separate lumens, 

flow patterns without vortices were seen during peak and end systole. Vorticity in this 

region (ROI 3) ranged from —112/s to 127/s, a decrease of 58.1% and 62.3% vs. the CC. 

During filling of the aneurysm with polymer, the two balloons “kissed” in the mid-

segment of the aneurysm (ROI 3and 4; Figure 7.2). This resulted in a connection of 7-

8mm between the two flow lumens, as can be seen in Figure 7.2B. During end systole, 

BMF flowed backwards from the left lumen to the right lumen, the other way around 

during peak systole (see Video S1). 
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The flow in the left iliac was up to 16 cm/s during peak systole and —12 cm/s during 

end systole, 25% and 50%, respectively, higher than for the other two configurations 

(Figure S1). 

WSS ranged from —1.23 Pa to 1.06 Pa for the medial iliac segment, an increase of 115.8% 

and 29.3%, respectively. TAWSS was 0.48 Pa (Figure 7.6D), an increase of 54.8%. The 

flow was directed to the inner wall, owing to the bending of the iliac wall during the 

peak systole. During end systole, the highest flow was seen at the outer wall. 

 

 
Figure 7.5. Iliac outflow of the CC (A), PC1 (B) and PC2 (C) during peak systole. Outflow velocities were 

comparable for the configurations.  

 

 

Figure 7.6. Vorticity in the region were the balloons crossed for CC (A), PC1 (B) and PC2 (C) during peak 

systole. Vortices are observed in this regions, especially in the CC and PC. 
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Parallel configurations — PC2. Maximum observed velocity in the infrarenal neck was 23 

cm/s in peak systole, whereas it was ‒9 cm/s during end systole, comparable to PC1 

(Figure 7.4C). Vorticity ranged from ‒109/s to 98/s, a decrease of 43.8% and 40.2%, 

respectively, compared with PC1. The luminal surface narrowed in the infrarenal region 

from 451.5 mm2 to 214.2 mm2, an increase of 20.9% compared with PC1. During the 

procedure, the balloons tilted slightly, resulting in the lumens not being parallel in a 

sagittal view of the model. In the midsegment of the aneurysm (ROI 2), were the lumen 

narrowed slightly, the velocities were higher, 24 cm/s and ‒4 cm/s, respectively (Figure 

7.6A). The vorticity for this segment (‒118/s to 112/s) differed +5.4% and ‒11.8%, 

respectively, compared with the PC1 configuration. No vortices were observed during 

the complete cardiac cycle, whereas they were clearly present in the PC1 configuration. 

The neo-bifurcation (ROI 4), where the lumen splits into the left and right iliac artery, 

was more tapered than PC1. 

WSS ranged from ‒0.88 Pa to 0.91 Pa, a decrease of 28.5% and 14.2%, respectively, 

compared with PC1.  

The TAWSS at the inner wall of the left iliac artery was 0.38 Pa, a decrease of 20.8% 

compared with PC1 (Figure 7.6D). Outflow velocity was 12 cm/s during peak systole 

and ‒6 cm/s during end systole, comparable with the CC (Figure 7.S1). 
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Figure 7.6. A and B. Bar chart of the maximum (A) velocities and (B) vorticity per configuration as indicated 

in Figure 7.1. CC = cross configuration; PC = parallel configuration. 
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Figure 7.6. (continued). C and D. Bar chart of the maximum (C) wall shear stress during end systole and 

peak systole, and (D) time averaged wall shear stress over the cardiac cycle, per region (green and yellow, 

as indicated in Figure 7.1), per configuration. CC = cross configuration; PC = parallel configuration. 
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Discussion 
This study investigated the haemodynamics in CAR, a novel concept for treating AAA. 

Haemodynamics, in particular vorticity, seemed to be more favourable in the PC2 

configuration. Comparing the configurations showed that the CC developed most 

vortices, mainly in the infrarenal (ROI 2) and mid-aneurysm (ROI 3) segment, followed 

by PC1. 

Balloon concepts. This study investigated the haemodynamics of three configurations, 

CC, PC1, and PC2. The advantage of the CC is the “one size fits all” solution. Only the 

FDB has to be sized based on the patient’s anatomy (length and diameter), the 

protruding part of the HDB can vary in length. To avoid the narrowing in the infrarenal 

neck (ROI 2) and the protruding “dead space”, the concept of two parallel balloons 

aligned in the infrarenal neck was developed. Depending on the patients’ anatomy, 

various balloon lengths have to be on the shelf while planning the procedure. By 

improving the conformation of the balloons in the infrarenal neck in PC2, the minimum 

surface area of the lumen increased from 89.3 mm2 (CC) to 177.1 mm2 (PC1) to 214.2 

mm2 (PC2), thereby decreasing the corresponding flow velocities and shear stresses. The 

HDB is placed caudal to the FDB bulb, not parallel like chimney EVAR, to assure perfect 

sealing in the aortic neck and prevent leakage of polymer into the flow lumen. 

The design of the skirt of the FDB in PC2, based on the outcomes of PC1, resulted in a 

predictable figure of eight shape of the two “kissing” lumens. As the balloons are 

inflated to one atmosphere of pressure, the two balloons become non-deformable, 

resulting in a predictable geometry of the lumens. The HDB is slightly oversized 

compared with the FDB skirt, assuring a fixed position of the balloons when inflated. 

Full deployment of the balloons during the procedure should be examined under 

fluoroscopy by using a contrast saline solution for inflation. 

Haemodynamics. The early stages of atherosclerosis and plaque formation are thought 

to be associated with regions of low WSS (10-2 Pa), as a result of alternated flow 

patterns.21,25,26 In the present study all measured parameters were above this threshold 

value. However, the interpretation of the used metrics, such as WSS and TAWSS, is 

often inconclusive and less robust than commonly assumed.15 Therefore, the four 

endpoints were mainly used for a direct comparison between the different 

configurations.  

Earlier studies pointed out that flow in the abdominal aorta is non-laminar, and include 

vortices and recirculation zones, especially in AAA.21,24,27 Disturbed flow results in 
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increasing stresses acting on the aneurysm wall and may be responsible for further 

aortic dilatation.28 Therefore, excluding the aneurysm sac from the arterial circulation, 

for example during EVAR, should minimize complex flows at the inflow and outflow 

segments of the stent at healthy aortic wall.  

Vorticity was used as a quantity to assess haemodynamic differences between 

configurations. Several authors studied haemodynamics focusing on vorticity in the 

aortic arch or in the aneurysm sac and found values ranging from ‒300/s up to 300/s 

during the cardiac cycle to be typical.21—24 Especially regions with irregular walls, such as 

the crossing-section and the ‘dead’ space, are prone to develop regions of both high and 

low shear stress and vortices. Interestingly, vortices developed in the crossing area of 

PC1, repeated caudally and dissipated mid lumen (ROI 3, video S1). Combination of 

high shear stress ( > 5000/s) and vortices activates platelets and may result in 

thrombogenic and inflammatory responses in regions with a high residence time. 

Although shear rates above the pathological threshold of > 5000/s were not measured 

in this study, vorticities close to or above threshold (‒300/s to 300/s) were observed in 

the CC. These observations highlighted the importance of designing a smooth proximal 

neck geometry in CAR. 

The lumen of the CC narrowed from 24 mm to 10 mm in diameter, resulting in flow 

velocities up to 38 cm/s. At the crossing section of the two lumens, a sudden expansion 

of the flow lumen (2×10 mm), resulted in the generation of vortices. These currents were 

directed into the protruding part of the lumen, a blind cavity. The blood mimicking 

fluid used in this study has no thrombotic characteristics, therefore the flow remained in 

this cavity. Based on the observed low flow velocities, blood clots may form in an in 

vivo situation, thereby, filling the cavity, and from which (micro) thrombi may enter the 

blood stream and cause a peripheral thrombo-embolism.29,30 

A direct comparison of the outflow through the left CIA (ROI 6) lumen was also of 

interest, since altered flow patterns may result in changed WSS of the healthy peripheral 

vessel wall. The velocity and vorticity, and resulting WSS and TAWSS, where higher in 

PC1. The flow was predominantly directed towards the left iliac artery as a result of the 

geometry of the lumens in the infrarenal neck. 

Limitations. PDMS was used for the experiments instead of the CAR manufacturer’s 

polymer as optical access was needed for the laser PIV measurements. However, the 

differences in the mechanical properties between the two polymers are small and not 

expected to change the observed flow pro-files.11,31 The PDMS walls of the models were 
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considered to be rigid. Although this affects the results in the regions without polymer, 

it was assumed that the influence on flow characteristics was limited as the vasculature 

of this patient population is stiffened by atherosclerotic disease.75,76  

Interpretation of the observed flow patterns, especially cross sections displaying 

vortices, is challenging. A direct comparison was sometimes difficult, as each geometry 

of the models is unique. In addition, complex three dimensional haemodynamic flows 

are assessed in a two dimensional configuration, with in and out of plane motion, and 

which complicated analysis of the flow patterns. 

The tortuous geometry made wall detection challenging, which may have affected the 

accuracy of WSS calculations. A total flow rate of 1.6 L/min was used in all models, 

although being physiological, this was at the lower boundary of what is seen in patients. 

There are similarities between CAR and the Nellix endo-system, especially the complete 

filling of the aneurysm sac using a polymer, creating an increased mass of the system 

compared with EVAR. Owing to the increased mass the resonance frequency of system 

is lowered to within the frequency range of vibrations induced during daily activities.34 

For the Nellix endosystem this mechanism may promote lateral displacement or 

bending of the stents if insufficient polymer surrounds them, potentially resulting in 

caudal migration of the endosystem.77 Although the described failure mechanism may 

be applicable to CAR, important distinctions have to be made. First, CAR does not 

incorporate stent frames and endobags, as with the Nellix endosystem; it is a one piece 

polymer only solution. Second, CAR fixation differs from that of the Nellix endosystem. 

The low viscosity polymer moulds to the morphology of the aneurysm sac instead of 

using pressurised smooth endo-bags, which are mainly fixed on the aortic bifurcation.  

Flow recirculation in the Nellix endosystem has been suggested as a potential risk of 

distal embolisation by Boersen et al.,36 due to the “drooling shoulders” of the endobags. 

The tapered design of the FDB in CAR enhances a smooth inflow of blood into the 

newly created lumen, preventing recirculation zones. However, loss of proximal and 

distal seal between polymer and aortic wall, because of the thinning layer of polymer 

towards the edges, remains a potential risk and may cause type Ia/b endoleak. This 

may be a result of caudal migration of the polymer and/or dilation of the aortic neck as 

a result of disease progression. Deployment of a self-expanding stent covering the 

tapered edges of the cast, as described by Doorschodt et al.,13 may prevent non-

apposition between polymer and aortic wall.  
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Future research will be focused on the identification of the instructions for use and the 

clinical introduction of CAR, focused on two indications: first, the standalone 

(percutaneous) use of CAR in the treatment of AAA; and, second, the use of CAR in the 

treatment of persistent type II endoleak, by filling the aneurysm sac surrounding the 

primary endograft. The potential failure mechanisms, high-lighted by Argani et al.,34 

will be incorporated in this research plan. 

Conclusions 
The flow lumens created by three balloon configurations used in an in vitro model of 

CAR have been studied, and resulted in different haemodynamics. The differences in 

velocities and lower vorticity, especially at the crossing section of the two balloons, 

showed that PC2 has favourable haemodynamics compared with the CC and PC1. 

Future research will be focused on the clinical applicability of CAR based on the design 

of PC2.  

 

Supplementary data 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.ejvs.2018.11.012.   
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Part I - ChEVAR 

Chapter 2. How can different gutter types be distinguished and classified in order to 

choose the best treatment strategy to overcome gutter related endoleaks? 

In chapter 2 a new classification system is introduced describing gutters after ChEVAR. 

Detection of gutters in the follow-up after ChEVAR remains challenging, especially the 

low contrast gutters. ECG-gated CTAs after ChEVAR were analysed to identify and 

classify gutters, based on their appearance and location. This classification system was 

introduced to improve risk assessment of gutters after ChEVAR, since most gutters do 

not lead to endoleak. 

The majority of the perioperative gutter leaks resolved spontaneously at the first 

postoperative CTA. Only few of the ChEVAR patients require reintervention related to 

gutter associated endoleaks. It is difficult to distinguish the high-risk gutters that 

require reintervention for preventing complications from low-risk gutters that do not 

need reintervention. The reasons to treat gutters are the existence of an endoleak, or a 

high-risk for developing endoleaks. We hypothesize that type A1, A2 and B1 gutters 

need reintervention, that A3 and B2 gutters need a close follow-up and that type C 

gutters will most likely resolve spontaneously.  

Consensus regarding gutter classification after ChEVAR may simplify the decision 

making process in the treatment of gutters, or impact the frequency of follow-up in case 

a gutter has been diagnosed post-ChEVAR.  

Recently, Donas et al.1 published an alternative classification system, based on the 

experiences learned from the PERICLES registry. Gutter leaks are classified based on the 

origin of the problem, i.e. excessive oversizing, insufficient oversizing and inadequate 

seal zone. Their approach is merely based on how to treat the gutter leak rather than 

based on the likelihood of complications, as our study proposes. 

 

Chapter 3. How do different ChEVAR configurations behave during the cardiac cycle?  

In chapter 3 the dynamical behavior of three different CG — endograft configurations 

has been described during the cardiac cycle. So far, the specific CG — endograft 

interaction during the cardiac cycle has not been studied in literature. 

The PERICLES registry showed that balloon-expandable CGs are associated with a 

lower type Ia endoleak rate than self-expanding CGs, without a difference in primary 

CG patency at three years.2 In the PROTAGORAS registry midterm outcomes of 

balloon-expandable CGs were good.3 The only CE-approved ChEVAR configuration 



    GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

 

153 

 

(the Endurant stent graft in combination with balloon-expandable CGs) is indicated 

with 20—30% oversizing of the mainbody, based on the results of Donas et al.3 and 

Mestres et al.4 

Mestres et al.4 studied the influence of endograft oversizing and the effect of gutter 

formation on static CT scans, not corrected for the changing geometry of the aorta 

during the cardiac cycle.4 However, Iezzi et al.5 showed that the abdominal aorta had an 

average diameter variation of 9.01% ± 4.81% during the cardiac cycle. The mean 

diameter variation was even higher at the juxtarenal level, being 10.14% ± 5.2% 

(absolute change of 1.92 mm ± 1.16 mm). As a consequence, they determined that 18% 

of the patients (N = 40) were treated with an inadequate oversizing of the endograft.5  

Dynamic behavior of gutter volume during the cardiac cycle, in combination with 

imprecise and/or static acquisition timing might lead to an underestimated or 

undiagnosed gutter related endoleak. Our study appends that the decrease of gutter 

volume and risk of type Ia endoleak, while increasing CG compression, may lead to CG 

occlusions for Viabahn CGs. It was hypothesized that a high change in gutter volume 

during the cardiac cycle may increase the risk of type Ia endoleak due to increased flow. 

The change in gutter volume for the Endurant — Advanta configuration was 3-fold 

higher compared to the Endurant — Viabahn configuration. In addition, the importance 

of accurate CTA timing was shown. The contrast enhancement of this A1 gutter 

associated endoleak was only present in systole. This A1 gutter associated endoleak 

may have been missed during standard and non-dynamic CTA follow-up.  

Part II - FEVAR 

Chapter 4. What are the mechanisms of failure when complications related to the CSGs 

occur after FEVAR?  

How should subtle changes in geometry of CSGs be assessed and interpreted? 

The early results of FEVAR are generally good to excellent.6,7 However, loss of sealing 

zone has an effect on the integrity of the entire repair.8 Most reinterventions after 

FEVAR are a result of endoleak (type Ia/b or IIIa endoleak) or due to loss of target 

vessel patency. These complications are often a result of changes in aortic anatomy 

and/or haemodynamic forces acting on the connection between fenestrated stent graft 

(FSG) and CSG. Both causes can potentially lead to compression or kinking of the CSG 

branches. Suboptimal flaring of the CSG may cause type IIIa endoleaks. These 

mechanisms of failure are known, yet hard to distinguish on post-FEVAR CTAs since 

changes in geometry are often subtle. If a reintervention is needed due to a non-
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regressing aneurysm sac with contrast enhancement on follow-up CTA, determination 

of the origin of the endoleak is crucial. Type Ia endoleak is generally treated by 

extending the proximal seal zone. Type IIIa endoleak is treated by re-ballooning or 

relining of the CSG.  

We introduced three new parameters to assess and quantify changes in CSG geometry; 

flare-to-fabric distance, flare-to-fenestration ratio and D-ratio. This study was initialized 

to validate the introduced software and therefore not powered for robust statistical 

analysis correlating these parameters with complications. The novel software is accurate 

and has a high reproducibility for the introduced parameters. In addition, all CGSs with 

complications showed hazardous geometrical changes during follow-up. Most of these 

geometrical changes were not identified on standard follow-up imaging. The 

introduced methodology may help identifying patients at risk for developing 

complications.  

Part III — Polymer based treatment strategies 

Chapter 5. How can ChEVAS be best applied and what are the results in the treatment 

of JAAA?  

In chapter 5 we studied the technical aspects and early results of ChEVAS in the 

treatment of JAAA. Theoretically, ChEVAS combined the advantages of ChEVAR with 

the advantages of the EVAS system; completely sealing the aneurysm sac with an off-

the-shelf technique without the potential risk for type II endoleaks and gutter formation. 

There was limited experience with ChEVAS available when performing these 

procedures. Reason to study the essential technical steps for successful ChEVAS 

outcomes. Patients in whom OSR or FEVAR were deemed difficult or unfeasible were 

eligible for ChEVAS. The technical success was 100% for the 16 ChEVAS procedures, 

with 0% mortality at 30 days and secondary reinterventions needed in 3 patients. Most 

complications were procedure related and not to the device itself. Based on these initial 

experiences it was advised only to start with ChEVAS when the endovascular team had 

performed at least 10 regular EVAS implantations. The acceptable results led to the 

question if longer term follow-up would demonstrate that ChEVAS is a sustainable 

technique. (Chapter 6). 
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Chapter 6. What are the mid-term outcomes of ChEVAS?  

We studied the geometry of ChEVAS configurations in 20 patients for at least one year 

post-EVAS. In 2015, the first patients were treated in our institution following the first 

in-vivo publications of EVAS.  

Several author groups described complications as migration and endoleak after EVAS 

and ChEVAS.9—14 Van Veen et al.14 showed that the stent frames of the EVAS device can 

displace in several ways; distally, laterally, and, buckling in the aneurysm sac. 

Migration of routine EVAR devices is defined as > 10 mm distal displacement. Since the 

EVAS stent-frames can displace in every direction, the standard definition of migration 

post-EVAR does not fully describe the displacement complications post-ChEVAS. The 

described methodology in chapter 6 enables identification of subtle changes in the three-

dimensional displacement of the EVAS system and CGs with a high reproducibility for 

the nonapposition surface (ICC 0.990 (95% CI, 0.957-0.998), 0.960 (95% CI, 0.945-0.972) 

for neck diameter; 0.917 (95% CI, 0.899-0.931) for CG diameter measurements.  

Caudal displacement of ≥ 5 mm of the proximal end of the EVAS stent frames was 

observed in 20.0% of the patients, but no reintervention was performed at 1-year follow-

up. CTA imaging showed that 20.1% of the available sealing surface in the infrarenal 

neck was not used, and the nonapposition surface increased to 30.6% of the 

preoperative aortic neck surface at 1 year follow-up. Median migration was 3.5 mm 

(IQR, 2.4-5.0 mm) and 3.1 mm (IQR, 2.0-4.8 mm) for the left and right proximal end of 

the EVAS stent frames, respectively. Median migration was 3.0 mm (IQR, 2.2-4.8 mm) 

for the proximal end of the CGs at 1 year follow-up. This resulted in a 25.0% type Ia 

endoleak rate at 1 year follow-up, with three out of five of these type Ia endoleaks 

extending into the aneurysm sac. The reintervention-free survival rate was 85.0% at 1 

year follow-up in this cohort of 20 patients. Comparison with the ChEVAR outcomes of 

the PROTAGORAS and PERICLES registry, 3,15 a 1.6% type Ia endoleak rate and a 

secondary intervention rate of 6.6% at the latest follow-up (mean 17.1 months, range 1-

70 months), led to the decision to stop the ChEVAS procedure. 

The substantial rates of complications after EVAS and ChEVAS have led to the recent 

suspension of the CE mark for the EVAS endosystem.16 Based on the promising early 

results and technical aspects (Chapter 5), ChEVAS was thought to be a good treatment 

option for this subset of patients. Once the first (conference) publications reported 

migration, displacement and other complications, additional cohort studies have been 

initiated and implantation of the device was halted with exempt of compassionate cases.  
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Chapter 7. What is the best customised aortic repair configuration in terms of 

haemodynamics? 

The goal of the customised aortic repair (CAR) project is to possibly expand EVAR 

eligibility, and lower the reintervention rate. The first in-man (phase I) clinical trial 

however, has yet to be initiated. Based on the IFU of regular EVAR devices, it is 

estimated that only 60% of men and 34% of women are morphologically suitable for 

EVAR. This is due to challenging infrarenal aortic necks and iliac access challenges.17—19 

The low profile (6 Fr) endovascular balloons used in CAR may be a solution for these 

patients. The polymer mould that surrounds the endovascular balloons may prevent 

type II endoleak (incidence of early type II endoleak is 10-25% of which approximately 

80% resolves spontaneously).20—24 

The primary research question of this in-vitro study was to find the hemodynamically 

most favorable balloon configuration, based on four haemodynamic parameters. The 

aim of this study was not to achieve the best real-world situation, but to create a 

configuration that allowed to compare different configurations under the exact same 

conditions. This in-vitro research cannot, as with all non-patient studies, be directly 

translated into clinical practice. Three configurations were analysed, the configuration 

with the least abrupt changes in geometry (PC2) had the best outcomes. The differences 

in velocities and lower vorticity, especially at the crossing section of the two balloons, 

and the absence of a protruding ‘dead space’, showed that PC2 has favourable 

haemodynamics compared with the CC and PC1. 

Fixation of CAR is comparable to that of EVAS, the aneurysm itself is used as mold. 

Although there is no endobag surrounding the polymer, which may potentially lead to 

thrombo-emboli if the parts of the polymer mould detach. The polymer however, may 

be useful as an alternative for embolisation in the treatment of endoleaks. 
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General discussion 

Treatment selection for complex AAA 

This thesis does not provide a straightforward answer to the question which 

endovascular technique best to use in a specific patient. A direct comparison of FEVAR, 

ChEVAR and ChEVAS can only be performed in a randomized controlled trial, but the 

indications for the techniques are different and hard to compare head-to-head. Each 

technique has its specific indications and instructions for use. The balance between 

rupture risk of AAA and surgery associated mortality for patients with complex 

aneurysms is complex and patient specific. For patients with an acceptable surgical risk, 

the 5.5 cm threshold may be appropriate. With increased comorbidities and an 

challenging anatomy, the threshold may become higher. The decision making process 

for repair of complex aneurysms is based on nuances, and should be performed in a 

multidisciplinary team. Understanding mechanisms behind potential modes of failure 

may help identify the best treatment strategy for a specific patient, but also the proper 

follow-up regime.  

Follow-up imaging protocols 

Routine CTA follow-up reports are mostly used to detect endoleaks and significant 

migration (≥ 10mm). This thesis shows that changes in geometry after endovascular 

treatment of complex AAA are often subtle but may still lead to complications. Changes 

in geometry progress slowly and several studies have shown that most gutter and slow 

flow endoleaks resolve spontaneously over time. Approximately 15% of gutter 

associated endoleaks and type II endoleaks do not resolve spontaneously and require 

reintervention in 50% of these patients.20,25 Is an early reintervention beneficial, is a 

reintervention necessary or is a conservative approach favorable? 

The higher reintervention rates of ChEVAR, ChEVAS and FEVAR compared to routine 

EVAR require a more thorough follow-up of these patients. Standard follow-up should 

include, at minimum, a second CTA scan at 1-year follow-up in order to compare the 

position of the endograft and its components with the first (30-day) post-operative CTA 

scan. Careful analysis of endograft position and changes herein with the introduced 

software, may require a patient-specific follow-up protocol. ECG-gated CTA, slice 

thickness ≤ 1mm, following a concise protocol may provide answers regarding dynamic 

behavior of gutters and flare geometry in-vivo over time. The suggested postoperative 

follow-up surveillance contains crucial information regarding gutters, gutter associated 

endoleaks, positional changes of CSG geometry, and stability of the endografts. This can 
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be assessed with the introduced algorithms without requiring additional follow-up 

imaging, which minimizes contrast nephrotoxicity contrast and the exposure to 

radiation to ensure patient safety. However, the introduced algorithms remain under 

development and are not available for clinical use. Before such software can be 

incorporated in routine follow-up protocols, several steps need to be taken.  

Future perspectives  

Market approval of new endovascular concepts 

This thesis describes the introduction and early results of new concepts in the treatment 

of (complex) AAA. All described endovascular techniques in the treatment of complex 

AAA have an excellent technical success rate and show good short-term results. Based 

on the experiences with EVAS; the swift market introduction of this sac-anchoring 

endosystem; followed by the first positive publications and quick adaptation by the 

vascular community; then criticism based on longer term results; and the similarly 

quick market withdrawal by the manufacturer; lessons have been learned. We and 

several other author groups describe the high rates of device migration and graft failure 

after ChEVAS.9—14  

Introduction of new (endovascular) concepts such as CAR have to be done sequentially 

without pushing the successive steps that have to be taken. One should start with a pre-

clinical phase with in-vitro research (chapter 3 and 7) before initiating animal studies 

and ultimately this should lead to in-vivo patient studies. It remains a concern that most 

complications requiring reintervention occur at mid-term or on longer term follow-up 

(chapters 5 — 7). The regulatory approval processes should be focused on longer term 

outcomes before new devices get market access, although this may slow down 

innovation. Smaller trials in experienced centers, with longer term follow-up, high 

quality imaging, and an additional focus on changes in geometry over time, are advised. 

RCT for JAAA and SRAAA 

The use of complex endovascular techniques will increase in patients with JAAA and 

SRAAA as outcomes are improving and applicability is being extended. EVAR has 

become a routine procedure for patients with a favorable aortic neck anatomy. In time, 

an endovascular approach for complex AAA will be the first choice of treatment. A 

large trial randomizing patients with an infrarenal neck of ≥ 2mm and ≤ 10mm for 

treatment with EVAR and EndoAnchors, ChEVAR or FEVAR, is however needed. 

Through this trial, outcomes can be compared, and consequently, precise indications for 
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each treatment strategy can be verified. A more consistent use of outcome criteria would 

make relevant comparisons between trials and pooling of results more easy.  

Data driven healthcare  

All analyses in this thesis were performed on standard CTA data resulting from 

standard EVAR follow-up as extracted from electronic patient records. The translation 

from imaging data into clinical relevant information was missing. Large companies 

(IBM, Microsoft, Philips) are investing in data science and deep learning in healthcare, 

exploring the immense opportunities to improve healthcare based on already available 

routine clinical data. New methods and algorithms, based on artificial intelligence (AI), 

to analyse these huge datasets, combined with (medical) specialists who can interpret 

the information, will be the next revolution in vascular surgery. Prediction models, 

learning from every new data-point, will eventually be capable of accurately predicting 

the likelihood of the occurrence of complications such as endoleak during follow-up on 

patient-level. 

Improving healthcare can be done on many levels, from bench to bedside. I truly believe 

that surgeons, technical physicians, researchers and companies have to work together in 

order to further optimize healthcare and improve patient outcome.  
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Geometrische veranderingen van stent graft configuraties na 

endovasculaire chirurgie 
 

Een abdominaal aorta aneurysma (AAA) is een verwijding van de grote 

lichaamsslagader (aorta abdominalis) in de buikholte. Wanneer deze verwijding een 

diameter ≥ 5.0 cm voor vrouwen en ≥ 5.5 cm voor mannen of sneller dan ≥ 1 cm/jaar 

groeit ( > 4.0 cm), dan is de kans op een aorta ruptuur dusdanig groot dat in een 

chirurgische behandeling noodzakelijk is. Bij ongeveer 10-15% van de mensen met een 

AAA is ook de aorta rond of zelfs boven de afgang van de nierarteriën aangedaan. Dit 

wordt een juxtarenaal abdominaal aorta aneurysma genoemd (JAAA). Een substantieel 

gedeelte van de patiënten waarbij een (juxtarenaal) abdominaal aorta aneurysma is 

vastgesteld, heeft meer baat bij een endovasculaire behandeling (EVAR) dan bij een 

open buik operatie. Voornamelijk vanwege het grotere risico op overlijden tijdens of 

kort na een open buik operatie. Echter is EVAR, waarbij via de liezen een stent in de 

aorta wordt geplaatst, van dergelijke aneurysmata niet altijd probleemloos. 

Voornamelijk op de middel lange en lange termijn blijken er bij een EVAR meer 

complicaties op te treden in vergelijking met de open behandeling. Afhankelijk van de 

gekozen endovasculaire behandelmethode is er een kans op verschillende serieuze 

complicaties, zoals lekkage aan de bovenzijde van de stent (type Ia endoleak), 

verzakking (migratie) van de stent of het occluderen van gebruikte zijstents. Omdat 

deze groep patiënten vaak een verminderde gezondheid heeft, zijn reïnterventies erg 

belastend.  

Om te monitoren of er geen problemen optreden na EVAR, worden er follow-up CT-

beelden of echo’s gemaakt. Meestal 30 dagen na de ingreep, daarna jaarlijks. Op basis 

van deze beelden kunnen complicaties als type Ia endoleak en occlusies vrij goed 

worden vastgesteld.  

Lekkage kan verschillende oorzaken hebben, zoals een niet goed aansluitende of 

passende stent(s), verwijding van de infrarenale nek van de aorta, of mechanisch falen 

van de stent(s). Als een stent niet goed gefixeerd is in de aorta, kan deze gaan verzakken 

waardoor lekkage ontstaat. Vaak zijn dit langzame processen die niet van de ene op de 

andere dag gebeuren. Dit maakt het echter lastig om vast te stellen op CT of echo 

beelden, de veranderingen over tijd zijn vaak erg subtiel.  

Het is daarom belangrijk om de processen achter de eerder genoemde complicaties, in 

kaart te brengen en te visualiseren. Op deze manier is het voor de radioloog en 
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vaatchirurg duidelijker waar, afhankelijk van de gebruikte techniek, op gelet moet 

worden voordat er daadwerkelijk een complicatie ontstaat. Daarnaast kan dit helpen bij 

het plannen van eventuele reïnterventies. 

In dit proefschrift worden met behulp van nieuwe methodieken de meest voorkomende 

complicaties van de verschillende endovasculaire behandelmethodes voor JAAA 

beschreven. Dit wordt gedaan aan de hand van theorie, in-vitro onderzoek en 

patiëntstudies.  

Hoofdstuk 2 introduceert een nieuwe methode om een van de grootste problemen 

omtrent de ChEVAR techniek, gutter vorming, beter te beschrijven. Inherent aan de 

ChEVAR techniek is namelijk het ontstaan van zogenaamde gutters, die kunnen leiden 

tot endoleak. In dit hoofdstuk wordt de definitie van het begrip gutter geïntroduceerd. 

Op basis van hun voorkomen en de waarschijnlijkheid van het ontstaan van 

complicaties worden de verschillende verschijningsvormen van gutters geclassificeerd.  

Hoofdstuk 3 beschrijft een in-vitro onderzoek waar drie verschillende chimney graft 

(CG) — stent graft (ChEVAR) configuraties in een dynamische setting worden 

onderzocht. Het gebruik van chimney grafts (CGs) naast een stent graft heeft, 

afhankelijk van het ontwerp van de gebruikte stents, verschillende eigenschappen. Zo 

zal een CG met een hoge radiale kracht een andere vorm aannemen dan een flexibele 

CG in combinatie met een stent graft. Gutters zullen, afhankelijk van de gebruikte 

combinatie, meer of minder voorkomen. Kans op CG occlusie door vervorming zal hier 

ook van af hangen. Omdat de stents in een dynamische omgeving worden gebruikt, is 

er een opstelling gebruikt die het dynamisch gedrag van de aorta nabootst. Hierbij zijn 

aorta modellen, gebaseerd op de gemiddelde anatomie van 25 AAA patiënten, en een 

vloeistof die lijkt op bloed, gebruikt. Belangrijkste conclusie is dat het gebruik van zelf-

ontplooiende (en dus flexibele) CG duidelijk kleinere gutter volumes, en verandering 

hiervan tijdens de hartcyclus, laten zien. CG compressie is daardoor wel groter, maar 

lijkt niet dusdanig te zijn dat dit voor problemen zal zorgen. Daarnaast is timing van de 

CTA van cruciaal belang omdat een slow-flow endoleak niet altijd aankleurd in de 

gekozen fase van de hart-cyclus.  

In hoofdstuk 4 wordt een nieuwe methode geïntroduceerd waarmee veranderingen in 

geometrie van de covered stent grafts (CSG) na fenestrated-EVAR (FEVAR) inzichtelijk 

worden gemaakt. FEVAR is een veelgebruikte endovasculaire behandeling van juxta- en 

suprarenale aneurysmata. Op basis van een pre-operatieve CT scan wordt er een stent 

met fenestraties specifiek voor de patiënts’ anatomie gemaakt. In deze fenestraties 
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worden CSG geplaatst om zo te zorgen voor doorbloeding naar de renale en/of 

viscerale arteriën. Doordat deze oplossing bestaat uit meerdere componenten, waarbij 

de CSG doormiddel van flaring gefixeerd zijn in de fenestrated stent graft, bestaat er in 

een dynamische omgeving een kans dat juist hier complicaties als type IIIa endoleak en 

occlusies optreden. Op basis van de geïntroduceerde software kan de (verandering in) 

geometrie van de CSG worden gereconstrueerd en geanalyseerd. Op basis van de data 

van 10 patiënten met in totaal 31 CSG, waarvan twee patiënten met type IIIa endoleak 

en vier patiënten met occlusies, werd duidelijk dat alle CSG met complicaties een 

afwijkende geometrie hadden. Daarentegen waren er ook CSG met een afwijkende 

geometrie waarbij geen complicaties op zijn getreden. Verder onderzoek met meer 

patiënten en langere follow-up moet uitwijzen of deze patiënten zonder complicaties 

zijn gebleven.  

Hoofdstuk 5 beschrijft een, op dat moment nieuwe, behandeltechniek waar middels 

twee stent omhuld met polymeer gevulde endobags het aneurysma moeten opvullen: 

het Nellix Endosysteem of EndoVasculair Aneurysm Sealing (EVAS). Doordat de 

endobags zich vormen naar de aorta anatomie, lijkt dit een ideale oplossing in 

combinatie met CGs in de behandeling van JAAA. Theoretisch zouden gutters en type II 

endoleaks niet meer voor kunnen komen. Dit hoofdstuk beschrijft hoe deze techniek 

veilig toegepast kan worden, op basis van de ervaringen van zeer ervaren 

vaatchirurgische centra (> 100 cases). De korte termijn resultaten lieten zien dat 

chimney-EVAS (ChEVAS) als ‘off-the-shelf’ techniek een hoog technisch succes heeft, en 

redelijk goede 30 dagen uitkomsten. Echter betrof dit een studie met slechts 16 

patiënten, waardoor de belangrijkste conclusie is dat er meer onderzoek nodig is 

voordat deze techniek op grote schaal toegepast kan worden.  

Hoofdstuk 6. Op basis van ervaringen uit het St. Antonius ziekenhuis en overige centra 

waren er vragen over de fixatie van EVAS op middellange en lange termijn. Met behulp 

van zelf ontwikkelde software kan de positie van de gebruikte CGs en Nellix stents 

nauwkeurig worden bepaald. Door dit op verschillende momenten gedurende de 

follow-up na EVAS van 20 patiënten te doen, kan er worden gekeken naar eventuele 

veranderingen in positie. Hieruit bleek dat in vier patiënten sprake was van > 5 mm 

migratie van de stent frames. Tijdens de operatie wordt 20.1% van het beschikbare 

infrarenale segment niet gebruikt, dit neemt toe tot 30.6% na 1 jaar. Als gevolg hiervan 

was er ook sprake van caudale migratie van het proximale gedeelte van de CGs. In vijf 

patiënten was er sprake van een type Ia endoleak, waarbij er drie lekkages connectie 
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hadden met het aneurysma en reïnterventie plaats moest vinden. Op basis van deze 

resultaten is de conclusie dan ook dat het gebruik van ChEVAS wordt gestopt totdat er 

meer bekend is over de lange termijn resultaten.  

Hoofdstuk 7 beschrijft een in-vitro onderzoek van een meer experimentele techniek, 

custom aortic repair (CAR). De gedachte van deze nieuwe behandelmethode is ‘hoe 

eenvoudiger hoe beter’. De techniek maakt gebruik van 2 ballonnen, die als mal dienen 

voor een polymeer dat ingespoten wordt. Het volledige aneurysma wordt zo opgevuld 

en 2 nieuwe lumina worden gevormd. Haemodynamica van verschillende ballon-

varianten, die verschillende geometrieën van de lumina geven, wordt onderzocht om zo 

de beste configuratie te vinden. Doormiddel van een flow opstelling die de menselijke 

abdominale aorta, inclusief hartcyclus, nabootst, fluorescente deeltjes in de (met bloed 

vergelijkbare) vloeistof, een laser en een hoge snelheidscamera ( > 2000 

frames/seconde) kan heel nauwkeurig worden gekeken naar vloeistofstromen en 

daaruit voortvloeiende parameters. Specifiek is er gekeken naar stroomsnelheid, 

vorticiteit, wall-shear stress (WSS) en gemiddelde WSS per hartcyclus. Op basis van de 

uitkomsten van deze 4 parameters kan worden geconcludeerd dat de laatste 

configuratie, parallelle configuratie 2, de meest voordelig hemodynamische 

omstandigheden had. Verder onderzoek is echter nodig voordat deze techniek in 

patiënten toegepast kan worden.  

Conclusie 

Het kiezen van de juiste behandeltechniek voor JAAA en SRAAA patiënt is niet 

eenduidig. Uitkomsten van de beschikbare studies zijn niet direct vergelijkbaar door de 

verschillende studieopzetten en de heterogene patiënt populaties. Wel is duidelijk dat 

zeker deze complexe behandeltechnieken een hoger risico hebben op complicaties op 

lange termijn in vergelijking met standaard EVAR. In deze thesis zijn de verschillende 

mogelijke achterliggende werkingsmechanismen achter deze complicaties in 

gekwantificeerd en gevisualiseerd. Het nauwkeurig in beeld brengen en kwantificeren 

van veranderingen in geometrie over tijd maakt het mogelijk oorzaak van complicaties 

te herleiden. Iets dat zeker van belang is bij het plannen van eventuele reïnterventies. 

Alle analyses in deze thesis zijn gedaan op basis van beschikbare data uit het 

elektronisch patiënten dossier (EPD), enkel de vertaalslag naar klinisch relevante 

parameters hoefde nog gedaan te worden. Hoewel ook deze thesis geen direct 

antwoord geeft op welke techniek het beste is voor de behandeling van JAAA en SRAA, 
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iets dat enkel in een gerandomiseerde trial vastgesteld kan worden, helpt deze kennis 

wel bij het maken van een meer afgewogen keuze in het beslisproces van de juiste 

behandeltechniek. 
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Abbreviations 

3D   Three-dimensional 

AAA   Abdominal aortic aneurysm 

AI   Artificial intelligence 

AP   Anteroposterior 

BE   Balloon-expandable 

BMF   Blood mimicking fluid 

CE   Conformité Européene 

CG   Chimney graft 

CSG   Covered stent graft 

CI   Confidence interval 

CIA   Common iliac artery 

CLL   Centre lumen line 

CTA   Computed tomography angiography 

D-ratio   Diameter ratio 

EVAR   Endovascular aortic repair 

EVAS   Endovascular aortic sealing 

FDB   Full dog-bone 

FEVAR   Fenestrated endovascular aortic repair 

HDB   Half dog-bone balloon 

ICC   Intraclass correlation coefficient 

IFU   Instructions for use 

IQR   Interquartile range 

JAAA   Juxtarenal abdominal aortic aneurysm 

MRA   Magnetic resonance angiography 

PIV   Particle imaging velocimetry 

RMSE   Root mean square error 

SD   Standard deviation 

SE   Self-expanding 

SMA   Superior mesenteric artery 

SRAAA   Supra Renal Abdominal Aortic Aneurysm 

TAWSS   Time-averaged wall shear stress 

WSS   Wall shear stress 
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