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Abdominal aortic aneurysms 
Abdominal aortic aneurysms (AAA) are defined as an infrarenal increase in aortic 
diameter 1.5 times the normal diameter or an absolute diameter of > 3 cm.1 Loss 
of elastin, increased inflammation and smooth muscle cell apoptosis appear to be 
the main causes for dilatation of all layers in the aortic wall, although the precise 
pathways are still unclear.2,3 Most important risk factors for developing AAAs are 
male gender, age, family history, and smoking.4 Abdominal aortic aneurysm is 
present in approximately 2% of the global population. 
AAAs are mostly asymptomatic and are incidental findings on computed 
tomography angiography (CTA) or ultrasound. As the diameter of AAAs increases, 
the risk of rupture raises. Rupture is associated with a mortality rate up to 65-
85%, and these ruptures account for a significant part of deaths, especially among 
men.5-7 So, intervention is needed when risk of rupture exceeds the risk of the 
procedure. For AAA this crossover point is roughly estimated at a diameter of 55 
mm for men and 52 mm for women, or > 10 mm growth per year.8 However, 
every indication for AAA repair should be individually based.  
 
Endovascular Aneurysm Repair (EVAR) 
Besides open repair, AAAs can be treated with endovascular aneurysm repair 
(EVAR). EVAR was introduced by Volodos et al.9 in 1988, and since then several 
generations of endografts have been developed to improve the sustainability and 
decrease the risk of complications of EVAR. 
During the EVAR procedure a main body (prepared in a delivery system) is 
inserted into the left or right common femoral artery and positioned at the landing 
zone (infrarenal aortic neck). For infrarenal AAAs the landing zone is just below 
the orifice of the lowest renal artery. Sealing will be achieved by oversizing of the 
diameter of the endograft compared to the diameter of the infrarenal aorta (radial 
force), and in the majority of the endografts with anchoring pins in the suprarenal 
bare stent. If the main body is positioned correctly the delivery sheath is 
withdrawn, and the endoprosthesis is unfolded and bilateral limbs are inserted 
through the common femoral arteries into the main body, with distal sealing in 
the common iliac arteries, thereby excluding the aneurysm from the blood flow.  
Compared to open repair, EVAR has been associated with a lower 30-day mortality 
rate. However, a two-fold higher reintervention rate is required during follow-up 
compared to open repair.10,11 Especially type Ia and Ib endoleaks (proximal and 
distal leakage between aortic wall/ iliac arteries and endograft, respectively), type 
III (leakage due to inadequate fixation between graft components, or fabric tears) 
and device migration require reintervention as the risk of rupture increases due 
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to the persistent pressure in the aneurysm sac.12 During long-term follow-up 2.3 
- 3.1% of all EVAR cases develop type Ia endoleaks. Migration occurs in 1.0 to 
5.1% of all EVARs, while type Ib endoleak occurs in 2.3%.13-17  
Preoperative anatomical risk factors associated with these complications are short 
infrarenal necks (<1 cm), large supra- and infrarenal angulations (>75°), and 
large neck diameter (>28 mm).18-25 Careful pre-operative planning may reduce 
the risk of post-EVAR complications. However, late type Ia endoleaks and 
migration are a result of insufficient seal and fixation in the aortic neck, and 
development of the disease. These factors cannot always be addressed during the 
procedure, and may arise during follow-up. There is need for a measuring tool 
that can forecast sealing complications by assessing small changes in sealing and 
position during follow-up.  Ideally, seal failure can be prevented and reintervention 
can be performed before urgent complications occur. Moreover, this can also be 
introduced as follow-up imaging tool in thoracic endovascular aortic aneurysm 
repair (TEVAR). 
 
EndoAnchor implants 
If a seal complication has occurred the Heli-FX EndoAnchor System (Medtronic 
Vascular, Santa Rosa, CA, USA) can be used therapeutically to resolve type Ia 
endoleaks or prevent persistent migration of the endograft.26 EndoAnchors can 
also be used prophylactically in patients with challenging neck anatomy.27,28 The 
4.5 mm long by 3.5 mm diameter helical design of the EndoAnchors ensures safe 
attachment of the endograft to the aortic wall and the cross bar at the end of each 
EndoAnchor prevents over-penetration (Figure 1.1).28 The EndoAnchors increase 
the fixation strength to that of a surgical hand-sewn anastomosis when they are 
deployed circumferential into the aortic wall.29 This can only be achieved when the 
EndoAnchor implants successfully penetrate the aortic wall with 2 mm.30,31 Studies 
have shown good outcomes in both prophylactic and therapeutic use of the 
EndoAnchors. Large patient cohorts and clinical outcomes were analysed in the 
ANCHOR registry26-28,31-34, however, no data is yet available on individual 
EndoAnchor penetration and the sustainability of these individual penetrating 
EndoAnchors.  
  
Endovascular Aneurysm Sealing (EVAS) 
In 2013 endovascular aneurysm sealing (EVAS) was introduced with the Nellix 
endosystem (Endologix Inc, Irvine, CA, USA). EVAS as alternative for EVAR may 
increase the number of patients eligible for endovascular repair, as the 
instructions for use of EVAS allowed greater morphological variability.35,36  The  
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Figure 1.1: Axial view of the aortic lumen with an endograft on a computed tomography 
angiography scan. Two EndoAnchors (white ovals) are penetrating the aortic wall and 
endograft.  

 
 
Nellix endosystem contains of two balloon-expanding cobalt-chromium stent 
frames which are 10-mm in diameter.36 These stent frames provide blood supply 
to the iliac arteries and are surrounded by endobags which are filled with 
polyethylene glycol (PEG) during the EVAS procedure. The PEG polymerizates in 
3-5 minutes after insertion into the endobags, occupying the aneurysm cavity  and 
therefore excluding the aneurysm from the blood flow. For determination of the 
volume of PEG used to occupy the aneurysm cavity, the aneurysm diameter, 
length and the volume of intraluminal thrombus (ILT) should be accounted for. 
ILT is present in 75% of the AAAs.37 The proximal uncovered stent of the 
stentframes must be deployed 5 mm above the lower border of the orifice of the 
lowest renal artery, for total seal of the endobags in the aortic neck. This sac-
anchoring system is thought to reduce endoleaks and migration. The early results 
were promising, but limited to 30 days and one-year results.38-40 At mid-term 
follow-up differences in clinical outcome have been observed, questioning the 
durability of the EVAS device as endoleaks and migration occurred.41,42 Further 
insight is needed in the behaviour and sustainability of the Nellix endosystem in 
the abdominal aorta. Moreover, risk factors that cause complications need to be 
defined. 
 
Objective of the thesis 

1 
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The overall goals of this thesis are to investigate technologies for improved 
detection and prevention of EVAR complications and to investigate the occurrence 
of complications after EVAS. The thesis consists of two parts: 
 
Technologies for detection and prevention of complications after Endovascular 
Aneurysm Repair (EVAR): 

o Part IA; The first objective of the thesis is to introduce a new 3D 
methodology for determination of the position and apposition of 
endografts in the abdominal and thoracic aorta.  

 
o Part IB; The second objective is to associate positional EndoAnchor 

characteristics with successful penetration of EndoAnchors.  
 
Complications after Endovascular Aneurysm Sealing (EVAS): 

o Part II; The third objective is to associate complications after EVAS with 
mechanical behaviour of ILT, arterial stiffness and positioning of the Nellix 
endosystem. Moreover, predictive anatomical characteristics for the 
occurrence of complications are determined.  

 
Outline of the thesis 
In Part IA the newly developed 3D methodology to identify patients at risk for 
sealing complications after EVAR is introduced (Chapter two). The new software 
is also validated for TEVAR in Chapter three. The new methodology is used for 
precise determination of the position and the apposition of EVAR devices. By 
monitoring these locations and surfaces early changes in endograft position and 
seal may forecast late complications.  
 
These chapters focus on answering the following questions: 

 How should subtle changes in the endograft position and 
apposition in the infrarenal neck during CT follow-up be 
interpreted? (Chapter two) 

 How should subtle changes in the proximal and distal sealing 
zones in thoracic endograft position and apposition during CT 
follow-up be interpreted? (Chapter three) 

 
In Part IB individual EndoAnchor deployment success is studied thoroughly. 
EndoAnchors are designed to increase migration resistance and apposition of 
endografts in the aortic neck. In Chapter four, 560 individual EndoAnchor 
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implants are investigated regarding penetration depths as well as angles and 
circumferential distribution over the aortic circumference after therapeutic use to 
treat type IA endoleaks. In Chapter five the sustainability of these EndoAnchor 
implants is investigated.  
 
These chapters focus on answering the following research questions: 

 What is the association between EndoAnchor deployment and 
successful resolving of type IA endoleaks, considering their 
distribution along the circumference of the neck, penetration 
depth into the aortic wall, and angle of penetration? (Chapter 
four) 

 What is the sustainability of initially successfully penetrating 
EndoAnchors during follow-up? (Chapter five) 

 
Part II focusses on causes of complications after EVAS. First (Chapter six), a 
study was performed on fluid displacement during compression on intraluminal 
thrombus. It is hypothesized that during pressurization the volume of intraluminal 
thrombus may decrease, due to squeezing liquid out of the thrombus. This may 
have negative effects on the stability of the endobags of the Nellix endosystem. 
In this study freshly harvested ILT was inserted into a compression set-up, to 
investigate the fluid displacement under pressure.  
Aortic pulse wave velocity (aPWV) is a measure for arterial stiffness, which is 
associated with increased cardiovascular risk.43 In Chapter seven the aPWVs for 
an EVAS configuration, two EVAR configurations, and a tube graft in an in-vitro 
aortoiliac trajectory were calculated, to investigate the influence of different aortic 
endoprostheses on aPWV and structural stiffness. Chapter eight introduces a 
method to investigate the EVAS stentframe displacement over time within the 
aneurysm. In Chapter nine the non-apposition surface was introduced in a study 
on the accuracy in positioning the EVAS system, as the surface over the aortic 
wall between the renal arties and the top of the endobags. Ideally this non-
apposition surface is zero. The endobags of the EVAS system do not have 
radiopaque markers on the endobags, therefore, positioning the endobags just 
below the renal arteries may be difficult. In Chapter ten the anatomical 
characteristics of 261 EVAS patients treated in three high volume EVAS centers 
are determined and used in a regression analysis to find anatomical predictors for 
complication after EVAS. 
 
Part II focusses on answering the following research questions: 
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 What is the quantity of fluid displacement from freshly harvested 
intraluminal thrombus when uniform compression is applied in an 
in vitro compression set-up? (Chapter six) 

 What influence do different endograft configurations have on 
aortic pulse wave velocity and structural stiffness in an in-vitro 
aortic model? (Chapter seven) 

 How precise can three-dimensional positions of the Nellix stent 
frame and changes in position be determined? (Chapter eight) 

 What is the accuracy of initial position and seal of the Nellix EVAS 
system in the aortic neck using a novel measurement 
methodology? (Chapter nine) 

 What preoperative anatomical aortic characteristics are predictive 
for seal failures after EVAS? (Chapter ten) 
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Abstract 
Objective: Follow-up imaging after endovascular aortic aneurysm repair (EVAR) 
focuses on detection of gross abnormalities: endoleaks and significant (>10 mm) 
migration. Precise determination of endograft position and wall apposition may 
predict late complications. We present a new measurement method to determine 
precise position and apposition of endografts in the aortic neck.  
Methods: Four patients were selected from our EVAR database. These patients 
had late (>1 year) type IA endoleak or >1 cm endograft migration. Twenty 
patients with uneventful follow-up were measured as controls. The new software 
adds six parameters to define endograft position and neck apposition: fabric 
distance to renal arteries, tilt, endograft expansion (% of the maximum original 
diameter), neck surface, apposition surface, and shortest apposition length. These 
parameters were determined on preoperative and all available postoperative CT-
scans, to detect subtle changes during follow-up.  
Results: All patients with endoleak or migration had increases in fabric distance, 
tilt, or endograft expansion or decrease of apposition surface. Changes occurred 
at least one CT scan before the endoleak or migration was noted in the CT reports. 
The patient without complications showed no changes in position or apposition 
during follow-up. 
Conclusion: The new measurement method detected subtle changes in endograft 
position and apposition during CT follow-up, not recognized initially. It can 
potentially determine endograft movements and decrease of apposition surface 
before they lead to complications like type IA endoleaks or uncorrectable 
migration. A larger follow-up study comparing complicated and non-complicated 
EVAR patients is needed to corroborate these results. 
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Introduction 
Endovascular aortic aneurysm repair (EVAR) is the preferred treatment for 
exclusion of an abdominal aortic aneurysm (AAA)1. The major limitation of EVAR 
is sustained fixation and seal of the endograft within the aortic neck. Loss of 
apposition may result in migration and type IA endoleak. Challenging neck 
morphology has been associated with a higher risk for these complications.2-7 
However, the initial postoperative endograft position, and the apposition surface 
between the endograft and the infrarenal neck may also be important parameters 
to predict late failure. A well-positioned endograft in a challenging neck may be 
associated with lower risk for migration and type IA endoleak than a misdeployed 
endograft in a non-hostile neck.  
During follow-up, subtle changes in the position of the endograft in the aortic neck 
or a decrease in apposition surface indicate movement of the endograft in the 
neck, and may predict migration and type IA endoleak. Current postoperative 
diagnostic protocols based on computed tomography (CT) scans lack 
sophistication to determine the three-dimensional (3D) endograft position and 
apposition surface. Therefore subtle changes in endograft position remain 
undetected. We have developed software that allows such precise measurements. 
In this manuscript the measurement protocol will be described and four illustrative 
EVAR cases are presented to highlight if subtle changes in aortic neck morphology, 
endograft position and apposition surface may forecast late sealing failures.  
 

Methods 
Four EVAR patients were retrospectively selected from our center’s database. One 
patient was treated with an Endurant endograft (Medtronic, Santa Rosa, Calif., 
USA), two with a Talent endograft (Medtronic, Santa Rosa, Calif., USA) and one 
with an Excluder endograft (W. L. Gore & Associates, Inc., Flagstaff, Arizona, 
USA). These patients had late (>1 year) type IA endoleak or significant endograft 
migration (>1 cm).  All patients underwent at least a pre-EVAR CT-scan and two 
post-EVAR CT-scans before the migration or type IA endoleak was determined. 
Twenty patients without late type IA endoleak or migration were selected from 
our center's database. Nineteen patients were treated with an Endurant endograft 
(Medtronic, Santa Rosa, Calif., USA) and one with a Zenith endograft (COOK 
MEDICAL INC, Bloomington, In, USA). All patients had a pre-EVAR CT-scan and 
two post-EVAR CT-scans. All CT-scans were part of regular EVAR follow-up and 
were assessed by radiologists according to a standardized protocol. 
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CT scan protocol  
CT Angiography images were acquired on a 256 slices CT scanner (Brilliance ICT, 
Philips, Best, The Netherlands). Scan parameters were: Tube voltage 120kV, tube 
current time product 180 mAs preoperative and 200 mAs postoperative, distance 
between slices 0.75 mm, pitch 0.9 mm, collimation 128 × 0.625 mm preoperative, 
and 16 × 0.75 mm postoperative. Preoperative slice thickness was 1.5, 3.2, 3.2, 
and 2.0, mm for Patients #1 – #4 respectively. Postoperative slice thickness was 
1.5 mm for all postoperative CT scans. Pre-EVAR, 100 ml Xenetix300 contrast was 
administered intravenously in the arterial phase with 4 ml per second. Post-EVAR, 
80 ml was administered in the arterial phase with 3 ml per second.  
 
Measurement protocol  
The aortic neck morphology was defined on the preoperative CT scan and every 
available post-operative CT scan of each patient. With use of the new software, 
the position and apposition of the endograft within the aortic neck were 
determined for each patient at the post-operative CT scans. 
 
Neck morphology 
The aortic neck characteristics included diameter, length and surface. The 
measurements were performed by an experienced observer on a 3Mensio vascular 
workstation V7.2 (Pie Medical, Maastricht, The Netherlands). A central luminal line 
(CLL) was semi-automatically drawn through the lumen of the aorta. The neck 
diameter was measured at the level of the distal boundary of the orifice of the 
lowest renal artery. The aortic neck length was measured as the distance over the 
CLL between the lower margin of the lowest renal artery and the distal end of the 
neck. On preoperative CT scans, the distal end of the neck was defined as a 10% 
increase in aortic diameter compared to the diameter at the level of the lowest 
renal artery. On postoperative CT scans, the distal end of the aortic neck was 
determined as the level where full circumferential apposition of the endograft with 
the aortic wall was lost. This is called the distal apposition boundary (DAB). 
Dedicated software, developed in MATLAB 2015a (The MathWorks, Natick, 
Massachusetts, USA), calculated the surface over a 3D mesh of the aortic lumen 
using the coordinates of the renal arteries and the coordinates of the distal end of 
the aortic neck. The mesh and coordinates were exported from 3Mensio.  
The aortic neck surface (ANS) was calculated with this homemade software and 
defined as the neck surface that can be used for endograft apposition without 
overstenting one of the renal arteries. The proximal boundary of the ANS was 
defined by the orifices of both renal arteries. Pre-EVAR and post-EVAR the distal  
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Figures 2.1A-C: Determination of aortic neck surface (ANS, green surface) and 
endograft apposition surface (EAS, yellow). A: Pre-EVAR ANS (green surface) is the 
surface between lower margins of the renal arteries (blue dots) and the distal end of the 
neck (red line). B: Post-EVAR ANS (green surface) is the surface between the lower 
margins of the renal arteries (blue dots) and the distal apposition boundary (DAB) (red 
line). C: Post-EVAR EAS in the aortic neck (yellow surface) between the proximal end of 
the endograft fabric (yellow line) and DAB (red line). 

 
 
end of the ANS was similar to the distal end of the neck and the DAB, respectively. 
The aortic neck surface was calculated over the aortic segment that was located 
between these boundaries (Figures 2.1A and 2.1B).  
 
Endograft position 
The endograft position was defined by the terms fabric distances, tilt and 
endograft expansion. These characteristics were calculated with the software on 
the basis of the proximal end of the endograft fabric (PEF). The PEF was defined 
by identification of the 3D coordinates of the endograft fabric markers measured 
in 3Mensio. With use of the software the PEF can be projected on the mesh of the 
aortic lumen (Figure 2.1C). 
The fabric distances are the Euclidian straight-line distances from the PEF to the 
coordinates of the lower margins of both renal arteries (Figure 2.2A). The shortest 
fabric distance (SFD) and longest fabric distance (LFD) are independent of which 
renal artery is the highest on CLL measurements. Increase in either SFD or LFD 
during follow-up will be indicative for endograft migration.  
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Figures 2.2A-B: Visualization of the endograft position. A: Mesh of the aortic neck with the 
orifices of the renal arteries (proximal blue and black dots) the SFD (black line) and LFD (blue 
line) and the circumference of the proximal end of the endograft fabric (PEF, yellow line). B: 
Tilt, measured as the angle (α) between the centerline of the aortic lumen (green arrow) and 
the normal vector of the endograft (red arrow). 

 
 
Tilt of the endograft in the aorta was defined as the angle between the centerline 
of the aortic neck and the centerline of the PEF (Figure 2.2B). Endograft expansion 
is calculated as the average diameter of the PEF of the endograft (3D intersection 
with the aortic neck) and measured as absolute value as well as percentage of the 
original maximum possible endograft diameter. Endograft expansion may be the 
result of neck dilatation, endograft tilt and migration. The relationship between 
endograft expansion and oversizing is shown in Table 2.1.  
The software allows determination of all parameters at the first post-EVAR CT scan 
as baseline and aims to detect any changes during follow-up.  
 
 
Table 2.1: Relationship between endograft oversizing and endograft expansion. This 
relationship is independent of the endograft diameter. 
     
Oversizing of endograft [%] 10 15 20 25 

Endograft expansion [% of original endograft 
diameter] 

91 87 83 80 
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Figure 2.3: The shortest apposition length (black line) is the shortest length between 
the proximal end of the endograft fabric (PEF, yellow line) and the DAB (red line). 

 
 
Endograft apposition  
The endograft apposition surface (EAS) is defined as the surface of the aortic neck 
where the endograft seals the aortic wall. This parameter can be calculated as 
absolute value as well as percentage of the maximum aortic neck surface (ANS) 
that could be sealed. The EAS was calculated as the surface over the mesh of the 
aortic lumen between the PEF and the DAB (Figure 2.1C). A decrease of EAS may 
be an early indicator of endograft migration or neck dilatation. 
Because of the 3D intersection of the endograft with the aortic wall the lowest 
point of the endograft fabric will not always be directly below both renal arteries. 
Therefore, we defined the shortest apposition length (SAL) which is the shortest 
distance between the endograft fabric and the DAB (Figure 2.3).  
 
 
Table 2.2: Baseline parameters at first postoperative CT scan, calculated by the new 
software. 
Aortic neck surface (ANS) 
Fabric distances (SFD, LFD) 
Tilt of the endograft 
Endograft expansion (% of the original endograft diameter) 
Endograft apposition surface (EAS, % of ANS) 
Shortest apposition length 
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Warning signs  
Initial suboptimal endograft placement, observed on the first postoperative CT 
scan, and change in position and apposition during follow-up may forecast the 
onset of post-EVAR complications. On the basis of the new measuring software 
six parameters can describe aortic neck morphology and the initial position and 
apposition of the endograft in the aortic neck (Table 2.2). These parameters at 
the first postoperative CT scan are used as baseline for follow-up. During follow-
up, subtle changes in ANS, endograft position, and EAS may occur before type IA 
endoleak of substantial migration are obvious. In Table 2.3, 7 warning signs that 
indicate change in endograft position during follow-up are described. We have 
analyzed these warning signs on the CT scans of four patients with late 
complications and 20 patients without early or late complications, in order to 
illustrate the added value over regular (and current standard) follow-up. 
 

Results 

Patient examples 
Four EVAR patients were selected, diagnosed with type IA endoleak or endograft 
migration after >1 year follow-up. Two patients suffered from type IA endoleak 
(Patients #1 and #2 diagnosed 493 and 1273 days after the primary procedure, 
respectively).  Two patients were diagnosed with significant (>1 cm) migration 
(Patients #3 and #4, diagnosed 1197 and 1659 days after the primary EVAR 
procedure, respectively).  
 
Patient #1 Figures 2.4A-C and Table 2.4 show the results of a patient where the 
endograft position at the first post-EVAR CT scan was insufficient, and four 
warning signs were observed (Figure 2.4B): 1. Fabric distance to the lowest renal  
 
Table 2.3: Warning signs that indicate change in endograft position during follow-up, 
potentially predicting migration and type IA endoleak. 
Increase of ANS (neck dilatation) 
Decrease of ANS (loss of apposition at distal apposition  zone) 
Increase of fabric distance (SFD, LFD) 
Increase of endograft tilt  
Increase of endograft expansion (% of the original endograft diameter)   
Decrease of EAS (% of ANS) 
Decrease of shortest apposition length 
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Figures 2.4A-C: Endograft position and apposition of Patient #1. A: pre-EVAR aortic 
neck surface (ANS, green surface). B: First postoperative ANS and endograft 
apposition surface (EAS, yellow surface). Contrary to the completion angiography (not 
shown), a low endograft position is observed 59 days post-EVAR. EAS and shortest 
apposition length are very low. C: Complete loss of endograft apposition is observed 
493 days post-EVAR. 

 

 
Table 2.4: Aortic neck characteristics and endograft position and apposition for Patient 
#1. 
 Pre EVAR 

21 days 
Post-EVAR 
59 days 

Post-EVAR 
493 days 

Neck diameter (mm) 23 25 23 
Original endograft diameter 
(mm) [type] 

26 [Talenta]   

Neck length (mm) 11   
SFD (mm)  10b 13 b 
LFD (mm)  15 17 
Tilt (°)  3 2 
Endograft expansion [mm, 
and % original endograft 
diameter]  

 26 [98%] b 26 [100%] b 

Shortest apposition length 
(mm) 

 3 b 0 b 

ANS [mm2, and % of the first 
post-EVAR CT scan] 

 1465  1298 [89%] 

EAS [mm2, and % of the 
ANS] 

 355 [24%] b 45 [3%] b 

a Medtronic, Santa Rosa, Calif., USA, b Warning signs in bold and italic font, SFD = Shortest Fabric 
Distance, LFD = Longest Fabric Distance, ANS = Aortic Neck Surface, EAS = Endograft Apposition 
Surface 

 
artery is 10 mm, 2. Shortest apposition length is only 3mm, 3. Endograft 
expansion is 98% of the original diameter (only 2% oversizing), and 4. The EAS 
is only 24% of the ANS. The completion angiography during the EVAR procedure 
showed that the endograft was positioned just 1-2 mm below the lowest renal 
artery, so the endograft must have migrated between the primary implant and 
the first post-EVAR CT scan. The radiologist scored the position of the endograft  
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Figures 2.5A-F: Endograft position and apposition of Patient #2. A: Pre-EVAR neck surface 
(green surface). B: Large endograft apposition surface (EAS, yellow surface) is visible 38 
days post-EVAR. C-E: Progressive dilatation of the aortic neck occurs during 251 – 911 
days follow-up, without migration of the endograft. F: On the 1273 days post-EVAR CT 
scan, EAS is significantly reduced and a type IA endoleak was observed. 
 
on this first follow-up CT scan as “uneventful” with adequate sealing and no 
evidence for endoleaks. On the second follow-up CT scan all warning signs 
remained present and a type IA endoleak was visible (Figure 2.4C). 
 
Patient #2. Figures 2.5A-F and Table 2.5 show a patient diagnosed with a type 
IA endoleak 1273 days post-EVAR. The preoperative neck is of sufficient length 
and not angulated (Figure 2.5A). On the 251 days post-EVAR CT scan, two 
important warning signs are present (Figure 2.5B): 1. Substantial increase of the 
ANS as a result of neck dilatation that is not observed at baseline level, 2. 
Expansion of the endograft diameter (change from 33% initial oversizing to 15% 
oversizing at 251 days follow-up). On the 911 days post-EVAR CT scan (Figure 
2.5E), the endograft oversizing was further reduced to 9%. The radiologist 
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reported no dilatation of the aortic neck, but only an increase of the aneurysm 
diameter without signs of an endoleak. A type IA endoleak was observed on the 
CT scan 1273 days post-EVAR (Figure 2.5F).   
 
 
Patient #3. Figures 2.6A-C and Table 2.6 show a patient with increasing tilt of 
the endograft during follow-up. No warning signs were present on the CT scan 32 
days post-EVAR, with the exception of substantial tilt (Figure 2.6B). On the second 
post-EVAR CT scan (Figure 2.6C), multiple warning signs were present: 1. An 
increase in tilt (from 20.0° to 28.5°), which results in 2. Increased endograft 
expansion of 99% of the initial diameter (only 1% oversizing left), and 3. Decrease 
in EAS. No endoleak was reported after 1659 days follow-up. Four months later, 
a type IA endoleak was diagnosed with duplex ultrasound.  
 
Table 2.5: Aortic neck characteristics and endograft position and apposition for Patient 
#2. 
 Pre-EVAR 

28 days 
Post-EVAR 
61 days 

Post-EVAR 
251 days 

Neck diameter (mm) 21 21 21 
Original endograft diameter (mm) 
[type] 

28 [Enduranta]   

Neck length (mm) 14   
SFD (mm)  6 6 
LFD (mm)  9 7 
Tilt (°)  17 18 
Endograft expansion [mm, and % 
original endograft diameter]  

 21 [75%] 24 [87%] b 

Shortest apposition length (mm)  22 29 
ANS [mm2, and % of the first post-
EVAR CT scan]  

2578 3444 
[134%] b 

EAS [mm2, and % of the ANS]  2051 [80%] 2855 [83%] 
 Post-EVAR 

541 days 
Post- EVAR 
911 days 

Post-EVAR 
1273 days 

Neck diameter (mm) 21 22 22 
Original endograft diameter (mm) 
[type] 

   

Neck length (mm)    
SFD (mm) 6 6 6 
LFD (mm) 9 7 13 b 
Tilt (°) 13 16 15 
Endograft expansion [mm, and % 
original endograft diameter]  

24 [87%] b 26 [92%] b 27 [95%] b 

Shortest apposition length (mm) 28 28 0 b 
ANS [mm2, and % of the first post-
EVAR CT scan] 

3638 
[141%] b 

3594 
[139%] b 

1026 [40%] 

b 
EAS [mm2, and % of the ANS] 3006 [83%] 2955 [82%] 231 [23%] b 
a Medtronic, Santa Rosa, Calif., USA, b Warning signs in bold and italic font, SFD = Shortest Fabric 
Distance, LFD = Longest Fabric Distance, ANS = Aortic Neck Surface, EAS = Endograft Apposition 
Surface 
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Figures 2.6A-C: Endograft position and apposition of Patient #3. A: Pre-EVAR neck 
surface (green surface). B: Tilted position of the endograft 32 days post-EVAR. C: 
Increasing tilt, leading to migration at the outer curve of the aortic neck and increased 
endograft expansion, 1659 days post-EVAR. 

 
 
Patient #4. Figures 2.7A-E and Table 2.7 show a case of endograft migration, 
tilt, and aortic neck dilatation. On the 369 days follow-up CT scan (Figure 2.7C), 
three warning signs were observed: 1. Increased tilt of the endograft, 2. Migration 
of 3 mm at the level of the lowest renal artery, and 3. Increased expansion of the 
endograft. After 890 days (Figure 2.7D), all warning signs were present. The aortic 
 
 
Table 2.6: Aortic neck characteristics and endograft position and apposition for Patient 
#3. 
 Pre- EVAR 

57 days 
Post-EVAR 
32 days 

Post- EVAR 
1659 days 

Neck diameter (mm) 27 27 28 
Original endograft diameter (mm) 
[type] 

29 [Excludera]   

Neck length (mm) 33   
SFD (mm)  2 4 
LFD (mm)  19 24 b 
Tilt (°)  20 b 29 b 

Endograft expansion [mm, and % 
original endograft diameter]  

 25 [87%] 28 [99%] b 

Shortest apposition length (mm)  20 15 b 
ANS [mm2, and % of the first 
post-EVAR CT scan] 

 2425 2680 [110%] 

EAS [mm2, and % of the ANS]  1658 [68%] 1492 [56%] b 
a W. L. Gore & Associates, Inc., Flagstaff, Arizona, USA. b Warning signs in bold and italic font, SFD = 
Shortest Fabric Distance, LFD = Longest Fabric Distance, ANS = Aortic Neck Surface, EAS = Endograft 
Apposition Surface 
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Figures 2.7A-E: Endograft position and apposition of Patient #4. A: Pre-EVAR neck surface 
(green surface). B: A good endograft apposition surface (yellow surface) is achieved 86 
days post-EVAR. C: Tilt occurs one year post-EVAR, but the apposition surface remains 
almost unchanged. D: The aortic neck dilates, the endograft migrates and expands, leading 
to decrease of EAS. E: Due to progressive dilatation and endograft migration EAS is 
minimized. 
 
neck had dilated, leading to further expansion of the endograft and decreased 
sealing at the distal part of the neck. The endograft had migrated and EAS was 
obviously decreased. In the radiology report only endograft migration was 
determined at the 890 days post-EVAR CT-scan and no reintervention was  
performed. On the 1197 days CT scan (Figure 2.7E), complete loss of apposition 
and subsequent type IA endoleak was observed. 
 
Control cohort. Table 2.8 show baseline characteristics of endograft position and 
apposition of the control cohort of 20 patients. The ANS (mm2) and shortest 
apposition length slightly increased (from 2095 (559) mm2 to 2597 (914) mm2. 
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Table 2.7: Aortic neck characteristics and endograft position and apposition for Patient 
#4. 
 Pre- 

EVAR 
159 days 

Post-
EVAR 
86 days 

Post-
EVAR 
369 days 

Post-
EVAR 
890 days 

Post- 
EVAR 
1197 
days 

Neck diameter (mm) 20 20 21 26 b 24 b 
Original endograft 
diameter (mm) 
[type] 

30 
[Talenta] 

    

Neck length (mm) 9     
SFD (mm)  7 10 b 20 b 38 b 

LFD (mm)  6 3 10 b 31 b 
Tilt (°)  0 7 b 9 b 4 b 
Endograft expansion 
[mm, and % original 
endograft diameter]  

 22 [73%] 25 
[84%] b 

26 
[88%] b 

28 [95%] 

b 

Shortest apposition 
length (mm) 

 38 38 13 b 0 b 

ANS [mm2, and % of 
the first post-EVAR 
CT scan] 

 
4057  4030 

[99%] 
2537 
[63%] b 

2834 
[70%] b 

EAS [mm2, and % of 
the ANS] 

 3566 
[88%] 

3523 
[89%] 

1217 
[48%] b 

45 
[1.6%] b 

a Medtronic, Santa Rosa, Calif., USA, b Warning signs in bold and italic font, SFD = Shortest Fabric 
Distance, LFD = Longest Fabric Distance, ANS = Aortic Neck Surface, EAS = Endograft Apposition 
Surface 

 
and 15.8 (9.3) to 19.2 (10.0), one month and one year post-EVAR, respectively. 
Other parameters were constant during follow-up 
 
 

Discussion 
Every year, thousands of AAA patients are treated by endovascular means 
worldwide and thousands of CT scans are performed as part of regular EVAR 
follow-up. Despite ongoing improvements in endografts and endovascular 
techniques, the incidence of post-EVAR complications such as type IA endoleak 
and migration is still substantial (up to 3.1% and 5.1%, respectively)8-10. Early 
determination of aortic neck changes and changes of endograft position and 
apposition is crucial to forecast devastating complications, and to facilitate early 
reintervention before repressurization of the AAA will occur. 
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Table 2.8: Endograft position and apposition characteristics for 20 patients without late 
(>1 year) type IA endoleak or migration. Data represented as median (inter quartile 
range) at the one month post-EVAR CT scan and the last follow-up CT scan. 
 One month Second follow-

up 
Days post EVAR  31 (2) 418 (52) 
Neck diameter ( mm) 25 (2) 25 (2) 
SFD (mm) 3 (3) 3(1) 
LFD (mm) 11 (2) 12 (1) 
Tilt (°) 14 (4) 15 (4) 
Endograft expansion (mm) 25 (3) 27 (4) 
Endograft expansion (% original endograft diameter) 89 (7) 92 (3) 
Shortest apposition length (mm) 16 (9) 19 (10) 
ANS (mm2) 2095 (559) 2567 (914) 
ANS (% of first post-EVAR CT scan) - 107 (10) 
EAS (mm2) 1734 (580) 2019 (892) 
EAS (% of the ANS) 78 (12) 77 (15) 

 
The currently described new sizing method allows detection of small changes in 
aortic neck morphology and endograft position and apposition. The 4 cases in this 
manuscript show how these changes could be detected on follow up CT scans, 
months before type IA endoleaks or complete loss of apposition became apparent.  
Early detection may lead to less invasive and less expensive reinterventions. 
In EVAR literature challenging aortic neck parameters exclusively include pre-
operative characteristics. However, the initial position of the endograft in the 
aortic neck must be included as well as predictor for late failure. Patient #1 is a 
good example with four warning signs for late sealing failure on the first follow up 
CT scan, that were undetected using the standard CT evaluation: fabric distance 
to the renal artery of 1 cm, short apposition length, full endograft expansion 
(which means no oversizing), and a minimal aortic endograft apposition. Based 
on these warning signs at the first postoperative CT scan, reintervention might 
have been performed, for instance with an aortic cuff to prevent the type IA 
endoleak that was now diagnosed one year later. 
Proper initial endograft placement was seen in the other examples and type IA 
endoleak and seal failures occurred at least one year after the EVAR procedure. 
The majority of these failures cannot be predicted with ultrasound and plain X-
ray, which emphasizes the need for regular CT-scan follow-up, especially to 
determine changes in the aortic neck.   
One of the main reasons for late endograft failure is the fact that the endograft 
continues to expand during follow-up. When the endograft expansion is >95% of 
its original diameter, the oversizing will be <5% regarding to the diameter of the 
aortic neck and type IA endoleaks may occur. Endograft expansion will be the 
result of continuing radial force and subsequent aortic neck dilatation, but can 
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also be caused due to tilt of the device. With the new software, changes in tilt can 
be accurately determined, which is almost impossible with the current standard 
CT measurements.  
The control cohort shows no large differences in endograft position and apposition 
between one month and later follow- up CT-scans (Table 2.8). There is an increase 
of 3.2% in endograft expansion, however this increase will stay <95%. ANS and 
shortest apposition length increase probably due to aneurysm sac shrinkage, 
which is a positive effect for endograft apposition.  
A limitation of this study is the small sample size. A clinical study comparing two 
large groups of patients with and without late type IA endoleaks and migration is 
needed to validate the real merits of the new measurement software. Moreover, 
we were not able to define the margin of error and suitable cutoff points for each 
of the warning signs. Furthermore, reconstruction and calculation of the endograft 
position and apposition takes around 30 minutes per CT. Automatic software to 
avoid this extra time should be developed. The ultimate goal is to implement this 
new methodology in existing workstations, so it will become available for regular 
EVAR follow-up.  
 

Conclusion 
In this pilot study the new measurement method allowed detection of subtle 
changes in endograft position and apposition during EVAR follow-up, that were 
not recognized on conventional computed tomography. Its use may enable 
determination of endograft movements and decrease of apposition surface before 
it leads to complications like type IA endoleaks or uncorrectable migration. 
However, a larger follow-up study comparing complicated and non-complicated 
EVAR patients is needed to prove its definitive merits. 
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Abstract 
Purpose: This study validates computed tomography angiography (CTA)–applied 
software to assess apposition, dilatation, and position of endografts in the 
proximal and distal landing zones after endovascular (descending) thoracic aortic 
aneurysm repair (TEVAR). 
Method: Twenty-two patients with a degenerative descending thoracic aortic 
aneurysm treated with TEVAR with at least one postoperative CTA were selected 
from a single center’s database. New CTA-applied software was used to determine 
the available apposition surface in the proximal and distal landing zones, 
apposition of the endograft fabric with the aortic wall, shortest apposition length, 
endograft inflow and outflow diameters, shortest distance between the left 
subclavian artery and the proximal endograft fabric, and shortest distance 
between the celiac trunk and the distal endograft fabric on each CTA. 
Interobserver variability for these parameters was assessed with the repeatability 
coefficient and the intraclass correlation coefficient. 
Results: Excellent interobserver agreement was found for all measurements. 
Interobserver variability of surface and shortest apposition length calculations was 
larger for the distal site compared with the proximal site, with a mean difference 
of 10% vs 2% of the mean available apposition surface, 12% vs 5% of the 
endograft apposition surface, and 16% vs 8% of the shortest apposition length, 
respectively. Inflow and outflow diameters of the endograft showed low variability, 
with a mean difference of 0.1 mm with 95% of the interobserver difference within 
1.8 mm. Mean interobserver differences of the proximal and distal shortest fabric 
distances were 1.0 mm and 0.9 mm (both 2% of the mean lengths). 
Conclusions: Secure assessment of apposition, dilatation, and position of the 
proximal and also the distal part of an endograft in the descending thoracic aorta 
is feasible after TEVAR with the new software. Interobserver agreement for all 
measured parameters was excellent for the proximal and distal landing zones. The 
new method allows detection of subtle changes during follow-up. However, a 
larger study is needed to quantify how parameters change over time in 
complicated and uncomplicated TEVAR cases and to define the real added value 
of the new methodology.   

3 



43 
 

Introduction 
Thoracic endovascular aortic aneurysm repair (TEVAR) is a widespread treatment 
for exclusion of descending thoracic aortic aneurysms. Type I endoleak (1.4%-
19.6%) and endograft migration (0.7%-3.9%) can occur during follow-up, 
especially in complex morphology, as a result of complex hemodynamic forces in 
the thoracic aorta.1-3 In literature, type I endoleaks after TEVAR are often not 
differentiated between type Ia and Ib, although there are substantial differences 
in causes and in treatment strategies.2,4-8  
To prevent proximal and distal type I endoleak and device migration, effective 
seal and fixation are required in the proximal and distal landing zones. Vascular 
Image Analysis prototype software (VIA-software; Endovascular Diagnostics B.V., 
Utrecht, the Netherlands) has been developed to assess apposition, dilatation and 
position of endografts in the aorta on standard computed tomography 
angiography (CTA) scans. It has been demonstrated that these endograft 
dimensions can be determined more accurately compared to standard CTA in the 
infrarenal neck.9 Decreasing apposition between fabric and the aortic wall, 
increasing endograft dilatation, and increasing distance between fabric and renal 
arteries preceded proximal type I endoleak and migration in a previous study in 
the abdominal aorta.10,11 
This study validates the VIA-software for assessing apposition, dilatation, and 
position of the endograft in the proximal and distal landing zones after TEVAR for 
descending thoracic aortic aneurysms. Two patient cases are included to illustrate 
the added value of this software compared with standard CTA reports in TEVAR 
follow-up. 

 
Methods 
In a previous study, VIA-software was designed and validated  to assess 
apposition, dilatation, and position of the endograft in the infrarenal neck after 
endovascular abdominal aortic repair (EVAR).9,10 A few adjustments have been 
made to ensure the software is applicable in the descending thoracic aorta. These 
adjustments include additional calculations at the distal landing zone, boundary 
calculations from 2 anatomical landmarks (left subclavian artery [LSA] and celiac 
trunk [CT] with TEVAR vs renal arteries with EVAR), and few methodological 
changes to cope with the curve of the aortic arch (online Supplement A). 
Moreover, due to the steeper curve in the thoracic aorta compared with the 
abdominal aorta, a validation was needed to investigate whether measurements 
are accurate.  
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For validation of the adjusted methodology, TEVAR patients were included from a 
single center (St. Antonius Hospital) database when they met the following 
inclusion criteria: (1) the patient was electively treated for a degenerative 
aneurysm in the descending thoracic aorta without overstenting of the LSA or CT; 
(2) no adjunctive implants, such as cuffs, chimney grafts, or bare-metal stents, 
were used; (3) at least 1 postoperative (<60 days after TEVAR) CTA scan was 
available with sufficient quality (slice thickness ≤3 mm and arterial contrast 
phase).  
This validation study selected 22 patients who met these inclusion criteria. Also 
included were 2 illustrative TEVAR cases including a preoperative CTA scan and at 
least 2 sequential post-TEVAR CTA scans. 
 
CT scan protocol 
CTA images were acquired on a 256-slice CTA scanner (Brilliance ICT; Philips, 
Best, The Netherlands). Scan parameters were tube voltage, 120 kV; tube current 
time product, 170 mA; increment, 0.45 mm; rotation time, 0.27 seconds; and 
collimation, 128 × 0.625 mm. Slice thickness ranged from 0.9 to 3 mm. Scanning 
was performed with electrocardiogram triggering in 7 to 12 cycles, with 
reconstructions at 78% of the scanning phase. A total of 80 mL Xenetix 300 
(Guerbet, Villepinte, France) was administered intravenously with a rate of 4 
mL/s. 
 
Measurement protocol 
Measurements were performed independently by 2 experienced observers (K.N. 
and R.S.) on a 3Mensio Vascular 9.1 workstation (Pie Medical, Maastricht, The 
Netherlands). A center lumen line (CLL) was drawn semiautomatically by both 
observers through the flow lumen of the aorta between the ascending aorta 
proximal of the LSA and the abdominal aorta distal to the CT. Proximal and distal 
aortic neck diameters were measured from adventitia to adventitia at the level of 
the orifices of the LSA and the CT, respectively.  
On preoperative CTA scans, the end of the proximal landing zone was determined 
as the position where there was a 15% increase in aortic diameter compared to 
the aortic diameter at the level of the LSA.12 The end of the distal landing zone 
was determined as the location proximal to the CT orifice where there was a 15% 
increase in aortic diameter compared with the aortic diameter at the level of the 
CT (Figure 3.1A). On postoperative CTA scans, the ends of the proximal and distal 
apposition (Figure 3.1B) were determined as the location where circumferential 
apposition of the endograft with the aortic wall was lost.  
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Figure 3.1(A-C): The thoracic aorta (A) before and (B-C) after thoracic endovascular 
aortic aneurysm repair (TEVAR). (A) The pre-TEVAR boundaries of the proximal aortic 
neck surface (pANS) are (1) the intersection plane on the aortic mesh orthogonally to the 
center lumen line (CLL) at the position of the orifice of the left subclavian artery (LSA) 
and (2) the end of the proximal neck (the intersection plane on the aortic mesh 
orthogonally to the CLL at the position where there is 15% increase in neck diameter 
compared to the neck diameter at the LSA). The boundaries of the distal aortic neck 
surface (dANS) are (1) the end of the distal neck (the intersection plane of the aortic 
mesh orthogonally to the CLL proximal to the celiac trunk [CT]) where there is a 15% 
increase in neck diameter compared with the neck diameter at the CT) and (2) the 
intersection plane on the aortic mesh orthogonally to the CLL located at the proximal 
border of the orifice of the CT. (B) The post-TEVAR proximal and distal boundaries of the 
available apposition surface (pAAS and dAAS) are, respectively, the LSA and CT, and the 
location where circumferential apposition (red line) with the aortic wall is lost. (C) The 
proximal and distal endograft apposition surfaces (pEAS and dEAS) are located between 
the proximal and distal ends of the endograft fabric and the end of the apposition (where 
circumferential apposition between the endograft and aortic wall is lost). 

  
Three-dimensional coordinates were obtained at the distal orifice of the LSA, 
proximal orifice of the CT, and locations of the proximal and distal neck or 
apposition ends. Four coordinate markers were positioned circumferentially at the 
proximal and distal ends of the endograft fabric on the postoperative CTA scans. 
The coordinates, CLL, and a mesh of the aortic flow lumen were exported from 
3Mensio and imported into the VIA-software. 
 
Endograft apposition 
Proximal and distal aortic surfaces were determined over the aortic lumen mesh 
between proximal and distal boundaries. They were calculated as the preoperative 
aortic neck surface (ANS), which was the surface that could initially be used for  
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Figure 3.2: The shortest apposition lengths are calculated as the shortest distances 
between the circumferential apposition boundaries (proximal SAL [pSAL] and distal SAL 
[dSAL], blue arrows) and the circumferential endograft fabric. The shortest fabric 
distances are calculated as the shortest lengths between the intersection plane of the left 
subclavian artery  orthogonally to the center lumen line and the intersection plane of the 
computed tomography orthogonally to the center lumen line and the circumferential 
endograft fabric (proximal shortest fabric distance [pSFD] and distal SFD [dSFD], red 
arrows). 

 
sealing in the preoperative neck (Figure 3.1A), and the postoperative available 
proximal (p) and distal (d) apposition surface (AAS), which was the surface 
between the LSA (for pAAS) and the CT (for dAAS) and the position where 
circumferential apposition between the endograft and aortic wall was lost (Figure 
3.1B). The boundaries were defined as the intersection plane over the aortic mesh 
orthogonally to the CLL at the location of the boundary coordinates. The calculated 
neck surface areas are reported in mm2. 
The proximal and distal endograft apposition surfaces (pEAS and dEAS) were 
defined as the surfaces where there is 360° contact between the endograft and 
aortic wall. These surfaces are located between the ends of the endograft fabric 
and the position where circumferential apposition is lost (Figure 3.1C). The 
apposition surface areas were defined in mm2 and as the percentage of the AAS 
that was covered by fabric. When tilting of the endograft resulted in coverage 
beyond the LSA/CT baseline, EAS was limited to 100% coverage of the AAS. The 
shortest apposition length (pSAL and dSAL) was calculated as the shortest 
distance between the apposition boundaries over the curve of the aorta (Figure 
3.2). With the SAL, the minimum length of seal between the endograft and aortic 
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wall is determined. This is the shortest link in the apposition and not visible on a 
conventional CTA. 
 
Endograft position and dilatation 
The proximal shortest fabric distance (pSFD) is the shortest distance over the 
curve of the aorta between the LSA and the proximal end of the endograft fabric 
(Figure 3.2). The distal shortest fabric distance (dSFD) is calculated similarly 
between the distal end of the endograft fabric and the CT. With the SFD, accuracy 
of landing the endograft near the LSA and CT orifices can be determined. 
The endograft inflow and outflow diameters were defined as the average 
diameters at the proximal and distal ends of the endograft fabric. These were 
calculated from the circumference over the aortic mesh in the plane of the 4 
endograft marker coordinates. The inflow and outflow diameters were also 
calculated as the percentage of the diameters of the proximal and distal ends of 
the implanted thoracic endograft. 
 
Statistical analysis 
Statistical analysis was performed with SPSS 23 software (IBM Corp, Armonk, NY, 
USA). P values were considered significant at a 2-tailed α of <0.05. Normality of 
the data could not be assumed because of small numbers and skewed distribution. 
The data are presented as medians with interquartile ranges (IQR). The interclass 
correlation coefficient (ICC) between the 2 observers was determined for position, 
dilatation, and apposition parameters to test the interobserver variability. The ICC 
was tested with a 2-way mixed model by absolute agreement. ICC values range 
from poor (0-0.20), fair (0.21-0.40), moderate (0.41-0.60), good (0.61-0.80), to 
excellent (0.81-1) agreement. The repeatability coefficient was calculated as 1.96 
times the standard deviation of the difference between the measurements of the 
2 observers. Ninety-five percent of the differences between the pair 
measurements are within the repeatability coefficient.13 

 

Results 

This variability analysis included 22 patients (11 men), with a median age of 75.5 
years (IQR, 69.5-80.2 years), who underwent elective TEVAR for treatment of a 
degenerative descending thoracic aortic aneurysm. The median interval until the 
first postoperative CTA scan was 2 days (IQR, 2-3 days). Maximum aortic 
aneurysm diameter was 65.8 mm (IQR 58.9-75.6 mm). The Valiant Captivia 
endograft (Medtronic, Santa Rosa, CA, USA) was used to treat 19 patients, of  
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Table 3.1: Inter-observer variability for measuring apposition and position parameters 
of the proximal and distal sealing surfaces.  
Variable Meana Diff.b RCc ICC (95% CI) 
Proximal     
 Available apposition surface, 
mm2 

7429.5 135.5 1382.2 0.989 (0.973-0.995) 

 Endograft apposition surface, 
mm2 

4507.9 216.0 1412.9 0.978 (0.947-0.991) 

 Shortest apposition length, 
mm 

27.4 2.2 12.7 0.931 (0.841-0.971) 

 Endograft inflow diameter, 
mm 

34.2 0.1 1.8 0.974 (0.939-0.989) 

  As % of nominal endograft 
diameter, % 

93 0.0 0.5 0.980 (0.952-0.992) 

 Shortest fabric distance, mm 40.6 1.0 11.8 0.990 (0.975-0.996) 
Distal      
 Available apposition surface, 
mm2 

9094.9 874.8 2405.0 0.938 (0.767-0.978) 

 Endograft apposition surface, 
mm2 

4828.8 589.1 2475.8 0.911 (0.781-0.964) 

 Shortest apposition length, 
mm 

33.8 5.3 24.9 0.821 (0.608-0.923) 

 Endograft outflow diameter, 
mm 

33.5 0.0 1.4 0.995 (0.988-0.998) 

  As % of nominal endograft 
diameter, % 

86 0.0 0.4 0.995 (0.988-0.998)  

 Shortest fabric distance, mm 40.2 0.9 15.3 0.974 (0.938-0.989) 
RC, repeatability coefficient; ICC, interclass correlation coefficient; CI, confidence interval. 
a Mean value by the two observers 
b Mean difference between observers 
c Repeatability coefficient (95% of dispersion between observers) 

  
whom respectively, 7, 5, and 7 patients received 1, 2, and 3 endograft 
components. The Gore cTAG (W. L. Gore & Associates, Inc, Flagstaff, AZ, USA) 
was used to treat 2 patients, and a Relay endograft (Bolton Medical, Sunrise, FL, 
USA) was used in 1 patient. The first postoperative CTA showed 1 patient had a 
type Ia endoleak and 2 patients had a type Ib endoleak.  
Excellent agreement was found for all variability measurements between the 2 
observers, with an ICC between 0.821 and 0.995 (Table 3.1). The distal 
measurements showed larger differences compared with the proximal 
measurements for surface and shortest apposition length calculations (mean 
difference was 10% vs 2% of the mean for AAS, 12% vs 5% for EAS, and 16% 
vs 8% for SAL, respectively). Inflow and outflow diameters of the endografts 
showed low variability, with a mean difference of 0.1 mm, and 95% of the 
interobserver difference was within 1.8 mm. Proximal and distal shortest fabric 
distances were similar, with a mean length of 40.6 mm and 40.2 mm, with a mean 
difference of 1.0 mm and 0.9 mm (both mean differences were 2% of the mean)  
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Figure 3.3. Apposition and position measurements of case 1. (A) Preoperative apposition 
characteristics show short proximal and distal landing zones. (B-D) Proximal apposition 
decreased during follow-up, resulting in type Ia endoleak. 

 
 
Table 3.2: Follow-up measurements of case 1, Figure 3.3.  
Variable Pre Post 
 Figure 3.3A 3.3B 3.3C 3.3D 
 Follow-up  2 days 18 months  70 months 
 Maximum aneurysm diameter, mm 57.1 58.4 54.4 58.1 
Proximal     
 Neck diameter, mm 32    
 Neck length, mm 15    
 Aortic neck surface, mm2 3163    
 Available apposition surface, mm2  7518 4490 0 
 Endograft apposition surface, mm2  7518 4447 0 
  As % of aortic neck, %  100 99 - 
 Shortest apposition length, mm  49.8 31.2 0 
 Endograft inflow diameter, mm  34.5 36.0 36.0 
  As % of endograft diameter, %  96 100 100 
 Shortest fabric distance, mm  0 1.6 3.9 
Distal      
 Neck diameter, mm 34    
 Neck length, mm 38    
 Aortic neck surface, mm2 4419    
 Available apposition surface, mm2  14,626 16,082 18,241 
 Endograft apposition surface, mm2  13,412 13,665 15,904 
  As % of aortic neck, %  92 85 87 
 Shortest apposition length, mm  94.0 94.8 93.9 
 Endograft outflow diameter, mm  34.6 44.0 44.0 
  As % of endograft diameter, %  79 100 100 
 Shortest fabric distance, mm  12.0 21.6 19.6 
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Median length of the thoracic aorta from the LSA to the CT was 293.8 mm (IQR, 
263.8-326.6 mm). Median aortic diameters at the level of the LSA and CT were 
32.0 mm (IQR, 29.3- 33.5 mm) and 32.2 mm (IQR 27.4-35.1 mm), respectively. 
 
Case 1: type Ia endoleak during follow-up. 
Figure 3.3 and Table 3.2 show a patient who underwent TEVAR in 2006. The 
patient was treated with 3 Valiant endograft components with a proximal diameter 
of 36 mm and a distal diameter of 44 mm. Additional CTA imaging at 3 months 
showed a type II endoleak, which was resolved at 33 months. At 70 months after 
TEVAR, a type Ia endoleak was reported. The VIA-software, however, revealed a 
decrease of proximal endograft apposition and full dilatation of the endograft 
fabric during the first 18 months, which indicated failure of the proximal seal. This 
was not detected on regular CTA imaging. Distally, the endograft diameters 
reached full dilatation and the dSFD increased slightly during the first 18 months, 
yet coverage remained stable. The type II endoleak could have persisted as an 
undetected low flow endoleak, which may explain the decrease of the proximal 
landing zone from the distal edge during follow-up. 
 
Case 2: Increase of aneurysm diameter and loss of seal during follow-up 
after TEVAR 
Figure 3.4 and Table 3.3 show the sequential CTAs of a patient with a mid segment 
descending thoracic aorta aneurysm. The patient was treated with a Valiant 
Captiva in 2014 with a proximal and distal diameter of 34 mm. A type II endoleak 
was observed 2 days postoperatively, which resolved over time. As progression of 
the aortic aneurysm diameter was noted despite good proximal and distal 
apposition, a persistent type II endoleak may have been the cause. It is known 
that not all type II endoleaks can be determined on static CTA images. Due to 
intentional low positioning, only 22% of the large pAAS was covered by endograft 
fabric. The distal neck was fully covered by fabric, which remained constant during 
follow-up. At 25 months, proximal apposition decreased from 22% to 18%, and 
the endograft expanded to its maximum fabric diameter. On this scan, significant 
aneurysm growth and an endoleak were observed. The origin of the endoleak was 
unclear (radiology report suggests type II and IV), but based on the full endograft 
dilatation and decreasing apposition, type Ia endoleak seems obvious with the 
VIA-software. 
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Figure 3.4. Apposition and position measurements of case 2. (A) Preoperative apposition 
characteristics show a large proximal landing zone. (B-D) Proximal apposition decreased  
during follow-up (7-25 months), and the endograft fully expanded. At 25 months, the 
aneurysm had grown significantly, and an endoleak was observed, the origin of which 
was unclear. Distal apposition remained constant. 

 
 
Table 3.3: Follow-up measurements of Case 2, Figure 3.4.  
Variable Pre  Post  
Figure 3.4A 3.4B 3.4D 3.4E 
Follow-up  2 days   7 months  25 months 
Maximum aneurysm diameter, mm 70.7 73.3 76.7 88.8 
Proximal     
 Neck diameter, mm 32.4    
 Neck length, mm 139.2    
 Aortic neck surface, mm2 14,621    
 Available apposition surface, mm2  15,924 15,676 15,621 
 Endograft apposition surface, 
mm2 

 3572 3503 2824 

  As % of aortic neck, %  22 22 18 
 Shortest apposition length, mm  30.1 29.5 24.4 
 Endograft inflow diameter, mm  31.9 32.1 33.7 
  As % of endograft diameter, %  93.8 94.4 99 
 Shortest fabric distance, mm  143.0 143.9 146.6 
Distal      
 Neck diameter, mm 29.4    
 Neck length, mm 39.0    
 Aortic neck surface, mm2 3217    
 Available apposition surface, mm2  3857 6908 7157 
 Endograft apposition surface, 
mm2 

 3857 6908 7053 

  As % of aortic neck, %  100 100 99 
 Shortest apposition length, mm  36.3 57.0 57.7 
 Endograft outflow diameter, mm  28.8 28.7 31.5 
  As % of endograft diameter, %  84.7 84.4 92.6 
 Shortest fabric distance, mm  0 0 0 
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Discussion 
This study validates VIA-software for assessing endograft apposition, dilatation, 
and position after TEVAR. Interobserver agreement was excellent for each 
parameter calculated by the software. Variability in calculations of apposition 
length, inflow and outflow diameters, and fabric distance were comparable to CLL 
and diameter measurements in the literature.14,15  
Various warning signs for the development of type Ia endoleak have been 
described for endografts deployed in the abdominal aorta after EVAR with the VIA-
software, which also may apply to the proximal and distal landing zones in the 
thoracic aorta.11 These signs include a decrease in apposition (both surface and 
length), an increase in fabric distance, and dilatation of the endograft toward its 
original diameter. When the endograft is fully expanded, the radial forces that 
have to keep the endograft in place are significantly reduced, and blood may leak 
along the fabric during peak systole when the diameter of the aorta is at its 
maximum. The latter may be undetectable on static CTA scans.  
The CTA scans were ECG-triggered at mid-diastole, where the endograft would be 
less expanded as compared to peak-systole. The reconstruction phase was similar 
between scans, so gradual dilatation of the endograft over time could be assessed. 
Dynamic endograft expansion during the cardiac cycle could not be verified, as 
dynamic imaging was not available for these patients. It is known that the aortic 
diameter and length change during the cardiac cycle due to the cardiac output 
and the longitudinal changes of the aorta.16-19 Dynamic scans may also reveal 
changes in apposition, position, and endograft expansion during the cardiac cycle, 
which should be investigated in future studies. 
The first case shows a 50% decrease of proximal apposition after 18 months, 
compared with the first postoperative CTA scan, resulting in type Ia endoleak at 
70 months. The endograft did not displace significantly from the LSA baseline but 
did expand to its full diameter. These warning signs at 18 months were not 
detected on regular CTA reports.  
Decreasing apposition was also observed in the second case. As progression of 
the aortic aneurysm diameter was noted despite good proximal and distal 
apposition, a persistent type II endoleak may have been the cause. It is known 
that not all type II endoleaks can be determined on static CTA images. Due to 
progression of the aortic diameter,  subtle changes in apposition (both surface 
and length) occur, which, combined with full endograft dilatation, may well explain 
a type IA endoleak with further significant growth of the aneurysm. These subtle 
changes in apposition could not be detected during regular CTA assessment, but  
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the warning signs (decreasing apposition and full endograft dilatation) were 
detectable with the use of the VIA-software. Variability in apposition calculation 
was larger for TEVAR compared with EVAR. The mean interobserver difference as 
a percentage of the average surface area was 5% and 12% vs 0.7%, for TEVAR 
proximal and distal and EVAR, respectively.9 The larger variance in the proximal 
part may be explained by the difficulty of assessing the end of endograft 
apposition in the aortic arch due to distortion of the centerline reconstruction. In 
the distal part, irregularity and wall thickening of the degenerative descending 
thoracic aorta increase the difficulty of assigning the end of the aneurysm. 
Variability in fabric distance and diameter calculations were comparable to EVAR.9 
When major decrease in apposition is detected, especially in combination with 
endograft dilatation (like the first case) or continuous displacement, adequate 
follow-up or options for reintervention should be discussed in the team, similar 
when such findings would be detected on regular CTA assessment. The VIA 
software may increase the detectability of these issues. The choice for intervention 
should include the patient’s comorbidity and treatment options. 
Further research with a large patient cohort is needed to investigate relevant cut-
offs for changes in position, apposition and dilatation to predict later failure. 
 
Limitations 
This study has several limitations. The software is validated for patients with 
degenerative descending thoracic aortas. Dissections or aneurysms including the 
main aortic arch branches are not included.  
Another limitation is the extra time required for post-TEVAR CTA analysis. 
Centerline reconstruction and measurements take approximately 15 minutes, 
which is comparable to preoperative sizing time.  
Furthermore, the VIA-software is currently limited to static CTA scans, whereas 
dynamic scans may reveal change in apposition, endograft expansion, and 
intermittent endoleaks during the cardiac cycle, increasing the value of accurate 
assessment of endograft dimensions within the thoracic aorta.. Dynamic analysis 
is possible but time consuming with the current VIA-software. 
The VIA software is in prototype phase, and not yet commercially available and 
licensed for medical use; therefore, it cannot yet be used in clinical practice. A 
large clinical study is required to determine relevant cutoff values predictive for 
type Ia and Ib endoleak and migration in the thoracic aorta before potential 
preventive actions after changing apposition values can be discussed. 
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Conclusion 
Secure assessment of apposition, dilatation, and position of the proximal and also 
the distal part of an endograft in the descending thoracic aorta is feasible after 
TEVAR with the VIA-software. Interobserver agreement for all measured 
parameters was excellent for the proximal and distal landing zones. The new 
method allows detection of subtle changes during follow-up. However, a larger 
study is needed to quantify how parameters change over time in both complicated 
and uncomplicated TEVAR cases and to define the real added value of the new 
methodology.   
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Abstract 
Objective: The aim of this study was to analyse the penetration depth, angles, 
distribution and location of deployment of individual EndoAnchor implants.  
Methods: Eighty-six primary and revision arm patients (procedural success, 53; 
persistent type IA endoleak, 33) treated for type IA endoleaks with a total of 580 
EndoAnchor implants from a subset of the Aneurysm Treatment Using the Heli-FX 
Aortic Securement System Global Registry (ANCHOR) were included in this study. 
Procedural success was defined as the absence of a type IA endoleak on the first 
postprocedural CT scan after the EndoAnchor implantation procedure. Endograft 
malapposition along the circumference was assessed at the first postoperative 
computed tomography scans and expressed as clock face range and width (°) and 
normalized such that the centre was translated to 0°. The position and penetration 
of each EndoAnchor implant was measured as the clock face orientation. 
EndoAnchor implant penetration into the aortic wall was categorized as (1) “good 
penetration”, ≥2mm, (2) “borderline penetration”, <2mm or ≥2mm gap between 
the endograft and aortic wall or (3) “no penetration”. The orthogonal and 
longitudinal angles between the EndoAnchor implant and the interface plane of 
the aortic wall were determined. Location of deployment was investigated for each 
EndoAnchor implant and classified as maldeployed when (1) above the fabric, or 
(2) in a gap >2mm between the endograft and aortic wall due to >2mm thrombus 
or positioning of the EndoAnchor implant below the aortic neck. 
Results: A total of 170 (29%) EndoAnchor implants had maldeployment and were 
therefore beyond recommended use and not useful. After EndoAnchor implanting, 
the procedural success and persistent type IA endoleak groups had 3 (1%) and 4 
(2%) EndoAnchor implants positioned above the fabric as well as 60 (18%) and 
103 (42%) placed in a gap >2mm, respectively. The amount of good, borderline 
and non-penetrating EndoAnchor implants was significantly different between 
both groups (success vs type IA endoleak) after exclusion of maldeployed 
EndoAnchor implants (235 [87.4%], 14 [5.2%] and 20 [7.4%] vs 97 [68.8 %], 
18 [12.8%] and 26 [18.4%], respectively, P<0.001). Good penetrating 
EndoAnchor implants were closer aligned with a 90° orthogonal angle than the 
borderline and non-penetrating EndoAnchor implants. The longitudinal angle was 
more distributed, which was observed through all three penetration groups. 
Conclusion: In this subcohort of ANCHOR patients, almost 30% of the 
EndoAnchor implants had maldeployment, which may be prevented by careful 
preoperative planning and measured intra-operative deployment. If endoleaks are 
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due to >2mm gaps, EndoAnchor implants alone may not provide the intended 
sealing and additional devices should be considered. 
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Introduction 
The Heli-FX EndoAnchor System (Medtronic Vascular, Santa Rosa, CA, USA) was 
developed to ensure durable endograft sealing and fixation as an adjunct to 
endovascular abdominal aortic repair (EVAR). Prophylactic use of EndoAnchor 
implants can prevent migration and the occurrence of type IA endoleaks post-
EVAR.1 Additionally, EndoAnchor implants can be used therapeutically to prevent 
persistent migration as well as to treat acute and late type IA endoleaks.2 The 
EndoAnchor implant’s helical design allows safe attachment of the endograft to 
the aortic wall, at the same time minimizing the risk of perforation of adjacent 
structures. When deployed circumferentially, EndoAnchor implants increase 
fixation strength to that of a surgical hand-sewn anastomosis. However, this 
strength can only be achieved if the EndoAnchor implants successfully penetrate 
the aortic wall at least 2mm.3–5  
A recent publication demonstrated the association between aortic neck 
characteristics and successful EndoAnchor penetration in patients with type IA 
endoleaks. The aortic neck diameter and neck calcium thickness were independent 
predictors for individual EndoAnchor implant maldeployment. Moreover, a larger 
number of non-penetrating EndoAnchor implants was associated with an 
increased risk for type IA endoleaks.5 However, the reasons for failed EndoAnchor 
implant penetration in the aortic wall were not investigated. Technical errors affect 
successful penetration, including placement of EndoAnchor implants above the 
fabric, deployment at a tangential angle to the aortic wall, or placement at the 
site of a large gap between the aortic wall and endograft.  
The aim of this study was to analyse the relationship between EndoAnchor 
deployment and successful resolution of type IA endoleaks, including their 
distribution along the circumference of the neck, penetration depth into the aortic 
wall, and the angle of penetration. This information is essential to demonstrate 
and emphasize the importance of pre-operative planning and intra-operative 
techniques, leading to improved utilization of EndoAnchor implants in resolving 
type IA endoleaks. 

 
Methods 
Patient selection 
A subset of patients from the Aneurysm Treatment Using the Heli-FX Aortic 
Securement System Global Registry (ANCHOR; NCT01534819) were included in 
this study. The study was conducted according to the Declaration of Helsinki and 
informed consent was obtained for every patient.  
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Patients from ANCHOR were included in this study only if (1) the indication for 
EndoAnchor use was to treat a type IA endoleak, and (2) the first postprocedural 
computed tomography angiography (CTA) was of sufficient quality (arterial phase 
contrast, no slice thickness >3mm or artifacts [e.g. bare metal stents, extension 
cuffs, or glue]). Patients were excluded when aortic extension cuffs were 
implanted at the time of EndoAnchor implantation, because the sequence of the 
deployment of the additional material was unknown. As well, the use of an aortic 
extension cuff precludes the assessment of whether success might be attributable 
to the cuff or the EndoAnchor implants, or both. Of note, the current results are 
not representative for the whole ANCHOR cohort because of the strict exclusion 
criteria. 
The study cohort comprised a subset of patients from both the primary and 
revision arm of the ANCHOR cohort. The primary arm consisted of patients treated 
for an intraoperative type IA endoleak, while the revision arm comprised those 
with EndoAnchor implant use as a secondary intervention for type IA endoleak or 
endograft migration after EVAR. The study population was divided into a non-
successful and successful cohort based upon persistence of type IA endoleak after 
treatment of EndoAnchor implants at one month follow-up. 
 
Imaging studies and measurement protocol 
Measurements were performed on the preprocedural and first postprocedural CT 
scan, using a 3Mensio vascular workstation V9.0 SP1 (Pie Medical Imaging BV, 
Maastricht, The Netherlands). Median time between the procedure and first 
postprocedural CT scan was 36 days [interquartile range (IQR), 25-47 days]. The 
median slice thickness was 2mm (range, 0.6-3.0mm). A centre lumen line (CLL) 
was semi-automatically drawn through the lumen of the aorta and adjusted 
manually if necessary. The location of the orifices of the renal arteries, proximal 
endograft fabric markers, each EndoAnchor implant, and aortic bifurcation were 
identified. Neck diameter was measured as the outer to outer diameter at the 
level of the renal arteries on the preoperative CT scan. The position and width of 
type IA endoleaks (gap between endograft and aortic wall), penetration depth and 
penetration angles of the EndoAnchor implants in both the primary and revision 
arms were measured. Due to the 3.5mm total penetration length of the 
EndoAnchor implants, a gap of more than 2mm between the endograft and aortic 
wall is beyond the recommended use for EndoAnchor implant deployment and 
could thereby result in maldeployment. Therefore, the eventual gap (≥2mm) 
between the endograft and aortic wall was measured at the position of every 
EndoAnchor implant.  
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Endoleak measurements 
The location where the endograft was not opposed to the aortic wall was defined 
as the endograft malapposition along the circumference of the proximal aortic 
neck. The endograft malapposition for patients with an endoleak was measured 
on pre- and postprocedural CT scans for patients of the revision arm and on the 
postprocedural CT scans for patients in the primary arm. The circumference over 
which there was endograft malapposition was expressed as the clock face range 
and width in degrees (Figure 4.1A), normalized such that the centre was 
translated to 0° (Figure 4.1B).5  
 
EndoAnchor implant penetration  
EndoAnchor implant penetration measurements were performed on the first 
postprocedural CT scan after EndoAnchor implant deployment. In previous  
 

 
Figure 4.1: Schematic depiction in 360° of the circumference and the normalization of 
the location of malapposition and EndoAnchor implants. The width (α in degrees) and the 
center of the malapposition zone (M). Notice that in this example one of the EndoAnchor 
implants is deployed within the endoleak where there is a gap >2mm; maldeployment 
due to exceeding the recommended use. (A) The angle measurements (α) are performed 
on the slice perpendicular to the centreline. The width of the malapposition zone in this 
example is 110° and thus the center is 55°. (B) The malapposition zone is normalized 
such that the midpoint is located at 0°. Therefore, the clock face location of the 
EndoAnchor implants is also normalized to the center of the malapposition zone (i.e. the 
clock face EndoAnchor implant location minus 55°). 
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publication5, penetration of the EndoAnchor implants were reviewed as (1) “good 
penetration” when the EndoAnchor implant penetrated the aortic wall ≥2mm, (2) 
“borderline penetration” because of <2mm of penetration or a gap between the 
endograft and aortic wall or (3) “no penetration” when there was no penetration 
into the aortic wall. Two experienced observers (SG, KN) independently performed 
these measurements. A third reviewers (JPdV) opinion was conclusive if there was 
a discrepancy in measurements. Maldeployment was investigated for each 
EndoAnchor implant and defined as EndoAnchor implants deployed (1) above the 
fabric, or (2) in a gap >2mm between the endograft and aortic wall (i.e. endograft 
malapposition) due to thrombus >2mm in the infrarenal neck or positioning of the 
EndoAnchor implant below the aortic neck (start of the aneurysm). Examples of 
properly and maldeployed EndoAnchor implants are shown in Figure 4.2. Analysis  
 

Figure 4.2: Examples of properly (A-B) and maldeployed (C-E) EndoAnchor implants. 
(A-B) EndoAnchor implants deployed within the apposition zone, and penetrating the 
aortic wall at least 2 mms. (C) EndoAnchor implant (EA1, red arrow) deployed above the 
fabric (yellow markers represent the endograft fabric markers, and the upper yellow 
dotted line represents the location of the top of the endograft fabric). (D) EndoAnchor 
implant (EA7, red arrow) deployed below the apposition zone (lower yellow dotted line). 
This EndoAnchor implant furthermore does not penetrate the aortic wall (pink dotted line). 
(E) EndoAnchor implant (EA3, red arrow) deployed within a >2mm gap (aortic wall = pink 
dotted line). 
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of EndoAnchor implant penetration was performed for each EndoAnchor implant. 
They were subgrouped by whether they were implanted within or outside the 
recommended use. Of note, one maldeployed EndoAnchor implant does not mean 
that all EndoAnchors are maldeployed in a patient. The position of the EndoAnchor 
implants was measured as a clock face orientation (°) on the orthogonal view, 
where 0° was the 12 o’clock position on the aortic circumference (Figure 4.1A). 
In subjects with a persistent type IA endoleak, the position of the EndoAnchor 
implants was translated according to the position of the endoleak, where 0° was 
the center of the endoleak (Figure 4.1B). The distribution of good, borderline, and 
non-penetrating EndoAnchor implants in the successful and non-successful cohort 
were plotted over the circumference. Additionally, the decrease in width of the 
endograft malapposition zone over the circumference was plotted for patients of 
the revision arm without procedural success. 
 
EndoAnchor implant angle analysis 
EndoAnchor implant penetration angles were determined as the orthogonal and 
longitudinal angles between the EndoAnchor implant and the aortic wall. 
Orthogonal angles were measured on the orthogonal view of the CLL with the 
angle tool in 3Mensio (Figure 4.3A). The angle was determined at the interface 
plane of the aortic wall and the EndoAnchor implant. The longitudinal angles were 
measured by placing two markers on the extremities of the EndoAnchor implants 
(Figure 4.3B, blue dots) and two markers on the aortic wall parallel to the two 
markers of the extremities of the EndoAnchor implants (Figure 4.3B, orange dots). 
Coordinates were exported to MATLAB 2017a (The Mathworks, Natrick, MA, USA) 
to calculate the directional vectors of the EndoAnchor implants and the directional 
vector of the aortic wall (Figure 4.3B, blue and orange lines). The angle between 
the vectors was calculated for every EndoAnchor implant. To test the intra- and 
interobserver variability, the orthogonal and longitudinal angles of eighty 
EndoAnchor implants were measured by two experienced observers (JV, SG). 
 
Statistical analysis 
Statistical analyses were performed with SPSS version 24 (IBM Corp, Armonk, NY, 
USA). P-values were considered significant when two-tailed α<0.05. Normality of 
the data was tested with the Shapiro-Wilk test. All variables had a non-normal 
distribution; therefore, data was represented as median [IQR]. Differences in 
continuous variables were tested with the Mann-Whitney U test and Wilcoxon 
Signed Rank Test, categorical variables were calculated with the Fisher’s exact 
test. The intraclass correlation coefficient (ICC) was used to determine the intra-  
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Figure 4.3: Schematic depiction of the angles between the EndoAnchor implant and 
aortic wall. (A) Orthogonal angle (β) measurements performed with the 3Mensio angle 
tool. (B) The longitudinal angle (γ) was calculated as follows: markers were placed on the 
extremities of the EndoAnchor implant (blue dots) and parallel to the extremities of the 
EndoAnchor implant on the aortic wall (orange dots). The directional vectors were created 
for the EndoAnchor implant (blue line) and the aortic wall (orange line). The angle 
between the directional vectors was calculated. 

 
and inter-observer agreement for the orthogonal and longitudinal angles of the 
EndoAnchor implants to the CLL. ICC values were categorized into levels of 
agreement; poor (0-.20), fair (0.21-0.40), moderate (0.41-0.60), good (0.61-
0.80), and perfect (0.81-1.00). Pearson correlation coefficient was used to 
calculate the correlation between neck diameter and longitudinal angles.  
 

Results 
The analysis included a subcohort of 86 patients from ANCHOR treated for type 
IA endoleaks. Among these, 81.4% were male and 61 (71%) and 25 (29%) 
patients were treated in the primary (71%) and revision arm (29%) of the 
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registry, respectively. After treatment with EndoAnchor implants, 53 of the 
endoleaks resolved (62%) and 33 (38%) persisted through the one month CTA. 
Median preoperative neck diameter was 26.5 mm [IQR, 24.2-28.8 mm]. 
 
Endoleak measurements 
In the primary arm, 17 patients had a persistent type IA endoleak with a median 
width of the malapposition zone between endograft and aortic wall of 83° [IQR, 
75-120°]. The median preoperative width of the endograft malapposition zone of 
the 25 patients in the revision arm was 113° [IQR, 98-143°]. Sixteen patients 
(64%) had a persistent type IA endoleak after EndoAnchor implant treatment in 
the revision arm. Of note, the decrease in width of malapposition zone was not 
significant in the cases with persisting endoleaks (preoperative: median 113° 
[IQR, 77-148°] vs postoperative: median 102° [IQR, 68-133°], P=0.284). 
 
EndoAnchor implant penetration 
A total of 580 EndoAnchor implants were deployed in the 86 subjects; 332 and 
248 EndoAnchor implants in the cohorts with and without procedural success, 
respectively. The median number of EndoAnchor implants was 6 [IQR, 4-8] per 
patient in the 53 patients with successful resolution of the type IA endoleak and 
8 [IQR, 4-10] in the 33 patients with a persistent endoleak (P=0.060). A total of 
7 (1%) EndoAnchor implants were deployed above the fabric and a total of 163 
(28%) EndoAnchor implants were deployed in a ≥2mm gap between endograft 
and aortic wall.  
Figures 4.4, 4.5, and 4.6 represent the clock face distribution of EndoAnchor 
implants. Each dot represents an EndoAnchor implant, and the colour corresponds 
to one of the three groups of penetration (i.e. good, borderline, or non-
penetration). The histogram corresponds to the percentage of EndoAnchor 
implants per penetration groups over a range of 30°.  
Figures 4.4A and 4.5A show the clock face distribution of all EndoAnchor implants 
in the procedural success and failure groups, respectively, whereas Figures 4.4B 
and 4.5B only show the distribution of EndoAnchor implants that were positioned 
within the recommended use and thus without maldeployment.  
In Figure 4.4B, 3 (1%) EndoAnchor implants were deployed above the fabric and 
a total of 60 (18%) EndoAnchor implants (18 [56%] borderline, and 42 [65%] 
non-penetrating), were excluded from the cohort with procedural success due to 
a >2 mm gap.  
Four (2%) EndoAnchor implants were located above the fabric and a total of 103 
(42%) EndoAnchor implants were deployed in an area with a gap ≥2mm in the  
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Figure 4.4: Graphical representation of the clock face EndoAnchor implant distribution 
and penetration for patients with procedural success after treatment with EndoAnchor 
implants. Note that 0° corresponds to the anterior position on the orthogonal view. (A) 
EndoAnchor implants (N=332) deployed in 53 patients that resulted in procedural 
success. (B) EndoAnchor implants (N=269) of the 53 patients with procedural success 
where the EndoAnchor implants with maldeployment were excluded. 

 
 
persistent type IA endoleak cohort; 25 (58%) borderline and 78 (73%) non-
penetrating EndoAnchor implants (Figure 4.5B). Of the 248 EndoAnchor implants, 
110 (44.4%) were deployed in or nearby the endograft malapposition zone; 25 
(23%) good, 19 (17%) borderline, and 66 (60%) non-penetrating (Figure 4.5A). 
After exclusion of EndoAnchor implants with maldeployment, only 25 good (64%), 
4 borderline (10%), and 10 non-penetrating (26%) EndoAnchor implants remain 
within this zone (Figure 4.5B). This means that the majority of EndoAnchor 
implants deployed within the endograft malapposition zone were maldeployed (i.e. 
56 [51%] EndoAnchor implants with no penetration and 15 [17%] with borderline 
penetration).  
In 33 patients of the successful group a median of 1 [IQR, 1-3] EndoAnchor 
implant was maldeployed. In the 21 patients with a persistent type IA endoleak a 
median of 4 [IQR, 3-6] EndoAnchor implants were maldeployed. 
The amount of good, borderline and non-penetrating EndoAnchor implants was 
still significantly different between the procedural success and failure groups after 
exclusion of EndoAnchor implants with maldeployment (success: 235 [87.4%], 14  
 

4 



72 
 

 
Figure 4.5: Graphical representation of the clock face EndoAnchor implant distribution 
and penetration for patients with a persistent type IA endoleak after treatment with 
EndoAnchor implants. Note that 0° represents the center of the malapposition zone (see 
also Figure 4.1B). The blue lines represent the median [IQR] of the malapposition zone. 
(A) Persistent type IA endoleak after EndoAnchor implant deployment (N=248) in 33 
patients. (B) Distribution of the EndoAnchor implants (N=141) where EndoAnchor 
implants with maldeployment were excluded. 

 
[5.2%] and 20 [7.4%] vs type IA endoleak: 97 [68.8 %], 18 [12.8%] and 26 
[18.4%], respectively, P<0.001). 
Figure 4.6 shows the clock face distribution of 135 EndoAnchor implants of the 16 
revision arm patients with a persistent type IA endoleak due to malapposition of 
the endograft. The endograft malapposition zone did not significantly decrease in 
width after EndoAnchor implant deployment. A total of 12 (50%) borderline and 
43 (75%) non-penetrating EndoAnchor implants were deployed beyond 
recommended use. This accounts for 41% of the deployed EndoAnchor implants 
in this group of persistent type IA endoleak patients from the revision arm. 
Moreover, the majority of the excluded EndoAnchor implants were in or nearby 
the endograft malapposition zone.  
 
EndoAnchor implant angle analysis 
Intra-observer agreement was good for the orthogonal (0.799 (95% confidence 
interval [CI], 0.623-0.893) and longitudinal 0.659 (95% CI, 0.351-0.820) angle 
measurements. Inter-observer agreement for the orthogonal and longitudinal  
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Figure 4.6: Sixteen patients treated for type Ia endoleak after previous endograft 
implantation (revision procedures). The center of the endograft malapposition zone was 
normalized to 0°. The median [IQR] of the endograft malapposition zone is represented 
by the solid and dotted purple and blue lines for respectively the pre- and postprocedural 
malapposition zones. Postoperatively, the median width of endograft malapposition was 
decreased (blue line), although not significantly. A total of 135 EndoAnchor implants were 
deployed in this subgroup. 

 
 
angle measurements was perfect with an ICC of 0.881 (95% CI, 0.815-0.924) 
and 0.914 (95% CI, 0.866-0.945), respectively. Figure 4.7 shows the distribution 
of orthogonal and longitudinal angles of each EndoAnchor implant. Ideally, 
EndoAnchor implants should be deployed perpendicular to the aortic wall, meaning 
a 90° orthogonal and longitudinal angle. The good penetrating EndoAnchor 
implants were more centred on the 90° orthogonal angle, whereas this angle for 
borderline and non-penetrating EndoAnchor implants was more scattered. The 
distribution on the 90° orthogonal angle for the good penetrating EndoAnchor 
implants appears to be more consistent than the longitudinal angle, which was 
observed through all three penetration groups. Note that 43 (57%) and 126  
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 (73%) of the borderline and non-penetrating EndoAnchor implants were beyond 
recommended use. After removal of these EndoAnchor implants, a clearer 
difference appears with regards to the orthogonal angle between the different 
EndoAnchor implant groups. The borderline and non-penetrating EndoAnchor 
implants were widely scattered, whereas the good penetrating EndoAnchor 
implants are located close to the 90° orthogonal angle. No significant correlation 
was found between neck diameter and longitudinal angles (R= 0.039, P = 0.361). 
 

Discussion 
This study characterized the distribution of deployed EndoAnchor implants over 
the circumferences of the aortic wall as well as penetration depth and angle of 
each EndoAnchor implant in a selected subcohort of ANCHOR patients. Almost 
30% of all EndoAnchor implants did not penetrate the aortic wall and 13% had a 
borderline penetration. Of these EndoAnchor implants, 170 were deployed beyond 
recommended use, corresponding to 29% of all EndoAnchor implants deployed in 
this cohort. After exclusion of these maldeployed EndoAnchor implants, 87.4% vs 
68.8% of the EndoAnchor implants had a good penetration in the cohorts with and 
without procedural success, respectively. 
Maldeployment of EndoAnchor implants may be overcome by careful preoperative 
planning to identify the apposition zone and to prevent deployment in a >2mm 
gap between the aortic wall and endograft. EndoAnchor implants are not designed 
to overcome gaps >2mm, which will likely be the reason why the endograft 
malapposition zone was not significantly decreased in width after EndoAnchor 
deployment in the revision group. A large proportion of borderline and non-
penetrating EndoAnchor implants were positioned within this zone. The amount of 
EndoAnchor implants within the endograft malapposition zone with 
maldeployment demonstrate the likelihood that the gap in this zone was mostly 
>2mm. All EndoAnchor implants positioned beyond the recommended use were 
therefore not useful but serve as an improvement signal where technical success 
can be increased through better understanding of these indications and pre-case 
planning. The reason for the presence of a gap could differ between EndoAnchor 
implants; for example, deployment within a type IA endoleak with a >2mm width, 
a >2mm thickness thrombus load, or low positioning of the EndoAnchor implant 
and thus deployment in the aneurysm sac (i.e. >2mm gap). Deployment of an 
EndoAnchor within thrombus may furthermore decrease the chance of ≥2mm 
penetration into the aortic wall (i.e. good penetration), whereby adequate fixation 
may be inhibited. Moreover, EndoAnchor implants can encounter calcium, which 
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can result in a fractured or non-penetrating EndoAnchor implant (Figure 4.8). To 
overcome these problems, preoperative imaging needs careful evaluation. The 
clock face locations and width of thrombus and calcium loads in the aortic neck 
can be calculated and translated to corresponding C-arm angles for optimal 
EndoAnchor implant positioning. EndoAnchor implants should be deployed in the 
preoperative identified apposition zone, free from gaps and calcium load. Other 
reasons for EndoAnchor implant failure are mostly technical insufficiencies. First, 
optimal positioning of the C-arm (perpendicular to the endograft and Endoguide 
markers) is important throughout the intervention. During deployment of the 
EndoAnchor implants, the tip of the Endoguide should remain perpendicular to the 
fabric of the endograft.1,3,6,7 Two radiopaque markers (C-shaped and straight at 
respectively the distal tip and outer curve of the endoguide) will aid the physician 
during deployment of the EndoAnchor implants. If the tip is positioned 
perpendicular to the aortic wall, the two markers will form a 90° angle. Hence, if 
the correct angle of the markers is created, the EndoAnchor implants will be 
deployed orthogonal to the aortic wall. Moreover, correct positioning of the C-arm 
perpendicular to the endograft fabric markers ensure that EndoAnchor implants 
will not be deployed above the endograft fabric. The good penetrating EndoAnchor 
implants were predominantly deployed within the range of a 70-110° orthogonal 
angle, whereas the borderline and non-penetrating EndoAnchor implants were 
deployed at an orthogonal angle outside of this range. If the angle between the 
EndoAnchor implant and the aortic wall deviates greatly from the ideal 90°, the 
length of the EndoAnchor implant that can penetrate the aortic wall will be limited, 
which may be the reason for borderline or non-penetration of the EndoAnchor 
implant.  
The longitudinal angle is another technical challenge and perfect positioning will 
only work if the size of the Endoguide is chosen based on the aortic diameter. The 
Endoguide gets its stability from the contralateral aortic wall during deployment 
of the EndoAnchor. In case of an insufficiently small radius of the Endoguide, the 
guide cannot get its support from the opposite aortic wall and the tip of the guide 
will be unstable during deployment of the EndoAnchor. This will increase the risk 
for wiggling and maldeployment.3 Conversely, if the radius of the Endoguide is too 
large, the deflectable tip cannot be positioned perpendicular to the aortic wall and 
the risk for maldeployment will also increase. Our previous report5 demonstrated 
that the aortic neck diameter was an independent risk factor of good EndoAnchor 
penetration, which may have been of influence as well on the longitudinal angle. 
Figure 4.7 shows a larger deviation on the longitudinal angle for all good,  
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Figure 4.8: Postoperative CT image after implantation of an EndoAnchor implant in a 
highly calcified region. The figure shows a non-penetrating EndoAnchor implant at the 
calcium load (red arrow). 

 
borderline and non-penetrating EndoAnchor implants compared to the orthogonal 
angles. This implies that there is a greater technical challenge in creating the 
correct longitudinal angle compared to the orthogonal angle.  
The appropriate radius size of the Endoguide is also of importance to be able to 
apply sufficient pressure on the endograft (and aortic wall) during deployment of 
the EndoAnchor implants. Lack thereof may result in an EndoAnchor implant 
sticking out into the aortic lumen, thereby having limited if any penetration into 
the aortic wall.  
To overcome problems with gaps and angles, an increase in the length of 
EndoAnchor implants could be an option. However, the length of the EndoAnchor 
implant is designed to limit the risk of penetration of surrounding structures such 
as the intestine or venous structures. Another limitation is that the EndoAnchor 
implant does not have the full function of a tension screw and therefore is unable 
to pull the aortic wall to the endograft on its own. Thus, sufficient pressure on the 
delivery guide is necessary to create adequate penetration and ensure apposition 
of the endograft to the aortic wall. 
Intra-operative assessment of the aortic wall and appreciation of penetration 
depth of EndoAnchor implants will increase successful utilization of EndoAnchor 
implants. In current practice, the physician must rely on haptic feedback of the 
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guide to realize adequate pressure onto the aortic wall to deploy the EndoAnchor 
implants. Intravascular ultrasound (IVUS) can visualize the aortic wall during 
EndoAnchor deployment and this could be used to optimize the EndoAnchor 
penetration and positioning. Alternatively, a cone-beam CT (CBCT) can be created 
after deployment of the EndoAnchor implants to assess the penetration of each 
individual EndoAnchor. Because the CBCT can be created intraoperatively, this 
can help decide if more EndoAnchor implants should be deployed. 
The costs of the Heli-FX EndoAnchor System differ per country as well as the 
reimbursement status. If EndoAnchor implants are correctly deployed and 
positioned, they can be successfully used to treat type IA endoleaks and, 
especially in case of small gutters, will be effective.5 This effectiveness is related 
to the amount of pressure that can be applied with the guide to push the endograft 
to the aortic wall. Importantly, the EndoAnchor implants will only work sufficiently 
when the endograft is pushed towards the aortic wall by the force of the applier. 
In other words, the EndoAnchor implants do not pull the aorta towards the 
endograft fabric. Longer EndoAnchor implants may not overcome this limitation, 
and will increase the risk of penetration of adjacent structures like the caval vein 
or duodenum. Moreover, EndoAnchor implants can increase aortic wall apposition 
and prevent migration during follow-up.2,8,9 However, it is important to use the 
EndoAnchor implants in the same way as one would use a pledgeted suture 
(endovascular stitching). Thus, where sutures are used in case of a bleeding 
anastomosis, EndoAnchor implants can be used to resolve a type IA endoleak. 
However, EndoAnchor implants must be deployed at the location of the problem. 
If there is a malapposition zone, deployment of the EndoAnchor implants should 
start from the outer sides of the gap towards the center. This step by step reducing 
of the gap/endoleak may help overcome large sealing problems and may help to 
ensure the correct location of deployment is applied for the EndoAnchor implants. 
If endoleaks have >2mm gaps, EndoAnchor implants alone may not provide the 
intended sealing and additional devices should be considered. 
Moreover, the studied patients were treated solely by EndoAnchor implants, and 
the results show that some of the patients might have benefited from the use of 
proximal extension cuffs or more complex revisions like chimney or fenestrated 
cuffs. This seems particularly true for the patients in the revision group. 
 
Limitations of the current study 
EndoAnchor implant angle analysis could be challenging due to beam hardening 
artifacts from the metallic alloy the EndoAnchor is made of, even in high-quality 
CT scans. Especially in CT scans with greater slice thicknesses (1-3mm), the 
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extremities of the EndoAnchor implants were more difficult to identify. Moreover, 
3Mensio creates reconstructions of 1 mm slice thickness perpendicular to the CLL. 
The markers were placed on the orthogonal view of these reconstructed slices. 
However, the extremities of the EndoAnchor implants could be located in between 
two reconstructed slices. If that was the case, markers were placed either above 
or below the intended location, whichever was closer to the extremity of the 
EndoAnchor implant. Even though this might have influenced the longitudinal 
angle, there was a non-significant difference between the measurements of both 
observers, and the level of agreement was perfect.  
A hard cut-off value for each degree deviating from 90° in the orthogonal or 
longitudinal axes on the increased risk for bad penetration was not determined, 
since it is likely that a few degrees more or less will not make the difference 
between a good, borderline or non-penetrating EndoAnchor implant.  
The presence of a learning curve must also be considered as possible reason for 
maldeployment of EndoAnchor implants, since the data was derived from the 
worldwide ANCHOR registry, including experienced but also less experienced 
physicians (<5 patients treated with EndoAnchor implants before including 
patients in ANCHOR). Moreover, the current results are based on a subset of 
patients with strict inclusion and exclusion criteria, and do not represent the entire 
ANCHOR cohort. Follow-up analysis could provide a greater clarity as to the on-
going risk of endoleak persistence after EndoAnchor deployment. 
 

Conclusion 
In this subcohort of ANCHOR patients, almost 30% of the EndoAnchor implants 
had maldeployment, which may be prevented by careful preoperative planning 
and measured intra-operative deployment. If endoleaks are due to >2mm gaps, 
EndoAnchor implants alone may not provide the intended sealing and additional 
devices should be considered. 
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Abstract 
Purpose: To investigate changes in penetration depths and angles of EndoAnchor 
implants with initially good penetration after therapeutic use in endovascular 
aneurysm repair. 
Methods: Patients were selected from the Aneurysm Treatment Using the Heli-
FX Aortic Securement System Global Registry (ANCHOR; ClinicalTrials.gov 
identifier NCT01534819). Inclusion criteria were (1) EndoAnchor implantation to 
treat intraoperative or late type Ia endoleak and (2) at least 2 postoperative 
computed tomography angiography (CTA) scans. Exclusion criteria were the use 
of adjunct procedures. Based on these criteria, 54 patients (44 men) 360 
EndoAnchor implants were eligible for this analysis. Penetration depth of each 
EndoAnchor implant into the aortic wall was judged as (1) good (≥2-mm 
penetration), (2) borderline (<2 mm or when there was a gap between the 
endograft and the aortic wall), or (3) no penetration. The penetration depth and 
longitudinal angles of EndoAnchors with good penetration were investigated on 
the last available postprocedure CTA scan. Endoleaks were also analyzed. 
Results: EndoAnchor penetration on the first postprocedure CTA scan was good 
in 187 (51.9%), borderline in 69 (19.2%), and missing in 104 (28.9%). On the 
last CTA scan, 182 (97.4%) of the 187 initially well positioned EndoAnchors 
remained good. Five (2.6%) EndoAnchors in 4 patients changed configuration 
over time (4 became borderline and 1 became nonpenetrating), all without any 
clinical sequelae. The median orthogonal angles of the EndoAnchor implants with 
good penetration on the first and last CTA scans were 92° (IQR 85, 98) and 90° 
(IQR 84, 97), respectively (p=0.822); for longitudinal angles, medians of 85° (IQR 
71, 96) and 84° (IQR 70, 96) were found (p=0.043). Of the 18 (33%) patients 
who had a type Ia endoleak on the first postprocedure CTA, 6 resolved over time. 
Median follow-up was 13 months, during which no new type Ia endoleak was 
found. 
Conclusions: Despite the small number of EndoAnchors analyzed, this study 
showed that the sustainability of EndoAnchor implants with initially good 
penetration is satisfactory at 1-year follow-up. The vast majority of EndoAnchor 
implants with good penetration initially remained in good position; <3% of 
implants became borderline or nonpenetrating, without any clinical consequence.   
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Introduction 
The Helix-FX EndoAnchor System (Medtronic Vascular, Santa Rosa, CA, USA) is 
designed to penetrate both the endograft fabric and aortic wall to ensure 
endograft fixation and seal in the infrarenal aortic neck during endovascular 
aneurysm repair (EVAR). EndoAnchor implants can be used to treat intraoperative 
or late type Ia endoleaks in a therapeutic setting, and they can also prevent 
migration when used prophylactically.1-5 Circumferential deployment 
approximates a surgical hand-sewn anastomosis if the EndoAnchors are 
successfully deployed.6-8 Tassiopoulos et al.9 showed endotacking to be preventive 
for late neck dilatation. 
A recent publication showed aortic neck diameter and neck calcium thickness as 
independent predictors for individual EndoAnchor implant failure10; therefore 
careful planning is needed prior to deployment. An analysis of the penetration 
depth and angle of each EndoAnchor implant showed that a greater number of 
nonpenetrating EndoAnchor implants was associated with an increased risk for 
type Ia endoleaks, and 30% of EndoAnchors were deployed beyond the 
recommended use (ie, were positioned above the fabric, within thrombus, or 
below the aortic neck).11 Besides deployment beyond the recommended use, 
technical positioning failure may cause the EndoAnchor implant not to intersect 
the aortic wall perpendicularly and therefore not completely penetrate the aortic 
wall. Moreover, penetration depth is dependent on the length of the EndoAnchor 
(4.5 mm) and aortic wall thickness for successful endotacking, with a maximum 
aortic wall thickness around 2 mm. 
These factors may also be important for the sustainability of the EndoAnchor 
implants in the aortic wall over time. The aim of this study was to investigate 
changes in penetration depths and angles of EndoAnchor implants with initially 
good penetration over time and potential clinical sequelae of these alterations. 
 
Materials and methods 
Patient selection 
Patients were selected from the dataset of the Aneurysm Treatment Using the 
Heli-FX Aortic Securement System Global Registry (ANCHOR; ClinicalTrials.gov 
identifier NCT01534819). Inclusion criteria for the current study sample were (1) 
EndoAnchor implantation to treat intraoperative or late type Ia endoleak and (2) 
at least 2 sequential postoperative contrast-enhanced computed tomography 
angiography (CTA) scans of good quality.  
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Patients with CTA scans with glue or metal artifacts were excluded, as were CTAs 
with slice thickness >3 mm. Patients with aortic cuffs were excluded because the 
sequence of the deployment of the additional material was unknown. Moreover, 
the extra layers cause substantial scatter, and the radial force of a double layer 
of endografts (main body and additional cuff) may influence the forces on the 
EndoAnchors and thus their position and any changes during follow-up. The study 
was conducted according to the Declaration of Helsinki and informed consent was 
obtained for every patient. 
In a prior study,11 86 patients were used to describe penetration depth and angles 
of EndoAnchor implants on the first postprocedure CTA scans. Thirty-two of these 
86 patients did not have a subsequent CTA scan and were excluded, leaving 54 
patients (44 men) in the current analysis. Fourteen (25.9%) patients (116 
EndoAnchors) were treated for a revision of a type Ia endoleak, while 40 (74.1%) 
patients (244 EndoAnchor implants) received EndoAnchors to treat intraoperative 
type Ia endoleaks.  

 
Imaging protocol and assessments 
Measurements were performed on the first CTA scan after EndoAnchor 
implantation and on the last available follow-up scan (or the last one before 
reintervention) on a 3Mensio vascular workstation (V9.0 SP1; Pie Medical Imaging 
BV, Maastricht, the Netherlands). A center lumen line (CLL) was semiautomatically 
drawn through the aortic lumen and adjusted manually if needed. Location of the 
orifices of the renal arteries, EndoAnchor implants, proximal endograft fabric 
markers, and aortic bifurcation were identified. The position and the angles of the 
EndoAnchors could be identified using the CLL and the renal orifice markings.11  
A core laboratory (Syntactx, New York, NY) was used to measure the following 
anatomical characteristics on the first and last CTA scans: suprarenal aortic 
diameter, aortic diameter at the level of the lowest renal artery, proximal neck 
length (with a distal boundary where there was a 10% increase in the diameter 
at the level of the lowest renal artery), visual neck length, neck tortuosity index, 
maximum aneurysm sac diameter, suprarenal angulation, infrarenal angulation, 
neck thrombus thickness and circumference, and neck calcification thickness and 
circumference. Clinical outcomes in terms of endoleaks were assessed as no 
change (presence or absence of a type Ia endoleak on both follow-up scans); 
occurrence of type Ia endoleak between the 2 scans; or resolution of a type Ia 
endoleak after the first scan. 
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EndoAnchor analyses 
According to a previous publication,10 EndoAnchor implant penetration was judged 
to be (1) good when the EndoAnchor penetrated the endograft and ≥2 mm into 
the aortic wall, (2) borderline when the EndoAnchor penetrated the endograft but 
<2 mm into the aortic wall or when there was a gap between the endograft and 
the aortic wall, or (3) no penetration at all.  
Changes in EndoAnchor penetration status over time were analyzed for the 
EndoAnchors having good penetration on the first CTA scan. A previous study 
showed that EndoAnchor implants with borderline penetration are comparable in 
clinical outcome to nonpenetrating EndoAnchor implants.10 Thus, both borderline 
and nonpenetrating EndoAnchors would not increase seal between the endograft 
and aortic wall and would never change to good penetration. The measurements 
were performed independently by 2 experienced observers (K.N., J.V.). A third 
observer opinion (J.P.dV) was requested if the outcome was inconclusive.  
The orthogonal and longitudinal penetration angles were measured according to 
the validated method previously described in the study of Goudeketting et al.11 

Differences between the orthogonal and longitudinal angles over time were 
analyzed. 
 
Statistical analysis 
Since normality of data could not be assumed based on the Shapiro-Wilk test, 
data are presented as the median [interquartile range (IQR): Q1, Q3]. Differences 
between variables were tested with the Mann-Whitney U test. P-values were 
considered significant when 2-tailed α<0.05. Statistical analyses were performed 
with SPSS software (version 24; IBM Corp, Armonk, NY, USA). 
 

Results 
A total of 360 EndoAnchor implants were deployed [median 6 per patient (IQR 4, 
9)]; no double rows of EndoAnchors were used. Median time between the EVAR 
procedure and the first postprocedure CTA scan was 34 days (IQR 24, 43); for the 
last scan the median interval was 13 months (IQR 8, 23). Between the first and 
most recent CTA scan (Table 5.1), maximum sac diameter became significantly 
smaller (p<0.001); other anatomical characteristics remained unchanged. 
 
EndoAnchor penetration analysis 
EndoAnchor penetration on the first postprocedure CTA scan was good in 187 
(51.9%), borderline in 69 (19.2%), and missing in 104 (28.9%). The 2 observers  
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Table 5.1: Anatomical characteristics of the aorta on the first and last postprocedural CT 

scan 

Anatomical 

characteristics 

First CTA Last CTA P-value 

Suprarenal aortic diameter, 

mm 

26.2 [24.7 - 27.5] 25.7 [24.8 - 27.6] 0.228 

Aortic diameter at lowest 

renal, mm 

25.5 [23.6 - 27.8] 25.4 [23.9 - 27.3] 0.472 

Proximal neck length, mm 10.4 [6.5 - 20.9] 11.0 [5.6 - 19.6] 0.820 

Maximum sac diameter, mm 59.3 [52.6 - 69.1] 56.0 [49.0 - 66.4] <0.001a 

Suprarenal angulation, ° 13.0 [7.8 - 19.5] 13.0 [8.0 - 17.3] 0.102 

Infrarenal angulation, ° 15.5 [7.8 - 25.0] 14.0 [8.0 - 21.3] 0.268 

Neck thrombus average 

thickness, mm 

0.0 [0.0 - 0.0] 0.0 [0.0 - 0.0] 0.514 

Neck thrombus 

circumference, mm 

0.0 [0.0 - 0.0] 0.0 [0.0 - 0.0] 0.594 

Neck calcium average 

thickness, mm 

0.0 [0.0 - 0.0] 0.0 [0.0 - 0.0] 0.833 

Neck calcium circumference, 

mm 

0.0 [0.0 - 0.0] 0.0 [0.0 - 0.0] 0.528 

Data represented as median [interquartile range (Q1-Q3)]. a Values were significantly different with α 

<0.05. 

 
were not in agreement on 38 (20.3%) EndoAnchor implants; consensus was found 
with the third observer. Per patient, a median of 4 (IQR 2, 5) EndoAnchors had 
good penetration, which accounted for 53% (IQR 27, 80) of the EndoAnchors per 
patient. On the last CTA scan, 182 (97.4%) of the 187 EndoAnchors initially well 
positioned continued to show good penetration after follow-up (Figure 5.1). Five 
(2.6%) EndoAnchors in 4 patients changed configuration over time (4 became 
borderline and 1 became nonpenetrating), all without any clinical sequelae. 
 
Figure 5.2 and Table 5.2 show a patient in whom 1 EndoAnchor became borderline 
and 1 became nonpenetrating. In this case, only 4 EndoAnchors were initially 
deployed in the aortic neck, instead of the recommended use of at least 6. On 
both CTA scans a type Ia endoleak was visible. The neck had a conical shape and 
was only 3.2 mm in length, which is beyond the recommended use for standard 
EVAR with EndoAnchor implants. During follow-up, dilatation of the aortic neck  
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Figures 5.1A-B: An example of stable EndoAnchor implants. (A) One-month 
postprocedure computed tomography angiography (CTA). A total of 6 EndoAnchor 
implants were positioned in this patient, but on this axial slice only 2 (green dots) are 
visible, both are penetrating the aortic wall as were the other 4 EndoAnchor implants (not 
visible). (B) Postprocedure CTA scan at 13 months. All EndoAnchor implants remain 
unchanged (green dots + 4 EndoAnchor implants that are not visible on this image). 

created a growing gap of malapposition between the aortic wall and endograft, 
drawing the EndoAnchors away from the wall.  
 
Figure 5.3 and Table 5.3 show another patient with a change in penetration depth 
of 1 EndoAnchor after 34 months of follow-up. Interestingly, only 2 of 11 
EndoAnchor implants had good penetration at the first postprocedure CT scan; on 
the last CTA, one of the two became borderline. The endograft was initially 
deployed low, and there was a type Ia endoleak visible on both CTA scans. This 
challenging neck had a large calcium load at the location of the type Ia endoleak; 
consequently, no EndoAnchors were penetrating the aortic wall at the location of 
the calcium load.  Moreover, there was a gap between the aortic wall and 
endograft that could not be resolved with EndoAnchors. One of the 2 initially 
successful EndoAnchors became borderline because the aneurysm sac extended 
cranially, widening the gap between the fabric and aortic wall at the location of 
the EndoAnchor implant. Dilatation of the aortic neck may not be stopped by just 
1 EndoAnchor with good penetration but may need more, as suggested in a prior 
publication.9  
 
The remaining 2 EndoAnchors became borderline at 13 and 38 months, 
respectively. In 1 patient, 10 EndoAnchors where positioned, of which 3 had good 
penetration, 1 was borderline, and 6 had no penetration on the first CTA scan.  
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Figure 5.2A-D: (A, B) Three-dimensional and (C, D) axial views of the distribution of 
EndoAnchor implants at the (A, C) 30-day and the (B, D) 11-month computed 
tomography angiography scans. Good, borderline, and nonpenetrating EndoAnchor 
implants are visualized as green, orange, and red dots, respectively. EA1 and EA2 became 
borderline and nonpenetrating, respectively, at the 11-month follow-up. Note that only 4 
EndoAnchors had been implanted, unevenly divided around the aortic neck. The purple 
dot represents the location of the endoleak and the blue dots represent the locations of 
the highest and lowest renal arteries (HRA and LRA, respectively). 

 
There was no type Ia endoleak visible on either follow-up scan, and no change in 
anatomical characteristics was observed. The changing EndoAnchor implant was 
positioned in an area with a high calcium load. In the other patient, 10 EndoAnchor 
implants were also deployed (4 with good deployment, 1 borderline, and 4 
nonpenetrating on the first scan). There was a type Ia endoleak visible on the first 
CTA; however, it resolved after 38 months. At the location of 1 EndoAnchor 
implant there was a slight increase in aortic diameter (2 mm), causing the implant 
to change position (borderline). Figure 5.4 shows the distribution of the 5 
EndoAnchors that shifted position on the axial view of the aortic circumference 
from the CLL reconstruction. 
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Table 5.2: Characteristics of the aorta, endograft and EndoAnchor implants where one 
EndoAnchor implant became borderline penetrating and one non-penetratinga 
Characteristics  
Follow-up, months 11 
Endograft 32-mm Zenith 
Oversizing, % (at baseline) 23.4 
Number of EndoAnchor Implants 4 
 30 days CT scan 11 months CT 

scan 
Good penetration, N 2 0 
Borderline penetration, N 0 1 
No penetration, N 2 3 
Endoleak Yes Yes 
Measurements   
Suprarenal aortic diameter, mm 26.3 25.2 
Aortic diameter at lowest renal, mm 24.5 27 
Aortic diameter 5-mm below lowest renal, 
mm 

28.3 32.1 

Aortic diameter 10-mm below lowest renal, 
mm 

30.9 35.2 

Proximal neck length, mm 3.2 2.6 
Maximum sac diameter, mm 51.5 48.5 
Suprarenal angulation, ° 10 5 
Infrarenal angulation, ° 9 6 
Infrarenal angulation to bifurcation, ° 16 29 
Neck thrombus average thickness, mm 0 1.5 
Neck thrombus circumference, ° 0 29 
Neck calcium average thickness, mm 0 0 
Neck calcium circumference, ° 0 0 
Abbreviations: CT, computed tomography 
aSee Figure 5.2 

  

 
Angle measurements 
The median orthogonal angles of the EndoAnchor implants with good penetration 
on the first and last CTA scans were 92° (IQR 85, 98) and 90° (IQR 84, 97), 
respectively (p=0.822). For the longitudinal angles the medians were 85° (IQR 
71, 96) and 84° (IQR 70, 96), respectively (p=0.043). This resulted in a median 
difference of 1.0° (IQR –7.0, 7.0) for the orthogonal angles and 2.0° (IQR –6.0, 
9.0) for the longitudinal angles between the first and last scans. Figure 5.5 shows 
scatter plots of the differences between the angle measurements 
 
Endoleak analysis 
Thirty-six (67%) patients had no type Ia endoleak on both the first and last 
postprocedure CT scans. Of 18 (33%) patients who had a type Ia endoleak on the  
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Figure 5.3A-D: (A, B) Three-dimensional and (C, D) longitudinal views of the distribution 
of EndoAnchor implants at the (A, C) 30-day and the (B, D) 34-month computed 
tomography angiography scans. Good, borderline, and nonpenetrating EndoAnchor 
implants are visualized as green, orange, and red dots, respectively. The orange line 
accentuates the location of the aneurysm sac. The location of the endoleak is visualized 
with a purple dot. The blue dots represent the locations of the highest and lowest renal 
arteries (HRA and LRA, respectively). Note that only 2 EndoAnchors had good penetration 
during initial implant. The majority of EndoAnchors were applied beyond the 
recommended use. 

 
first CT scan, 6 resolved over time (without additional treatment). The median 
time interval between the first and last CTA scan of the 12 patients who had a 
persistent endoleak was 8.5 months (IQR 3, 13) vs 32 months (IQR 30, 36) for  
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Table 5.3: Characteristics of the aorta, endograft and EndoAnchor implants where one 
EndoAnchor implant became borderline penetratinga 
Characteristics  
Follow-up, months 34 
Endograft 28.5-mm Excluder 
Oversizing, % 12.4% 
Number of EndoAnchor Implants 11 
 30 days CTA scan 34 months CTA 

scan 
Good penetration, N 2 1 
Borderline penetration, N 4 5 
No penetration, N 5 5 
Endoleak Yes Yes 
Measurements   
Suprarenal aortic diameter, mm 27.1 26.0 
Aortic diameter at lowest renal, mm 24.9 24.8 
Aortic diameter 5-mm below lowest renal, 
mm 

25.9 25.4 

Aortic diameter 10-mm below lowest renal, 
mm 

31.0 28.5 

Proximal neck length, mm 6.5 8.0 
Maximum sac diameter, mm 90.6 85.6 
Suprarenal angulation, ° 16 11 
Infrarenal angulation, ° 12 18 
Infrarenal angulation to bifurcation, ° 12 18 
Neck thrombus average thickness, mm 0 0 
Neck thrombus circumference, ° 0 0 
Neck calcium average thickness, mm 0 2 
Neck calcium circumference, ° 54 54 
Abbreviations: CT, computed tomography 
aSee Figure 5.3 

  

 
the 6 patients with a resolved endoleak. The median number of implanted 
EndoAnchors was 7 (IQR 4, 9) for the persistent endoleak subgroup vs 10 (IQR 5, 
10) for the resolved endoleak subgroup.  
 
Of the 12 persistent type Ia endoleaks, one was treated with coil embolization of 
the aneurysm 6 months after placement of the EndoAnchors. In 1 patient the 
intraoperative type Ia endoleak was resolved after deployment of an additional 5 
EndoAnchors 23.5 months after the initial procedure. Another patient had 10 
EndoAnchor implants deployed at 12.7 months after the initial procedure, 
however, without success; a conversion to open repair was performed at 25.6 
months. In 1 patient an aortic extender cuff with additional EndoAnchor implants 
were deployed at 2.1 months after the initial procedure (only EndoAnchors before  
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Figure 5.4: The distribution of 5 EndoAnchors that became borderline or 
nonpenetrating (orange and red dots, respectively) is shown on the axial view 
of the aortic circumference from the center lumen line reconstruction 

 
the cuff placement were analyzed). In 8 patients no reinterventions were 
performed to resolve the persistent type Ia endoleak. 
 

Discussion 
In this initial analysis of the change in penetration depth and angle of EndoAnchors 
over time, nearly all EndoAnchors maintained good penetration over a >1-year 
period. Only when a gap occurred between the fabric and the aortic wall above 
the location of an EndoAnchor would an implant be at risk of changing position, 
as illustrated in Figure 5.6. In the few cases in which this occurred, the change in 
penetration did not produce clinical sequelae. Due to the rarity of EndoAnchor 
position changes, no conclusions can be drawn regarding any association between 
failure and their location on the aortic circumference. Reasons for initial borderline 
and nonpenetrating EndoAnchor implants were previously investigated11 and not 
the aim of the current study. 
The percentage of type Ia endoleaks in this cohort is higher compared to previous 
1-year results from the ANCHOR registry4 (33 % vs 7%, respectively). The most 
important reason is the fact that this sample was a subcohort from the ANCHOR 
registry and included only patients treated for a type Ia endoleak without any 
other adjuncts (ie, cuffs or chimney extensions).  
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Figure 5.5A-B: Scatter plots of the (A) orthogonal and (B) longitudinal angles at the first 
vs the last postprocedure computed tomography angiography (CTA) scan. The reference 
line (bold black line) shows the EndoAnchors for which the orthogonal angle remains the 
same on sequential CTA scans. The 2 dashed gray lines delineate the EndoAnchors for 
which the difference between measured orthogonal angles was <15°. The 183 
EndoAnchor implants that have good penetration are visualized in green. The EndoAnchor 
implants that turned borderline (n=4) and nonpenetrating (n=1) are visualized in orange 
and red, respectively. 

 
Despite the presence of a type Ia endoleak in 18 patients, the mean aneurysm 
diameter decreased significantly, which is in line with findings from a matched 
cohort comparison of patients with and without EndoAnchor implants.12 This 
observation might be due to the ability of well-secured EndoAnchors to resist the 
pressure of the endoleak between the aortic wall and endograft.  
If a persistent type Ia endoleak is associated with sac growth during follow-up, 
the previous use of EndoAnchors does not preclude renewed endovascular 
interventions. The only drawback may occur with a borderline penetrating 
EndoAnchor in the proximal seal zone; here, the intraluminal ends of the implant 
in the space between the endograft fabric and aortic wall can cause gutters that 
are hard to resolve. In these cases a more proximal seal zone must be created 
using chimney or fenestrated cuffs, or the endograft should be explanted. 
This subcohort showed a 48% maldeployment rate among the initially deployed 
EndoAnchors compared to 29% in a previous study limited to the 1-month CTA 
scans.11 The most common reason for maldeployment was the presence of 
substantial gaps (>2 mm) between the endograft and aortic wall due to thrombus 
or owing to the position of the EndoAnchor below the aortic neck, which is defined 
as EndoAnchor application beyond the recommended use. In this analysis, 
relatively more EndoAnchors were deployed beyond the recommended use;  
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Figure 5.6A-B: Longitudinal schematic representation of (A) an EndoAnchor penetrating 
the aortic wall (red line); however, there is a space between the aortic wall and the 
endograft (gray line) proximal to the EndoAnchor implant. (B) Over time, the gap at the 
proximal edge of the endograft increases due to the pressurization of the gap, which may 
cause the EndoAnchor to become borderline or even nonpenetrating. 

 
however, this study also showed that complete penetration of all the implanted 
EndoAnchors is not required for clinical success. 
There was a significant difference between the longitudinal angles on the first and 
last postprocedure scans. A possible explanation may be the large deviation 
among all measured EndoAnchors. Moreover, the aorta is a dynamic environment 
and the orientation of the EndoAnchors might change during the cardiac cycle as 
longitudinal forces on the endograft and the EndoAnchors fluctuate during this 
cycle. The CT scans were static images, and no dynamic imaging was performed 
to assess the differences in penetration angles. Due to this uncertainty in 
measurements, a small change in EndoAnchor penetration angle (±15°) did not 
have any clinical consequences in the current cohort, which substantiates our 
previous study on EndoAnchor penetration angles.11 No crosschecking in angle 
measurements could be performed with other imaging modalities such as 
radiographs or electrocardiographically-gated CTA; therefore, no assumption can 
be made about the deviation of angles. 
If an EndoAnchor implant is positioned according to the recommended use and no 
forces are applied on the EndoAnchor between the aortic wall and endograft after 
deployment, the implant will be unlikely to change position over time. Therefore, 
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it is important to have good initial penetration of the EndoAnchor. To do so, pre- 
and periprocedural planning and techniques need to be carefully executed.6  
First, preplanning of the procedure is important. The aortic neck needs to be inside 
the recommended instructions for use for optimal positioning. Moreover, 
oversizing of the endograft needs to be between the 15% and 20% in order to 
have good apposition of the endograft, without the risk of infolding. Excessive 
oversizing creates fabric rucking, which may contribute to inadequate deployment 
due to increased fabric thickness and increased gaps between fabric and aortic 
wall.  
Second, to ensure technical success in positioning the implants, the radius of the 
endoguide needs to match the diameter of the aortic neck, and the position of the 
C-arm relative to the endoguide and EndoAnchors needs to be perfectly 
perpendicular to visualize the proper penetration angles.  
During the initial insertion of an EndoAnchor into the aortic wall, the physician 
may sense an increased resistance of the Heli-FX endosystem. If this occurs, it is 
strongly advised to reload the EndoAnchor into the applier and find another 
location on the aortic wall. During implantation, the tip of the endoguide and 
applier should be perpendicular to the endograft fabric. The more the EndoAnchor 
is deployed off this axis, the higher its risk of failing to penetrate the aortic wall. 
This can be observed on the angiogram, and physicians need to consider 
implanting an extra EndoAnchor. 
 
Limitation 
This study included a small cohort of patients with only 13-month follow-up. As 
European guidelines suggest, 1-year follow-up is performed with CT followed by 
yearly duplex scans. Therefore a great number of patients do not have more than 
the 1-year CT follow-up. No dynamic CTA scans were available; only static CTA 
scans were used. Therefore, changes in EndoAnchor implant penetration and 
angles during the cardiac cycle were not measured, though it might be interesting 
to investigate the imaging of EndoAnchors during the cardiac cycle.  
This study did not incorporate measurements of the aortic wall thickness at the 
preprocedural CT scans in relation to the 2-mm EndoAnchor penetration depth. 
Due to metal artifacts in the endograft and EndoAnchors and the calcium in the 
aortic wall, accurate measurements of the aortic wall thickness post-EVAR would 
be rather imprecise. Moreover, the aortic wall may also be slightly compressed 
due to oversizing and the radial force of the endograft. Planning aspects and 
reports were not available, though preplanning would not be done for EndoAnchor 
use to treat intraoperative type Ia endoleaks. 
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Conclusion 
Despite the small number of EndoAnchors analyzed, this study showed that the 
sustainability of EndoAnchors with initially good penetration is very satisfactory at 
1-year follow-up. Borderline or nonpenetrating EndoAnchors were rare and were 
not associated with any clinical consequences. This analysis emphasizes the 
utmost importance of delivering EndoAnchor implants accurately and effectively 
through the aortic wall.  

5 



99 
 

References 
1.  Avci M, Vos JA, Kolvenbach RR, et al. The use of endoanchors in repair EVAR cases 

to improve proximal endograft fixation. J Cardiovasc Surg. 2012;53:419-426.  
2.  Vries  de JPPM, Pavoordt van de HDWM, Jordan JR WD. Rationale of EndoAnchors 

in abdominal aortic aneurysms with short or angulated necks. J Cardiovasc Surg. 
2014;55:103-107. 

3.  De Vries JPPM, Ouriel K, Mehta M, et al. Analysis of EndoAnchors for endovascular 
aneurysm repair by indications for use. J Vasc Surg. 2014;60:1460-1467. 

4.  Jordan WD, Mehta M, Ouriel K, et al. One-year results of the ANCHOR trial of 
EndoAnchors for the prevention and treatment of aortic neck complications after 
endovascular aneurysm repair. Vascular. 2016;24:177-186. 

5. Jordan WD Jr, de Vries JP, Ouriel K, et al. Midterm outcome of EndoAnchors for the 
prevention of endoleak and stent-graft migration in patients with challenging 
proximal aortic neck anatomy. J Endovasc Ther. 2015;22(2):163-170. 

6.  Vries JPPM, Jordan WD. Improved fixation of abdominal and thoracic endografts 
with use of Endoanchors to overcome sealing issues. Gefässchirurgie. 
2014;19:212-219.  

7.  Melas N, Perdikides T, Saratzis A, et al. Helical EndoStaples enhance endograft 
fixation in an experimental model using human cadaveric aortas. J Vasc Surg. 
2012;55:1726-1733 

8. Goudeketting SR, Wille J, van den Heuvel DAF, et al. Midterm single-center results 
of endovascular aneurysm repair with additional EndoAnchors. J Endovasc Ther. 
2019;26(1):90-100. 

9.  Tassiopoulos AK, Monastiriotis S, Jordan WF, et al. Predictors of early neck 
dilatation after endovascular aneurysm repair with EndoAnchors. J Vasc Surg 
2017;66:45-52 

10. Goudeketting SR, van Noort K, Ouriel K, et al. Influence of aortic neck 
characteristics on successful aortic wall penetration of EndoAnchors in therapeutic 
use during endovascular aneurysm repair. J Vasc Surg. 2018;1-10 

11.  Goudeketting SR*, van Noort K*, Vermeulen J.J.M, et al. Analysis of the position of 
EndoAnchors in therapeutic use during endovascular aneurysm repair. J Vasc Surg. 
2018 Dec 19 

12.  Muhs BE, Jordan W, Ouriel, Ket al. Matched control comparison of endovascular 
abdominal aortic aneurysm repair with and without EndoAnchors. J Vasc Surg. 
2017; :1-9. 

  
 
 
 

5 



100 
 

Part II 
  



101 
 

  



102 
 

6 
 
 
 
 
 
 
 
 

 
 
K van Noort   
RCL Schuurmann  
B Wermelink 
CH Slump   
KC Kuijpers 
JPPM de Vries 
 
Vascular 2017 Oct;25(5):542-548   



103 
 

 
Fluid displacement from intraluminal 
thrombus of abdominal aortic aneurysm as a 
result of uniform compression 
 
  



104 
 

Abstract 
Objective: The results after aneurysm repair with an endovascular aneurysm 
sealing(EVAS) system is dependent on stability of the aneurysm sac and 
particularly the intraluminal abdominal aortic thrombus(ILT). The postprocedural 
ILT volume is decreased compared with preprocedural ILT volume in aortic 
aneurysm patients treated with EVAS. We hypothesize that ILT is not stable in all 
patients and pressurization of the ILT may result in displacement of fluids from 
the ILT, no differently than serum is displaced from whole blood when it settles. 
To date, the mechanism and quantification of fluid displacement from ILT are 
unknown.  
Methods: The study included 21patients who underwent elective open abdominal 
aortic aneurysm repair. The ILT was harvested as a routine procedure during the 
operation. After excision of a histologic sample of the ILT specimen in four 
patients, ILT volume was measured and the ILT was compressed in a dedicated 
compression setup designed to apply uniform compression of 200mmHg for 
5minutes. After compression, the volumes of the remaining thrombus and the 
displaced fluid were measured. 
Results: The median (interquartile-range) of ILT volume before compression was 
60(66)mL, and a median of 5.7(8.4)mL of fluid was displaced from the ILT after 
compression, resulting in a median thrombus volume decrease of 11%(10%). 
Fluid components can be up to 31% of the entire ILT volume. Histologic 
examination of four ILT specimens showed a reduction of the medial layer of the 
ILT after compression, which was the result of compression of fluid-containing 
canaliculi. 
Conclusion: Applying pressure of 200mmHg to abdominal aortic aneurysm ILT 
resulted in the displacement of fluid, with a large variation among patients. Fluid 
displacement may result in decrease of ILT volume during and after EVAS, which 
might have implications on pre-EVAS volume planning and on stability of the 
endobags during follow-up which may lead to migration, endoleak or both. 
 
  

6 



105 
 

Introduction 
The long-term success of aneurysm repair with an endovascular aneurysm sealing 
(EVAS) system is dependent on stability of the aneurysm sac and particularly the 
intraluminal abdominal aortic thrombus (ILT). ILT is found in 75% of all abdominal 
aortic aneurysms (AAAs). These ILTs are three-dimensional fibrin structures with 
cholesterol crystals and often consists of luminal, medial, and abluminal layers, 
where the medial layer includes fluid-containing canaliculi. ILTs are inherent 
unstable and may change in consistency over years.1  
In literature, there is no consensus regarding the response of ILT to compressive 
force2-5. In recent publications, the postprocedural ILT volume was decreased in 
patients treated with EVAS.6,7 Boersen et al.6 and Shaikh et al.7 found a significant 
decrease of ILT volume of, respectively, 3.2 mL (95% confidence interval, 2.0 to 
–1.1 mL) and 11 mL (95% confidence interval, 4.7-18.2 mL) after EVAS. Wilson 
et al.8 also noted that there is increasing evidence that ILT in AAAs is biologically 
active and should not be treated as homogeneous inert material. Moreover, 
Truijers et al.5 showed ILT volume changes during the cardiac cycle.  
We hypothesize that pressurization of the ILT results in displacement of fluids 
from the ILT, potentially into lumbar, iliac, or visceral arteries. This study 
quantified fluid displacement from the ILT as a result of uniform compression in a 
nonenclosed environment.   
 

Methods 
 
Patient selection 
The study included consecutive patients who underwent elective open AAA repair 
with an ILT volume >15 mL. Preoperative ILT volume measurements where 
performed with the volume measurement tool of a 3Mensio workstation (3Mensio 
Medical Imaging BV, Bilthoven, The Netherlands).   Investigational review board 
approval was obtained for the Aorta Thrombus Compression Study (Sponge 
Study). Patient’s informed consent was obtained before open repair. ILT was 
harvested as a routine procedure during the operation. The compression model 
was available in the operating theater, and analysis was performed. Patients 
preoperative maximal aneurysm diameter and systolic blood pressure were 
obtained. 
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Figure 6.1 Compression protocol: A, A cross-sectional histologic sample is removed from 
the intraluminal thrombus (ILT). B, ILT volume is measured in a measuring cup. C, ILT is 
placed in the compression setup and (D) compression of 200 mm Hg is applied for 5 
minutes. E, Displaced fluid volume is measured. 

 
Measurement protocol 
The compression protocol is visualized in Figure 6.1A-E. A histologic specimen was 
obtained from the harvested ILT in four patients, and the ILT volume was 
measured by inserting the ILT in a measuring cup filled with 400 mL of 0.9% 
saline solution. Volume increases were determined. The observer made sure to 
read the meniscus from the bottom at eye level, to prevent a parallax error. The 
ILT was inserted in a dedicated compression setup, consisting of a nonenclosed 
box (Figure 6.1C) that contains a presser and a Perspex (Lucite International, 
Lancashire, UK) colander with 120-mm × 4-mm holes. A spring, connected in 
series with the presser, was used to indicate the applied pressure. A pressure of 
200 mm Hg was applied for 5 minutes, and the pressed fluid from the ILT was 
collected with syringes of 5 mL. After compression, the remaining volume of the 
ILT was measured, and a second histologic specimen was obtained from 4 
patients.  
 
Histologic examination 
The histologic thrombus specimens were fixed in 4% neutral-buffered formalin 
directly after harvesting. The specimens were oriented in cross-section transverse 
to the axis of the blood flow in vivo. Specimens were stained with hematoxylin 
and eosin to visualize cells and nuclei, examined under light microscopy, and 
analyzed for the presence of canaliculi. Specimens before and after compression 
were compared.  
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Statistical analysis 
Statistical analysis was performed with SPSS 23 software (IBM Corp, Armonk, 
NY). Because of the relatively low number of aortic thrombi, variables were 
assumed to be non-normally distributed. Data are represented as median and 
interquartile range (IQR). Box-and-whisker plots visualize ILT volumes and 
displaced fluids. Difference between preoperative ILT volume and intraoperative 
ILT volume was analyzed using the Wilcoxon signed ranks test. The associations 
between percentage of fluid displacement and the maximum aneurysm diameter 
and blood pressure were calculated with the Pearson correlation coefficient. P 
values were considered significant with a P<0.05. 

 
 
Results 
 
Patient demographics 
The study included 21 patients (19 men), with a median age of 70 (IQR, 14) years. 
Elective open AAA repairs were performed in 18 patients (86%), and three 
patients (14%) underwent endograft explantation because of a persistent type IA 
endoleak. Preoperative maximum AAA diameter was 64 (IQR, 16) mm. Systolic 
blood pressure was 140 (IQR, 40) mmHg. Open AAA repair was performed 
through a transabdominal incision, with suprarenal or infrarenal clamping. After 
aortotomy, the ILT was removed as complete as possible. Volume analysis and 
compression measurements were performed directly after harvesting.  
 
ILT volume measurements 
Median thrombus volume before compression was 60 (IQR, 66) mL (Figure 6.2). 
Median displaced fluid volume after compression was 5.7 (IQR, 8.4) mL. Minimum 
and maximum displaced fluid volumes were 1 mL and 22 mL, respectively. 
Displaced fluid volumes accounted for 11% (IQR, 10%) of the original thrombus 
volume before compression. Minimum and maximum displaced fluid volumes were 
3.6% and 31.5% of the original thrombus volume, respectively.  Figure 6.3 shows 
the box-and-whisker plot of the dispersion of percentages of displaced fluid 
volume from the thrombi. During compression, two thrombi disintegrated into 
small fragments, and 19 were still intact after compression. Preoperative ILT 
volume was significantly larger than intraoperative ILT volume, with a median of  
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Figure 6.2: Box-and-whisker plots of 21 intraluminal thrombus (ILT) volumes (mL) 
before and after compression. The median and interquartile range (IQR) ILT volumes 
before and after compression were 60 (66) mL and 50 (54) mL, respectively. ILT 5 and 
9 are outliers (circles) with an ILT volume decrease of 197 mL to 145 mL and 220 to 180 
mL, respectively. The horizontal line indicates the median, the top and bottom borders of 
the box indicate the 75th and 25th quartiles, and the whiskers indicate the maximum and 
minimum values (except for the outliers). 

 
98 mL (IQR,127 mL) and 65 mL (IQR, 68 mL), respectively (P=0.001). There was 
no correlation between maximum aneurysm diameter and percentage of fluid 
displacement from the ILT (r= -0.21, P=0.369). There was a significant correlation 
between systolic blood pressure and percentage of fluid displacement from the 
ILT (r= -0.53, P= 0.014) (Figure 6.4). 
 
Histologic examination  
Histologic results of four patients were investigated as a pilot. The fluid-containing 
canaliculi in the medial layer decreased between 50% and 96% when the 
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precompression specimens were compared with the postcompression specimens. 
Figure 6.5A-F shows results of histologic specimens of an ILT before and after 
compression. 
 

Discussion 
 
Current findings show that ILT volume may decrease by applying 200 mm Hg of 
pressure. A pressure around 200 mm Hg is advised in the instructions for use of 
the Nellix endobags (Endologix Inc, Irvine, Calif) when inserting the prefill and 
polymer volume. The average time for curing of the polymer in the endobags is 
around 5 minutes. Therefore, a pressure of 200 mm Hg with a duration of 5 min 
has been selected in the current study. 
This study confirms the phenomenon of fluid displacement from the AAA ILT as a 
result of uniform compression, with a large variation among patients. These 
results align with a previous review by Labruto et al.9 who described a large 
histologic variation in types of thrombi. Not all thrombi are organized; some 
thrombi contain unorganized (ie, fluid) components.  
The review of Wilson et al.8 reported a liquid interface between the degraded and 
soft abluminal layer and the aortic wall. Most ILTs were fluid permeable, 
depending on the size of the ILT.8 These factors imply fluid can be displaced out 
of the thrombi when compressed. 
Pressure-associated decrease in ILT volume does not have consequences in 
patients who undergo conventional open AAA repair or endovascular AAA repair 
(EVAR). Successful EVAR is based on proximal sealing in the aortic neck and both 
common iliac arteries, and no pressure is applied on the ILT in the aneurysm.   
EVAS, however, does have interaction with the ILT because it is based on sealing 
of the entire aneurysm, and the direct contact between the ILT and the endobags 
is substantial.  
To reduce the chance of ILT volume decrease after EVAS, adjustment of the 
procedural EVAS protocol is required. During the procedure, pressure onto the ILT 
should be applied by prefilling the endobags with saline solution and keeping 
pressure at 180 to 220 mm Hg until the pressure stabilizes.  
The pressurization of the endobags may displace fluid from the ILT not only during 
the procedure but also during follow-up. Long-term ILT volume changes were not 
studied. However, one may argue that in some patients ILT changes will be 
delayed when the fluid components has nowhere to go (i.e. must traverse the 
aortic sac wall if lumbars are obstructed)  
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Figure 6.3:  Box-and-whisker plot of the percentage of displaced fluid volume of 21 
intraluminal thrombus (ILT) samples. The median and interquartile range (IQR) 
percentage of displaced fluid was 11% (10%).  ILT 4 is an outlier (circle) with a displaced 
fluid volume of 32% of the original ILT volume before compression. The horizontal line 
indicates the median, the top and bottom borders of the box indicate the 75th and 25th 
quartiles, and the whiskers indicate the maximum and minimum values (except for the 
outlier). 

 
This can lead to a decrease in ILT volume during follow-up that may impair the 
sac-anchoring mechanism of EVAS, potentially impairing the stability of the 
endobags and causing displacement of the stent frames and repressurization of 
the aneurysm sac.  
Compression of the ILT post-EVAS might not be the only reason for ILT volume 
reduction over time. There will be a continuous process of fibrin degradation within 
the ILT. Luminal layers contain erythrocytes and platelets while the medial and 
abluminal layers show more incomplete fibrin organization with more canaliculi.1,10 
When an ILT is eliminated from the bloodstream no new ILT layers are formed at  
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Figure 6.4: Correlation between percentage of displace fluid and systolic blood pressure. 
Pearson correlation coefficient is -0.526 (P=0.014). 

 
 
the luminal site, but degradation may continue. This might be the reason why ILT 
disappears during long-term EVAR follow-up and possibly also post-EVAS. On the  
other hand, studies showed that ILTs>1 cm are deprived of cells in the medial 
and abluminal layers, which may reduce fibrinolysis and stabilize the ILT size.10,11 
Bastos Gonçalves and coworkers.12 found a progressive reduction of ILT in the 
aortic neck post-EVAR, Therefore, outer to outer diameter measurements of the 
aortic neck need to be considered for proper oversizing of an EVAR device. For 
devices without radial force, like Nellix and Ovation (Endologix Inc, Irvine, Calif), 
reduction of the ILT in the aortic neck may result in seal failure since the devices 
cannot adapt to an increase in lumen size over time. However, this study lacks 
information on ILT reduction in the aortic neck after EVAS over time. 
To estimate the fluid component in the ILT, the organized and unorganized 
components of the thrombus should be distinguished with preprocedural imaging. 
Routine computed tomography angiography can estimate the volume of the entire 
ILT, but thrombus layers cannot be identified. Contrary to ultrasound and CT, MRI  
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Figure 6.5: Histologic specimen of an intraluminal thrombus (ILT) before (A-C) and after 
(D-F) compression. ILT volume before compression was 45 mL, and 12.6 mL was displaced 
during compression. A shows the cross-section of the ILT before compression with a 
magnification of 1.25x. B shows the luminal and medial layer and C the abluminal layer of 
the ILT magnified x20. D shows the cross-section of a ILT after compression with a 
magnification of 1.25x. E shows the luminal and medial layer and F the abluminal layer of 
the ILT magnified 20x. The ILT after compression shows fragmentation of the abluminal 
layer (F). 

 
provides good information regarding the structure of the intraluminal thrombus9. 
A study of Motte et al.13 showed that qualitative categorization of intraluminal 
morphology on MRI can be correlated to quantitative measurements of signal-
intensity ratio (SIR) of the thrombus. Zhu et al.14 showed that a high-resolution 
3D black blood MRI sequence can be used for ILT characterization, whereas CTA 
cannot. Nguyen et al.15 determined that high thrombus signal intensity on T1- 
weighted MRI was associated with a substantial AAA growth rate. All these studies 
show that MRI enables structural information of the ILT. ILT with a high SIR on 
T2 weighted MRI may contain more fluid compared with an ILT with low SIR on 
T2 weighted MRI. However, these studies did not investigate the association 
between SIR of the ILTs and fluid displacement.  
Fragmentation of the ILT may increase the risk of thromboembolic complications 
after EVAS.  No visceral thromboembolic complications have been described in the 
recent EVAS literature. Thromboembolic complications in the lower leg are 
minimal and similar to EVAR procedures.  
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Higher systolic blood pressure was associated with lower percentages of fluid 
displacement from the ILT (Fig 3.4). This may suggest that already more fluid is 
pressed out of the ILT during the cardiac cycle in vivo in patients with a higher 
systolic blood pressure compared with a lower systolic blood pressure.  
This study has several limitations. First, the current pressure setup uses a flat 
surface to provide pressure on the ILT. This is different from the uniform pressure 
applied on the ILT in the spherical aneurysm during EVAS. Furthermore, the 
colander surface contained more holes than the lumbar and visceral arteries 
present in aortic aneurysms. This may be of influence on the amount of displaced 
fluid which might be overestimated compared to clinical practice.  
The setup was designed to apply unidirectional force onto the thrombi, therefore 
minimizing the effect of shear on the material. However, because the force is 
applied by a stiff presser, thicker parts of the thrombus may have received more 
pressure than thinner parts, which may result in shear stress applied to certain 
parts of the thrombus, potentially disrupting the thrombus material.  
Second, although the vascular surgeons were instructed to harvest the 
intraluminal thrombus as complete and intact as possible in every patient some 
residual thrombus must have been left. This explains the (sometimes large) 
differences between preoperative ILT volume measurements and intraoperative 
ILT volume measurements. This is not a major issue, because the percentage of 
displaced fluid volume was compared to the volume of the harvested thrombus 
volume, and not to the initial pre procedural thrombus volume. Moreover, 
measurements of the effect of eventual changes in structural integrity of the ILT 
due to harvesting could not be performed. Therefore, the influence of ILT structure 
on the ability to displace liquid elements under pressure have not been studied in 
the current manuscript.  
The exact impact of the extraction of the thrombi and shear stress in the presser 
on the quantity of fluid displacement has not been evaluated in the literature, and 
could not be determined in the current set-up.  Both factors may result in a larger 
amount of fluid that is displaced from the thrombus. Therefore, the results of this 
study cannot be extrapolated 1:1 to clinical practice.   
Third, no data on structural variations in the thrombi was obtained during the 
experiment, nor eventual growth of the thrombi in the years preoperative. There 
may be different structured thrombi, like chronic, fresh, or mural cholesterol laden 
debris, and each may behave differently under the current experimental 
conditions. Only four histologic specimens were examined to illustrate what kind 
of changes will occur within the thrombi before and after compression. This study 
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did not include investigation of the electrolyte and protein content of the 
supernatant after compression.  
Reproducibility measurements were not performed for preoperative and 
intraoperative ILT volume measurements. However, Boersen et al.6 already found 
good inter-observer variability in preoperative ILT volume measurements on a 
3Mensio workstation.  
Last, the ILTs were under compression for only 5 minutes. These results cannot 
be extrapolated one-to-one to late changes in the ILT during EVAS follow-up.  A 
follow-up on this study in needed to gain information about the kinetics of fluid 
extraction and long-term fluid displacement in an EVAS mimicking environment. 
 

Conclusions 
Applying pressure on AAA ILT results in the displacement of fluid from the ILT, 
with large variation among patients. These fluid components are most likely to 
originate from the canaliculi in the medial layer of the ILT. Fluid displacement may 
result in decrease of thrombus volume during and after EVAS, potentially 
impairing the stability of the endobags and position of the stent frames in the 
abdominal aorta. 
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Abstract 
Objective: Aortic pulse-wave-velocity (aPWV) is a measure for arterial stiffness, 
which is associated with increased cardiovascular risk. Recent evidence suggests 
aPWV increases after endograftplacement for aortic aneurysms. The aim of this 
study was to investigate the influence of different aortic endoprostheses on aPWV 
and structural stiffness in vitro.  
Approach: Three different abdominal aortic endoprostheses (AFX, Endurant II, 
and Nellix) were implanted in identical silicone aneurysm models. One model was 
left untreated, and another model contained an aortic tube graft (Gelweave). The 
models were placed in an in vitro flow set-up that mimics physiological flow. aPWV 
was measured as the transit time of the pressure wave over the flow trajectory of 
the suprarenal to iliac segment. Structural stiffness corrected for lumen diameter 
was calculated for each model.  
Results: aPWV was significantly lower for the control compared to the AFX, 
Endurant, Nellix and tube graft models (13.00 ± 1.20, 13.40 ± 1.17, 18.18 ± 
1.20, 16.19 ± 1.25 and 15.41 ± 0.87 m s−1, respectively (P < 0.05)). Structural 
stiffness of the AFX model was significant lower compared to the control model 
(4718N m−1 versus 5115N m−1 (P < 0.001), respectively), whereas all other 
models showed higher structural stiffness.  
Significance: Endograft placement resulted in a higher aPWV compared to a non-
treated aortic flow model. All models showed increased structural stiffness over 
the flow trajectory compared to the control model, except for the AFX 
endoprosthesis. Future studies in patients treated with an endograft are needed 
to evaluate the current results in vivo. 
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Introduction 
Abdominal aortic aneurysms (AAA) have been associated with increased arterial 
wall stiffness, affecting the Windkessel function, which results in increased flow 
velocities and augmented pressure wave reflections1–4. Augmented pressure 
opposing the left ventricle ejection may lead to amplified aortic and ventricular 
pressures during systole and reduced aortic pressure during diastole, which may 
result in decreased perfusion of the coronary arteries and discontinuous perfusion 
of peripheral tissue5. These effects have been associated with an increased risk 
for coronary heart disease, stroke and cardiovascular adverse events (hazard 
ratios 1.35, 1.54, and 1.45 respectively)6. 
Several studies report an increase in arterial stiffness after endovascular 
aneurysm repair (EVAR), derived from the arterial pulse wave velocity (aPWV) 
measured over the carotid to femoral artery trajectory or brachial to below-the-
knee artery trajectory7,8,10,18–20. It has been suggested that this increased stiffness 
post-EVAR is a risk factor for future cardiovascular adverse events. In some 
studies an increased aortic stiffness has been described within days or weeks after 
EVAR, suggesting that the endograft itself stiffens the aortic tract8, 9. However, 
aPWV is not only affected by changes in aortic stiffness. A decrease in vessel 
radius causes an increase in velocity if the flow is constant. Therefore the radius 
decrease due to implantation of the endoprosthesis needs to be included when 
calculating changes in aortic stiffness after EVAR11,12. 
The aim of this study is to investigate the influence of three different aortic 
endoprostheses on aPWV over the aortoiliac trajectory in vitro by measuring the 
aPWV in an untreated AAA model, three different endograft models and a tube 
graft model, which is commonly used for open surgical reconstruction of the aorta. 
Moreover, a comparison is made between the structural stiffness over the flow 
trajectory for the different endograft models and the untreated AAA model. 

 
Methods 
Models 
Five identical flexible silicone abdominal aortic aneurysm models were used 
(Shore-A40, Elastrat Sàrl, Geneva, Switzerland). Each model had the same 
dimensions, which were based on the average dimensions of 25 elective AAA 
patients: suprarenal aorta diameter of 26mm, maximum aneurysm diameter of 
50mm and common iliac artery diameters of 12mm (Figure 7.1). One aneurysm 
model served as negative control. In three models, a commercially available 
endograft was placed: the AFX (Endologix, Irvine, CA, USA), Endurant II  
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Figure 7.1: Schematic representation of the silicone abdominal aortic aneurysm model. 
Diameters are 26, 50 and 12mm for the suprarenal aorta, infrarenal aorta and iliac 
arteries respectively. The silicon model had a total center luminal length of 300mm from 
the proximal aorta end to the distal iliac end. 

 
 (Medtronic, Minneapolis, MN, USA), and Nellix (Endologix). All endografts were 
deployed according to the instructions for use by an experienced vascular surgeon 
(Figure 7.2). A tube graft (Gelweave, Vascutec, Inchinnan, Renfrewshire, 
Scotland, UK), which is used in open surgical repair, was fixated in the fifth model. 
Ideally, the same diameters for every configuration should have been used. 
However, the Endurant and AFX endografts are not available in the same 
dimensions when >29mm. For proper oversizing compared to the flow model 
(29mm) an Endurant 32mm and an AFX 34mm was selected. Moreover, the Nellix 
configuration is always 10mm in diameter. All the configurations used are selected 
as the optimal configuration for the specific endograft in this models’ anatomy. 
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Figure 7.2: Identical silicone models with three commercially available endograft 
configurations implanted. (a) Endurant II—main body diameter 32 mm, limb diameters 
16 mm, total length 166 mm; (b) AFX—main body diameter 34 mm, unibody diameter 
28 mm, limb diameters 16 mm, total length 140 mm; (c) Nellix—stent frame diameter 
10 mm, length 150 mm, endobags were filled with 128 ml of polymer. Each model was 
equipped with two self-expandable grafts (Viabahn, W.L. Gore and Associates, Flagstaff 
AZ) as part of a previous study. Since the renal branches were occluded, these stents 
have minor influence on the results of this study. 

 
The AFX unibody and limb diameters were 28mm and 16mm, respectively. The 
AFX suprarenal fixating aortic extension had a diameter of 34mm with a length of 
80mm. Total length of the AFX configuration was 140mm. The Endurant endograft 
main body and limb diameters were 32mm and 16mm, respectively. The total 
length of the Endurant configuration was 166mm. The Nellix endosystem 
configuration consisted of two stent frames with a diameter of 10mm and a length 
of 150mm. The endografts were surrounded by endobags filled with 128ml of 
polymer with a fill pressure of 180 mmHg to completely seal the aortic aneurysm 
and the landing zones in the common iliac arteries. The tube graft configuration 
had a diameter of 30mm and a length of 100mm. For securing of the tube graft 
into the silicone model, the tube graft was clamped at its proximal and distal ends 
to mimic an anastomosis. 
 
In vitro flow setup 
An in-house built circulatory system with physiological flow and pressure 
conditions (Figure 7.3) was used13. The superior mesenteric artery and renal 
arteries were sealed off. The system included three parallel gear pumps (12 V, 
Kavan, type 0190.121; Kavan GmbH, Nürnberg, Germany) generating pulsatile 
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flow with a mean flow of 1 l min−1 at 75 beats min−1. Flow conditions were 
monitored with  

Figure 7.3: Schematic representation of the in vitro flow model set-up [13]. Physiological 
flow is simulated by generating a pulsatile flow with the gear pumps. The compliance 
chambers mimic arterial compliance. Flow is measured with flow sensors at the outflow 
of the set-up. Pressure waves are measured with pressure sensors P1 and P2. Pulse wave 
propagation time between P1 and P2 is calculated. An abdominal environment of 5–7 
mmHg was simulated by surrounding the models with 6 liters of water in a basin. Pulse 
wave velocity (PWV) over the in vitro aortic trajectory is measured as the wave 
propagation time divided by the distance between P1 and P2. 

 
two flow sensors (UF08B, Cynergy3, Redondo Beach, CA, USA) at the outflow 
trajectory of the iliac arteries. The systemic pressure was set to a physiological 
range of 120/80 mmHg, continuously monitored with two pressure sensors 
(40PC015G1A, Honeywell, Morris Plains, NJ, USA). The pressure sensors were 
placed on fixed distances proximal and distal from the superior mesenteric artery 
branch (150 and 324mm, respectively). 
The trajectory length between the two pressure sensors was measured over a 
centerline through the center of the aortic lumen, created semi-automatically on 
a 3mensio workstation (Pie Medical, Maastricht, The Netherlands) based on high 
resolution computed tomography (CT) scans of the five models.  
CT scans were acquired on a 512-slice CT scanner (Philips Healthcare, Eindhoven, 
the Netherlands). Scans acquisition parameters were: tube potential, 120kV; tube 
current time product, 200 mAs; increment, 0.75mm; pitch, 0.78; collimation, 125 
× 0.625mm and slice thickness, 0.9mm. 
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The mean flow radius of each model was measured on the created centerline, by 
measuring the radius every 5mm over the trajectory length. The radius over the 
iliac trajectory is the sum of radii of the iliac arteries at 5mm intervals. 
One compliance chamber was added proximally and two distally of the aneurysm 
model, to simulate the vascular compliance (±20ml mmHg−1), and peripheral 
resistance was controlled with needle valves at the outflow trajectory to ensure 
mean arterial pressure within physiological range. The blood mimicking fluid 
(BMF) that was pumped through the system had the viscosity of human blood 
(4.31 ± 0.03 cP)14. Sensors and fluid levels in the compliance chambers were 
calibrated and adjusted if needed when the silicone models were switched to 
ensure comparable flow and pressure conditions of the system. An abdominal 
environment of 5–7 mmHg was simulated by surrounding the models with 6 liters 
of water (67–95 mmH2O) to mimic the abdominal pressure on the aorta (Figure 
7.3)15. 
 
Pressure measurement 
Data was analyzed using Matlab 2015B (MathWorks, Natick, USA). Before 
pressure measurements were performed, the system was calibrated by applying 
a constant flow of 500ml min−1 per iliac artery. During constant flow, remaining 
air was flushed out of the system, and the digital pressure sensors were calibrated 
with an analogous pressure sensor that was connected to the suprarenal inflow 
pipe. Each pressure measurement consists of two consecutive pressure profiles. 
These measurements were performed ten times, resulting in 20 pressure profiles. 
To investigate the variation of the setup, the measurements were repeated seven 
times over 2 days for the control, AFX, Endurant, and Nellix models. The system 
was dismounted and remounted between the measurement days. The same fluid 
was used both days. 
 
Stiffness measurements 
Pulse wave velocity 
The aPWV was calculated as the velocity of the pulse wave propagating over the 
trajectory length during the transit time. The pressure profiles at the locations of 
the fixed proximal and distal pressure sensor locations were continuously recorded 
over two cardiac cycles during 1.6s with a sample frequency of 1.22kHz. 
The transit time, the duration over which the pressure propagates between the 
two pressure sensors, was calculated with the foot-to-foot method. This is the 
same method applied in the SphygmoCor system (AtCor Medical, Sydney, 
Australia), which is commonly used to measure aPWV in patients. It is defined as 
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the time between the onset of the pressure buildup of the proximal pressure 
sensor to the onset of the pressure buildup of the distal pressure sensor. This 
foot-to-foot method was found to be reproducible for calculating aPWV in rat 
models and showed only minor influence of wave reflections16. High frequency 
noise (>61 Hz) was removed from the data. 
 
Structural stiffness 
The aPWV is calculated with the Moens–Korteweg equation and is affected by the 
stiffness and the mean radius of the flow trajectory (equation (1)): 
 

     (1) 

 
where Einch is the structural stiffness over the flow trajectory (N m−1), aPWV the 
pulse wave velocity over the flowtrajectory (m s−1), r the mean trajectory radius 
(m) and ρ the fluid density (kg m−3). The structural stiffness over the flow 
trajectory is a combination of the incremental Young’s modulus (Einc) and the wall 
thickness (h) of the silicon models11,12. According to equation (1), change in the 
mean trajectory radius r with the same aPWV and fluid density ρ results in a 
change in stiffness. The stiffness over the flow trajectory for all silicone models 
mimicked the physiologic compliance of the aorta wall in AAA patients7. Since the 
material properties were equal for all silicone models, differences in measured 
stiffness over the flow trajectory were the result of different endograft 
configurations in the models. 
 
Statistical analysis 
The Shapiro–Wilk test was performed to assess normal distribution of the data. 
The data was normally distributed and is presented as mean with standard 
deviation. Paired samples t-tests and analyses of variance (ANOVA) with repeated 
measures design were performed to compare the different aPWV’s per day and 
between measurement days, including Bonferoni correction for multiple testing. 
Differences in aPWV and structural stiffness between the control model and 
endograft models were tested using independent samples t-tests. The variance of 
the total set of measurements was determined for each model by the coefficient 
of variation (standard deviation/average), and significance of variation differences 
between the groups was tested with Levene’s test. P-values <0.05 (two-tailed) 
were considered significant. Analyses were performed using SPSS, IBM 24.0 
software (IBM Corp, Armonk, NY, USA). 
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Table 7.1: Mean and standard deviation of aPWV for the control, AFX, Endurant, and 
Nellix models measured on day 1 and day 2. A total of 140 pulse waves were analyzed 
for each model, divided over 60 and 80 times per day. 

Models  
Day 1 Day 2 

 N 
Mean aPWV  

(m s-1) 
SD  

(m s-1) N 
Mean aPWV  

(m s-1) 
SD 

 (m s-1) 

Control 60 12.93 1.19 80 13.05 1.21 

AFXa 80 12.97 0.93 60 13.98 1.23 
Endurant 60 18.33 1.26 80 18.07 1.15 

Nellixa 80 15.62 1.06 60 16.96 1.07 
Mean and standard deviation are given in m s−1. N is the amount of pulse waves analyzed. 
a Significant difference in aPWV between day 1 and day 2 (P < 0.001). 

 
Results 
The trajectory length over the centerline between the two pressure sensors was 
474mm for all models. Mean radius of the models over the trajectory length 
between the two pressure sensors was 13.5mm, 11.7mm, 12.1mm, 10.4mm and 
11.8mm for the control, AFX, Endurant, Nellix and tube grafts models, 
respectively. 
Table 7.1 shows the mean aPWV and standard deviation of measurements 
performed on day one and day two for the control, AFX, Endurant and Nellix 
models. aPWV in the AFX and Nellix models were significantly different between 
the 2 days, in contrast to the control and Endurant measurements, which were 
similar on both measurement days. 
Table 7.2 shows the results of the mean aPWV of all measurements on both days, 
the model stiffness not corrected for the average diameter, and the structural 
stiffness corrected for average diameter of all models. The aPWV as well as the 
structural stiffness over the flow trajectory of all endograft models and the tube 
graft are significantly different compared to the control model. The structural 
stiffness over the flow trajectory of the AFX model is significant lower compared 
to the control model (4718N m−1 versus 5115N m−1 (P < 0.001), respectively), 
while the other models have a significantly higher stiffness than the control model 
(P < 0.001). 
Changes of the aortic diameter due to deployment of the (endo)grafts led to a 
decrease of the structural stiffness over the flow trajectory of 13%, 11%, 23% 
and 13% for the AFX, Endurant, Nellix and tube graft models, respectively, 
compared to measurements not adjusting for diameter change. The coefficients 
of variation of the measurements were 9.2%, 8.8%, 6.6% and 7.7% for the  
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Table 7.2: Mean aPWV, standard deviation and structural stiffness over the flow 
trajectory with and without correction for the graft diameter. 

Models 
Mean aPWV 

(m s-1)  

Structural stiffness over 
flow trajectory not 
corrected for graft 

diameter (N m-1) 

Actual structural 
stiffness over flow 
trajectory (N m-1)  

Control 13.00 ±1.20 5115 ±966 5115 ±966 

AFXa 13.40 ±1.17b 5433±966c 4718 ±839d 

Enduranta 18.18 ±1.20c 9966 ±1333c 8919 ±1193c 

Nellixa 16.19 ±1.25c 7918 ±1224c 6128 ±947c 

Tube grafta 15.41 ±0.87c 7148 ±774c 6241 ±676c 
aModels differ significantly from the control model in mean aPWV, structural stiffness over the flow 
trajectory not corrected and corrected for graft diameter with a P-value. b P-value of 0.005. c P-value 
of <0.001, d P-value of 0.006. 

 
control, AFX, Endurant, and Nellix models, respectively. Levene’s test of variance 
showed no significant differences in variance between groups (p = 0.802). 

 
Discussion 
The results of this in vitro study show an increase in aPWV for all endoprostheses 
models compared to the control model. However, the structural stiffness over the 
flow trajectory was reduced in the AFX model compared with the control model, 
in contrast to the other devices. This is likely related to the AFX design, where the 
polytetrafluoretheen (PTFE) of the AFX is situated outside the endoskeleton and 
is only attached to the proximal and distal ends of the endoskeleton, in contrast 
to other EVAR grafts that have an exoskeleton. One could hypothesize that this 
would lead to other wave reflection patterns (better propagation of the pulse 
waves) compared to other endografts and thereby reducing cardiac load. Whether 
this has clinical consequences, in terms of improved cardiovascular outcomes, 
needs to be further investigated in vivo.  
Interestingly, the highest aPWV was expected in the Nellix model, due to the large 
decrease in trajectory diameter (no main body, but two 10mm diameter stent 
frames, resulting in more proximal neo-bifurcation), and the balloon expandable 
stent frames. However, only a modest increase in aPWV and structural stiffness 
over the flow trajectory was observed. One explanation might be the elastic 
characteristics of the polymer used in the Nellix endobags. The pressure of the 
pulse wave might have been damped by the polymer, resulting in only a slight 
increase in aPWV despite the large decrease in trajectory diameter.  
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So far limited and conflicting evidence is available on the relation between aPWV 
and AAA. Some studies showed an increased aPWV7,10, whereas others showed 
decreased aPWV in untreated AAA patients9,17. Most studies using tonometry were 
performed in relatively small sample sizes. Furthermore, studies have 
convincingly shown that aPWV increases after EVAR7,8,10,18–20. Pre- and post-EVAR 
velocities of respectively 13.11 ± 3.57 and 16.41 ± 2.33 m s−1 have been 
described in the literature. In contrast, normal values for aPWV, are 9.7 (5.7–
13.6) m s−1 and increase with age21. These post EVAR values are comparable to 
the results of this in vitro study.  
A meta-analysis of Ben-Shlomo et al.6 showed that a change of aPWV of 1 m s−1 
was associated with a hazard ratio for cardiovascular events of 1.07 (95% CI 
1.02–1.12 weighted mean and standard deviation of 10.1 and 3.3 m s−1 , 
respectively) for a male aged 60 years (non-smoker, non-diabetic, no blood 
pressure medication, systolic blood pressure of 120 mmHg, total cholesterol 5.5 
mmol l−1 , and HDL cholesterol of 1.3 mmol l−1). We may conclude that the 
increase in aPWV determined in the current in vitro study due to endograft 
placement will be clinically relevant. However, while the transit time over the 
stented trajectory is reduced, velocity over the unstented areas is probably not 
affected post-EVAR. Since the total carotid-femoral pathway is longer than 
modeled in this study, average aPWV over the total pathway may be slightly lower 
in vivo.  
It is therefore important to design an endograft which has minimal influence on 
the aPWV. To do so, diameter and stiffness of the endograft need to be considered. 
A recent study reported differential effects of endograft fabric types on aPWV. 
Both PTFE and polyesther grafts resulted in increased aPWV post-implant 
compared to pre-implant but polyesther grafts showed the largest increase. The 
authors suggested the inflammatory response after EVAR and differences in stent 
graft design as potential explanations for the increased aPWV22.  
Comparison of studies is limited because of the use of different devices. Another 
limitation mentioned is that a large variation in stiffness parameters is reported. 
Furthermore, studies relating aPWV to outcome in patients treated with EVAR are 
lacking. What needs to be investigated is if the increase in aPWV after EVAR 
contributes to the increased cardiovascular risk in AAA patients. What also 
remains to be elucidated is if pulse wave analysis measurements, that provide 
measurements of wave reflection and cardiac output, provide reliable results in 
untreated and treated AAA patients. The ongoing ABC-study will provide the first 
results (NCT03469388).  
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Gray et al.23 showed a decrease in aPWV after open repair, whereas in this in vitro 
study an increase in aPWV in the tube graft was observed. One explanation might 
be that the tube graft has been clamped in the abdominal aortic model, whereas 
in real-life an aortotomy is performed and the tube graft is not surrounded by an 
intact aneurysm. In both studies a Gelweave tube graft was used.  
The in vivo studies on aPWV and arterial stiffness use aPWV as a measure for 
arterial stiffness. However, this study shows the importance of correcting for the 
radius of the measured trajectory before comments on arterial stiffness and 
changes in arterial stiffness can be made. Endograft placement changes the 
stiffness of the flow trajectory, however the amount of change in stiffness depends 
not only on the design of the endograft but also on the diameter change after 
EVAR. For the effect on cardiac events, it may not be relevant if aPWV is increased 
due to increased stiffness or reduced diameter, but as both lumen diameter and 
material properties of the endograft affect the PWV, manufacturers should 
consider both in their stent design. An increase in structural stiffness and thus 
aPWV may result in an increased risk for coronary heart disease, stroke and 
cardiovascular disease6.  
This study has several limitations. First, this is an in vitro study. The main focus 
of this study was to determine eventual difference between endograft 
configurations in an aneurysm model and therefore a non-aneurysmatic aorta 
model was not included and an untreated AAA model was used as control. This 
study did not include the eventual effect of mural thrombus and calcifications, 
which may be of influence on aPWV in vivo. Therefore, results cannot be 
extrapolated 1:1 to clinical outcomes. However, the silicone models were designed 
with a physiologic compliance13. Moreover, these results may be more reliable 
than aPWV and structural stiffness measurements in vivo for comparison of 
different endografts on stiffness. The conditions in this set-up where controllable 
and could be measured easily, while conditions such as blood pressure, arterial 
compliance, flow diameter and trajectory length are much harder to control and 
measure in vivo24. Second, there are small (and some significant) changes in 
aPWV between the measurement days. These changes are possibly a result of 
changes in the model settings. Slightly less filling of the compliance chambers or 
air in the system may result in changes in aPWV. To avoid this, the model is 
calibrated before performing the aPWV measurements. We also checked for trends 
in aPWV across measurements, we could not detect a trend for decline or increase 
in aPWV over time. 
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Conclusion 
Endograft placement resulted in a higher aPWV compared to a non-treated aortic 
flow model. The AFX endoprosthesis showed a decrease in structural stiffness 
compared to the control model over the flow trajectory. When calculating stiffness 
based on aPWV, change in diameter needed to be considered to avoid 
overestimation of the stiffness. Future studies should be performed in patients 
treated with an endograft to evaluate the current results in vivo.  
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Abstract 
Objective: Positional changes of the Nellix endosystem (Endologix, Irvine, USA) 
after endovascular aneurysm sealing (EVAS) differ from distal migration after 
endovascular aneurysm repair (EVAR). Due to the sack anchoring principle of the 
Nellix endosystem, displacement of the stent frames is not limited to distal 
migration, but also includes lateral displacement in the aneurysm as well as 
buckling of the stent frames. In this manuscript, a new methodology to quantify 
and visualize 3D displacement of the stent frames is described and validated. 
Methods: On each post-EVAS computed tomography (CT) scan the 3D positions 
of the stent frames were registered to five fixed anatomical landmarks, facilitating 
comparison of the position and shape of the stent frames between consecutive 
follow-up CT-scans. Displacement of the proximal and distal ends of the stent 
frames, the entire stent frame trajectories, as well as changes in distance between 
the stent frames were determined for 6 patients with >5mm displacement and 6 
patients with <5mm displacement at one year follow-up as determined with the 
new methodology. The measurements were performed by two independent 
observers and used to determine the inter-observer variability. 
Results: Three types of displacement were identified: displacement of the 
proximal and/or distal end of the stent frames, lateral displacement of one or both 
stent frames and stent frame buckling. Inter class correlation ranged from good 
(0.750) to excellent (0.958). No endoleaks or migration was detected on 
conventional CTA assessment at one year. Of the 6 patients with >5mm 
displacement at the one year CT scan using the new methodology, two developed 
a type 1a endoleak, and displacement progressed to >15mm for two other 
patients. No endoleaks or progressive displacement was appreciated for the 
patients with <5mm displacement. 

Conclusion: The sac anchoring principle of the Nellix endosystem may result in 
several types of displacement, that have not been observed during regular EVAR 
follow-up. The presented methodology allows precise 3D determination of the 
Nellix endosystems and can detect subtle displacement better than standard CTA. 
Displacement of >5mm at the one year reconstructed CT scans with the new 
methodology may forecast impaired sealing and anchoring of the Nellix 
endosystem. 
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Introduction 
Endovascular abdominal aortic sealing (EVAS) with the Nellix endosystem 
(Endologix, Irvine, CA, USA) is a novel technique to exclude abdominal aortic 
aneurysms (AAA)1. Contrary to endovascular abdominal aortic repair (EVAR) with 
modular devices, the Nellix endosystem does not use suprarenal fixation with 
anchoring pins or hooks and has no radial force, but relies on the apposition of 
the endobags in the infrarenal neck, common iliac arteries, and aortic aneurysm 
including the intraluminal aortic thrombus (ILT). Especially the seal between ILT 
and endobags might be crucial for long-term success as this is the largest contact 
surface between the endobags and aortic tissue. 
A variety of definitions for migration post-EVAR have been reported.2-5 The two 
most commonly used are a distance increase of the top of the fabric >5–10 mm 
relative to anatomical landmarks (like the superior mesenteric artery (SMA)) or 
any migration leading to symptoms or requiring therapy. Post-EVAR migration can 
easily be detected at follow-up computed tomography (CT) angiography due to 
the radiopaque proximal markers of most of the commercially available modular 
endografts.  
The Nellix sac anchoring endosystem with endobags precludes the use of proximal 
markers. Moreover, after one year, post-implantation visualization of the 
boundaries of the endobags can be difficult with standard CT angiography due to 
decline in radio density of the endobags6. Additionally, unilateral displacement of 
one of the endosystems can occur due to the lack of mechanical connection 
between the stent frames7. Therefore, post-EVAS imaging focusing on 
endosystem displacement should enable precise 3D determination of the stent 
frames. It is accepted that change of stent frame position will lead to change of 
endobag position which may lead to seal deficiencies. This study presents a new 
methodology to quantify and visualize three-dimensional (3D) displacement of the 
Nellix stent frames in relation to the aorto-iliac anatomy. 

 
Methods 
 
Follow-up CT protocol 
CT images post-EVAS were acquired with a 256-slice CT scanner (Philips 
Healthcare, Eindhoven, the Netherlands). Patients received breath hold 
instructions to minimize motion artifacts during scanning. The scan acquisition 
parameters were: tube potential, 120kV; tube current time product, 200 mAs; 
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increment, 0.75 mm; pitch, 0.9 mm; collimation, 128 × 0.625 mm, and slice 
spacing 1.5 mm. Intravenous contrast was administered (Xenetix 300 [Guerbet, 
France]) at a rate of 4 mL per second, administering 60 mL per acquisition. An 
arterial phase scan protocol was used with a bolus triggering at a threshold of 150 
HU. Follow-up imaging was performed at 30 days and one year postoperative, and 
yearly thereafter.  
 
Determination of displacement of the stent frames between two CT scans consists 
of three steps. First, 3D coordinates of five anatomical landmarks are manually 
measured on a 3D workstation. Second, the measured coordinates of the 
landmarks are automatically aligned via a rigid transformation by the software. 
Third, with the stent frames in the same coordinate system on both scans, 
displacement is determined automatically by calculation of the distance between 
the stent frames. 
 

Figure 8.1: Drawing of the central luminal line (CLL) in the center of the stent frame, 
using the coronal, sagittal, axial and stretched vessel view. 
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Post-EVAS measurement protocol 
The measurements were performed on a 3Mensio vascular workstation V8.1 (Pie 
Medical, Maastricht, the Netherlands). Two center luminal lines (CLLs) were drawn 
semi-automatically through the centers of the two Nellix stent frames, covering 
the trajectory from the superior mesenteric artery (SMA) to the right and left iliac 
artery bifurcations, respectively. Each center point of the CLLs could be adjusted 
manually using coronal, axial and sagittal CT scan reconstructions and the 
stretched vessel view (Figure 8.1). 
At each post-EVAS CT scan five anatomical landmarks were assigned to define the 
3D coordinates of the aorto-iliac trajectory: the SMA orifice, left and right renal 
artery orifices, and left and right internal iliac artery orifices. The landmarks were 
placed on the center of the arteries in axial view and at the inferior border on the 
sagittal view (Figure 8.2). 
The proximal stent end (PSE) and distal stent end (DSE) of the stent frames were 
marked with three 3D reference markers (Figure 8.3). Another 3D reference 
marker was placed at the aortic bifurcation. The aortic bifurcation marker was 
only used to define the aortic and iliac trajectories of the stent frames. 
 

 
Figure 8.2(A-B): Placement of a landmark at the orifice of the superior mesenteric 
artery (SMA). The landmark is positioned at the most caudal perpendicular slice that 
shows an interruption between the flow lumen of the aorta and the SMA. (A) Perpendicular 
view, (B) Stretched vessel view. 
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Figure 8.3: Three markers are placed on the proximal stent end. 

 
Analysis algorithm 
Dedicated proprietary software was developed with MATLAB 2016b (The 
MathWorks, Natick, MA, USA) to perform alignment of the consecutive CT scans 
and to calculate and visualize the displacement parameters. The stent frame 
positions on the first follow-up CT were used as a baseline. Stent frame positions 
on consecutive follow-up CT scans were compared to the baseline stent positions.  
 
Alignment of follow-up scans 
The 3D coordinates of the five anatomical landmarks were used to align the 
consecutive follow-up CT-scans to the baseline CT scan of each patient. The 
algorithm automatically determines the optimal transformation by translation and 
rotation. This creates a uniform 3D CT coordinate system of the aorto-iliac 
trajectory for each of the follow-up scans. Accuracy of the alignment depends on 
the accuracy of measuring the anatomical landmarks. The error of measuring the 
anatomical landmarks is defined by the root mean square error (RMSE) between 
the individual measurements of each landmark by two observers. The total 
alignment error, as a result of the measurement errors, quality differences of the 
registered CTA datasets, changes in anatomy, and the registration process, is 
defined for each registration with the RMSE . 
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After the alignment, the 3D coordinates of the stent frames during follow-up were 
compared with the position at baseline. Displacement of the stent frames was 
defined as a positional change relative to the uniform aorto-iliac coordinate 
system.  
 
Displacement processes and parameters 
Three main types of displacement may be expected post-EVAS. First, the entire 
stent frames may displace distally, either unilaterally or bilaterally (Figure 8.4a). 
Second, buckling or bowing of one or both stent frames may occur, that may lead 
to displacement of the proximal or distal stent ends (Figure 8.4b). Third, the stent 
frames may displace simultaneously in lateral direction without buckling (Figure 
8.4c).  
Migration of the proximal and distal ends of the stent frames can be measured in 
the same way as with EVAR; increase and decrease of respectively the proximal 
and distal stent ends relative to the SMA and internal iliac artery orifices, 
respectively. 
Buckling or bowing of the stent frames and lateral displacement are measured by 
the change in position of the stent frames, measured in 1 mm intervals over the 
length of the stent frames. The position of the aortic bifurcation (AB) marker was 
used to differentiate between the aortic and the iliac trajectory of each stent 
frame. The stent frame displacement is calculated over the length of the individual 
stent frames.  An example with anterior displacement is shown in Figure 8.5. The 
mean and maximum displacement between follow-up CT scans are calculated over 
the length of the stent frames. When both stent frames bow in the opposite 
direction, the stent to stent distance increases. Stent to stent distance is 
calculated between the 3D coordinates of the left and right CLL over the trajectory 
between the PSE and the AB in 1 mm intervals. The average and maximum stent 
to stent distances from the baseline scan are compared with consecutive follow-
up CT scans.  
 
Validation 
Patient selection 
Twelve AAA patients (all male; median age 76.5 [72.4–80.8] years) were 
included, who were electively treated with the Nellix endosystem in the St. 
Antonius Hospital between February 2013 and October 2014. In total, 54 patients 
were treated electively during this time period with a Nellix endosystem. Six 
patients appeared to have displacement >5 mm at one year follow-up. As a control 
group, we randomly selected six anatomical matched patients without  
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Figure 8.4(A-C): Three different types of 
displacement of the stent frames: (A) 
unilateral caudal migration of one of the 
stent frames, (B) Buckling of both stent 
frames in opposite direction. (C) Lateral 
displacement of the proximal part of both 
stent frames. 

 
 
displacement >5 mm from the remaining 48 patients during one year follow-up. 
All patients had at least two follow-up CT scans available and a minimum follow-
up of 1 year, without reported migration. Initial technical success was 100% and 
completion angiography showed successful sealing without sign of endoleaks in 
all patients.  
 
Measurements 
The preoperative anatomical neck characteristics were measured on the centerline 
reconstructions of the CT scans with use of the 3mensio vascular workstation, 
including the aortic neck diameter, infrarenal neck length, suprarenal and 
infrarenal angulation, mural neck thrombus, neck calcification, maximum 
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aneurysm diameter and maximum and minimum diameter of the common iliac 
arteries. 
The baseline was located at the most caudal edge of the lowest renal artery orifice 
on the reconstructed slice perpendicular to the centerline. Neck diameter was 
defined as the average diameter of two orthogonal measurements from adventitia 
to adventitia, at baseline. Neck length was defined as the centerline distance from 
baseline to the first orthogonal slice where diameter exceeds 10% of the diameter 
at baseline. Aortic angulation was measured as the angle between three 
anatomical landmarks 8. Suprarenal angulation was measured between the 
coordinates on the centerline located 20 mm above the baseline, the renal artery 
baseline itself and the distal end of the aortic neck. Infrarenal angulation was 
measured between the coordinates of the lowest renal artery baseline, the distal 
end of the neck and 40 mm below the distal end of the aortic neck. Mural neck 
thrombus was defined as the circumference of the neck 5 mm below baseline that 
was covered by >1 mm thrombus, and the average thickness of the coverage. 
Calcification circumference and thickness was measured similarly to mural neck 
thrombus. The maximum aneurysm diameter was defined as the maximum outer-
to-outer diameter on the centerline reconstruction of the CT scan. The maximum 
diameters of the common iliac arteries were measured perpendicular to the 
centerline, as the maximum outer-to-outer diameters. The minimum lumen 
diameters of the common iliac arteries were measured as the inner-to-inner 
diameters. 
For each patient, compliance of the anatomical characteristics with the original 
instructions for use (IFU) and refined IFU, as indicated by Endologix in 2016, was 
defined, and the total duration of CTA follow-up has been reported. 
The data are presented as the medians with the interquartile range (IQR; Q1 – 
Q3) of the six patients with displacement and the six controls. 
 
Statistics 
Statistical analysis was performed with SPSS v. 23 (IBM Corp, Armonk, NY, USA). 
The inter-observer agreements were determined for the displacement 
parameters. Measurements were performed by two experienced observers (RV 
and KN) on each CT scan. Agreements were calculated with the intraclass 
correlation coefficient (ICC). The ICC was tested with a two-way mixed model by 
absolute agreement. ICC values were interpreted in levels of agreement ranging 
from poor (0–0.20), fair (0.21–0.40), moderate (0.41–0.60), good (0.61–0.80), 
to perfect (0.81–1). P values were considered significant when two-tailed α <.05. 
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Results 
The total duration of the CT follow-up was 25.5 [16.5 – 31.5] months for the 
patients with significant displacement (>5 mm), and 28.5 [24.8 – 32.5] months 
for the patients without significant displacement, respectively. 
The preoperative anatomical characteristics are displayed in Table 8.1. No 
significant differences in preoperative anatomical characteristics were observed 
between the patients with and without >5 mm displacement. 
One patient with significant displacement (>5 mm), was treated outside the 
original IFU. All patients without significant displacement were treated within the 
original IFU. In retrospect, two patients of the control group were treated within 
the revised IFU, all other patients were treated outside the revised IFU. 
In total, 54 patients were treated electively with the Nellix endosystem during the 
study period. At one year follow-up, type IA endoleak rate was 3.7% (n=2), type 
II endoleak rate was 0%, and incidence of limb occlusion was 3.7% (n=2). One 
occlusion was due to a stenosis of the distal common iliac artery. The other due 
to the fact that the Nellix stent frame ended in a very tortuous segment of the 
common iliac artery. Both occlusions have been treated with thrombectomy and 
 
Table 8.1: Preoperative anatomical characteristics of the two cohorts with and without 
significant displacement (>5 mm).  
 Displacement <=5 

mm (n=6) 
Displacement >5 

mm (n=6) 
P-value 

Neck diameter (mm) 22.7 [21.8 – 23.8] 25.8 [23.5 – 28.4] .841 
Neck length (mm) 12.5 [8.8 – 20.8] 15.5 [9.5 – 19.5] .772 
Suprarenal angulation (°) 11.6 [5.3 – 21.9] 14.1 [7.3 – 18.3] .562 
Infrarenal angulation (°) 20.6 [9.2 – 29.2] 10.8 [3.6 – 31.4] .542 
Neck thrombus    
    Circumference (°) 0.0 [0.0 – 15.5] 0.0 [0.0 – 20.8] .999 
    Thickness (mm) 0.0 [0.0 – 0.4] 0.0 [0.0 – 1.0] .749 
Neck calcification    
    Circumference (°) 12.0 [0.0 – 57.0] 0.0 [0.0 – 12.0] .522 
    Thickness (mm) 0.6 [0.0 – 2.1] 0.0 [0.0 – 0.4] .184 
Max aneurysm diameter 
(mm) 

61.6 [55.4 – 75.8] 60.1 [53.6 – 67.3] .726 

Max CIA diameter (mm)    
    Right 17.4 [14.5 – 19.2] 20.3 [14.0 – 23.2] .624 
    Left 16.3 [14.4 – 20.7] 18.0 [15.0 – 20.9] .818 
Min CIA lumen diameter 
(mm) 

   

    Right 9.7 [9.2 – 11.4] 11.3 [10.2 – 12.4] .726 
    Left 10.3 [9.2 – 11.4] 9.8 [9.0 – 11.4] .818 
Within IFU (original) 6 5  
Within IFU (revised) 2 0  
CIA = Common iliac artery, IFU = instructions for use 
Data is presented as medians with interquartile range [Q1 – Q3]. 

8 



145 
 

additional percutaneous transluminal angioplasty and stenting.  One patient 
(1.9%) needed Nellix endosystem explantation due to secondary infection of the 
aorta. Aneurysm associated mortality rate was 0%. 
Good inter observer agreement was found for maximum change in stent to stent 
distance (ICC: 0.750, p <0.05) with a median absolute difference of 0.5 mm [IQR 
0.3–0.7 mm]. Perfect inter observer agreement was found for all other 
displacement parameters (ICC: 0.877–0.958, Table 8.2). The median absolute 
difference ranged from 0.2 mm to 0.7 mm. The median RMSE of the alignment 
was 0.77 mm (IQR 0.55–0.97 mm), 0.52 mm (IQR 0.31–0.63 mm) and 1.18 mm 
(IQR 0.86–1.44 mm) respectively in left-right, anterior-posterior and cranial-
caudal direction.  
 
Table 8.2: Comparison of the displacement parameters, measured by the two 
observers.  

 Observer 1 
(RV) 

Observer 2 
(KN) 

Absolute 
Difference ICC P-

value 
      
Proximal stent end 
displacement, mm 
(Right)  

2.1 [1.2–
6.3] 

2.3 [1.6–
5.9] 

0.6 [0.4–
0.7] 

0.950 <0.001 

Proximal stent end 
displacement, mm 
(Left) 

1.6 [1.2–
4.3] 

1.4 [1.1–
3.8] 

0.5 [0.4–
0.7] 

0.958 <0.05 

Distal stent end 
displacement, mm 
(Right) 

2.9 [2.1–
4.1] 

2.9 [1.7–
3.6] 

0.6 [0.2–
1.1] 

0.934 <0.05 

Distal stent end 
displacement, mm 
(Left) 

2.6 [1.8–
3.6] 

2.4 [1.8–
2.8] 

0.5 [0.4–
1.4] 

0.877 <0.05 

Mean stent frame 
displacement, mm 
(Right) 

3.0 [1.5–
5.5] 

2.5 [1.6–
5.4] 

0.4 [0.4–
0.6]  

0.934 <0.05 

Mean stent frame 
displacement, mm 
(Left) 

2.3 [1.7–
4.2] 

2.0 [1.2–
3.8] 

0.4 [0.2–
0.8] 

0.924 <0.05 

Maximum stent frame 
displacement, mm 
(Right) 

4.3 [2.8–
6.6] 

3.9 [2.4–
6.3] 

0.5 [0.2–
0.6] 

0.955 <0.05 

Maximum stent frame 
displacement, mm 
(Left) 

3.8 [2.4–
5.5] 

2.7 [2.4–
5.4] 

0.7 [0.3–
0.9] 

0.950 <0.05 

Mean change in stent to 
stent distance, mm 

0.3 [0.1–
1.3] 

0.4 [0.4–
0.7] 

0.2 [0.1–
0.3] 

0.917 <0.05 

Maximum change in 
stent to stent distance, 
mm 

1.0 [0.4–
1.9] 

0.7 [0.2–
1.7] 

0.5 [0.3–
0.7] 

0.750 <0.05 

Data is represented as median with interquartile range [Q1-Q3] 
ICC = intraclass correlation coefficient 
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The median RMSE of measuring the coordinates of the anatomical landmarks was 
0.6mm [ 0.3mm - 0.9mm], 0.8mm [ 0.3mm - 1.3mm], 0.8mm [0.5mm - 1.1mm], 
1.0mm [0.6mm - 1.3mm], and 1.1mm [0.6mm - 1.7mm] for the superior 
mesenteric artery, right and left renal arteries, and right and left bifurcations of 
the common iliac arteries, respectively. 
An example of patient 7, with subtle displacement after 12 months is visualized 
in Figure 8.5. The displacement is seen in all three displacement parameters 
(Figure 8.6). Left and right proximal stent ends are displaced by 5.7 mm and 7.4 
mm, left and right distal stent ends were displaced by 2.7 mm and 3.0 mm. The 
maximum and average displacement were 4.8 mm and 6.7 mm for the left stent 
frame and 5.5 mm and 8.2 mm for the right stent frame, and the distance between 
the left and right stent frames increased with a mean 1.2 mm and maximum 2.3 
mm. The displacement was most pronounced in the proximal and middle part of 
the stent frames, located within the neck and the aneurysm, without displacement 
of the stent frames in the common iliac arteries. This displacement was not 
reported on the standard Radiology examination.  
Analysis of later follow-up CT-scans of the same patient shows increased 
displacement of especially the right stent frame. Figure 8.6 shows a sagittal view 
of the right stent frame. The position of the stent frames at 29 days, 12 month, 
24 month and 42 month follow-up are shown in grey, red, blue and green, 
respectively. The maximum stent frame displacement continued steadily during 
the follow-up. The right maximum displacement was 8.2 mm, 15.1 mm and 33.6 
mm and the left maximum displacement was 6.7 mm, 10.7 mm and 10.8 mm at 
the 12 month, 24 month and 42 month follow-up, respectively. This resulted in a 
large type 1a endoleak visible at the 42 month follow-up scan. No signs of 
migration were reported until the 42 month follow-up CT scan, after which open 
surgical removal of the Nellix endosystem and aorto-bi-iliac repair was performed. 
At the one year follow-up, six patients showed maximum stent frame 
displacement >5 mm (mean 7.0 mm, range: 5.0–9.0 mm) of either one or both 
stent frames, four of these patients showed proximal stent end displacement 
>5mm (mean: 5.2 mm, range: 0.6–7.0 mm; Figure 8.7). Five out of 6 patients 
had additional CT-scan follow-up (median 27.4 [19.6–30.4] months). At the latest 
follow-up, the maximum stent frame displacement increased (mean 16.2 mm 
range 5.2–33.6 mm). The proximal stent frame displacement increased (mean 
14.9 mm, range 1.6–32.8 mm). Two patients had developed a type 1a endoleak, 
and two patients had developed >15 mm displacement without an endoleak.  
The six remaining patients showed a maximum stent frame displacement <5 mm 
(mean: 2.8 mm range: 2.1–3.4 mm) with proximal stent end displacement <5mm  
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Figure 8.5(A-F): Example of 3D stent frame visualization of a patient with subtle 
displacement of the stent frame position at 12 month follow-up (red) compared to 
baseline at 29 days (gray). (A) sagittal view of the left stent frame positions with 
displacement in caudal and anterior direction of the proximal and middle part of the stent. 
(B) coronal view of both the left and right stent frames. (C) sagittal view of the right stent 
frame positions with displacement in caudal and anterior direction of the proximal and 
middle part of the stent. Displacement parameters of the same patient as shown in Figure 
8.5. (D, E) 3D stent frame displacement of the left stent (D) and right stent (E) at 12 
months compared to the baseline. The graph shows the displacement measured over the 
CLL from the PSE to the DSE. (F) The three-dimensional distance measured between the 
left and right stent frames from the PSE to the aortic bifurcation at 29 days in grey and 
at the 12 month follow up in red plotted against the CLL distance from the SMA. 

8 
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 (mean: 2.0 mm range: 1.0–3.2 mm) at one year. This is visible in Figure 8.7, 
patient 1–6. These patients all had additional CT-scan follow-up (median 27.9 
[24.4–30.5]). On average, the maximum stent frame displacement slightly 
increased (mean: 4.2 mm, range: 2.9–6.1 mm), with a proximal stent frame 
displacement (mean: 3.2 mm, range: 2.2–6.1 mm). Two of these patients had 
developed graft occlusion, none of the patients had developed an endoleak. 

 
Discussion 
Because of the lack of active proximal fixation, successful treatment with EVAS 
depends on the stability of the endobags and stent frames in the aorto-iliac 
trajectory. Not only hostile neck morphology, but also changes in aneurysm sac 
morphology may form a risk factor for failure of sealing and fixation of the 
endosystems. The morphology of intraluminal thrombus may change over time 
and might cause loss of seal and displacement along the Nellix endosystem 
trajectories over time. Second, a small aneurysm lumen diameter may impair 
sufficient filling of the endobags, which may lead to insufficient support of the 
stentframes and higher risk of buckling or bowing. Therefore, in addition to regular 
follow-up of sealing failures, like migration, endoleaks and sac growth, it is 
essential to evaluate the stability of the endobags and stent frames during follow-
up. 
Contrary to conventional modular bifurcated EVAR devices, the endobags of the 
Nellix endosystems are not interconnected. Therefore, 3D displacement of each 
of the stent frames may occur. Displacement should therefore always be assessed 
for both stent frames separately, as well as the stent to stent distance. 
In the clinical practice, stent migration is often assessed as the increased distance 
relative to an anatomical landmark on sagittal and coronal views. However, the 
Nellix endograft may displace in lateral direction, without any change in distance 
between the proximal stent end and the anatomical landmark, so assessment of 
craniocaudal migration alone is not sufficient. From six patients who were 
identified with >5 mm maximum stent frame displacement after one year, two 
patients had developed a type 1a endoleak and two patients showed substantial 
increase in displacement during further follow-up without sign of an endoleak, 
while the patients with <5 mm displacement after one year had smaller increase 
in displacement and did not develop proximal seal failure. Standard CT 
assessment could not differentiate between these patients, while the presented 
3D displacement method could identify these patients with displacement more 
accurately and at an earlier stage. 
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Figure 8.6(A-C): Visualization of the displacement of the right stent frame at 29 days, 
12 months, 24 months and 34 months respectively in grey, red, green and blue. (A) 
Sagital view from the left stentframe, (B) coronal view of both stent frames and (C) 
sagittal view from the right stentframe. 

 
Dorweiler and coworkers7 have also analyzed the 3D stability of the EVAS system. 
They determined the shape of the stent frames during follow-up, regardless of the 
aorto-iliac anatomy. Both buckling of the stent frames within the aneurysm sac 
and ventral displacement of the stent frames have been described, which is in line 
with our findings. Additional to these findings, the methodology presented in this 
manuscript relates the 3D position of the stent frames to the aorto-iliac anatomy. 
This enables quantification and visualization of lateral displacement, craniocaudal 
displacement, and buckling of the stent frames in opposite directions. 
Since the commercial release of the Nellix, two retrospective and two company 
initiated prospective studies have been published 9-13. Böckler and coworkers 
studied 171 patients from 7 hospitals with a procedural technical success of 99%. 
During short-term follow-up (median 5 months) 3% of patients suffered a type IA 
endoleak, and 2% a type IB endoleak. In the EVAS Forward US IDE trial 150 
patients have been included. At 1 year follow-up four patients (3.1%) had an 
endoleak (one type IB, and three type II endoleaks). Migration >10 mm occurred 
in 3 patients. In the EVAS Forward Global Registry 277 patients have been enrolled 
to treat an unruptured AAA. Fourteen endoleaks were detected at 30-days follow-
up: 8 type IA, 1 type IB, and 5 type II. Between 30 days and 1 year follow-up 4  
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Figure 8.7: (Top) Displacement parameters for all 12 patients at one year follow-up 
compared to the one month baseline follow-up, patient 1-6 have all parameters < 5mm 
displacement, patient 7-12 have at least one parameter >5 mm. (Bottom) Displacement 
parameters for all 12 patients at last follow up compared to the one month baseline follow 
up. * patients who developed stent occlusion, ** patients who developed a type 1a endoleak. 
*** Last follow up is the one year follow up for this patient, disp. = displacement, R. = 
concerning the right stent frame, L. = concerning the left stent frame. 
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new type IA endoleaks were detected, and all have been treated. Freedom from 
reinterventions at 1 year follow-up was associated with anatomical criteria; in the 
patient cohort treated within instructions for use the 1 year reintervention rate 
was 2% versus 14% in the patient cohort treated outside instructions for use. 
No robust data with long-term follow-up are available yet for the Nellix 
endosystem. Therefore, careful follow-up is mandatory and the use of the new 
methodology can be of advance to early detect possible failure, especially 
displacement of the stent frames with consequences for migration and seal 
failures. 
This study was designed to validate the methodology of determination of 
displacement of the Nellix endosystem, and to show the different displacement 
parameters in a selected group of patients. Two small cohorts of patients, one 
with and one without significant displacement, were selected from the total cohort 
of patients treated with a Nellix endosystem to show the potential use of this 
methodology. A large clinical validation study with consecutively treated patients 
should be performed to determine the incidence of displacement and the 
predictive value of each of the displacement parameters for failure of effective 
seal. 
As a limitation of the current methodology, misplacement of the anatomical 
landmarks may result in poor alignment of the aorto-iliac anatomy.  Additionally, 
changes of the aorto-iliac anatomy in the follow-up period may cause 
misalignment of the anatomic reference. This misalignment is detected with an 
increased RMSE of the landmark measurements. However, the RMSE of the 
alignment was <2 mm for the measurements in this study. The limited number of 
patients in this study makes it difficult to determine cut-off values for the 
displacement parameters. Increasing the size and follow-up of the study 
population is needed to increase the understanding of the displacement 
mechanisms after EVAS. 
The proprietary software is still an investigational product and is therefore not yet 
available for daily clinical practice. Further development and a large clinical 
validation trial will be performed soon. However, physicians should be aware that 
displacement of the Nellix endosystem is not limited to distal migration alone, and 
patients should be followed-up accordingly. 
The limited number of patients in this study hampers to determine cut-off values 
for the displacement parameters. Also, identifying the association between 
displacement and preoperative anatomical characteristics like iliac tortuosity is not 
valid with the presented data. 
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Conclusions 
Post-EVAS displacement of the Nellix stent frames is not limited to distal 
migration. The presented software identified craniocaudal displacement as well as 
lateral displacement and buckling of the stent frames over the length of the Nellix 
stent frames. 3D assessment of positional changes of the stent frames is essential 
to detect early failures of the sac anchoring and sealing mechanisms of the Nellix 
endosystem. 
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Abstract 
Purpose: To investigate the initial proximal position and seal of the Nellix 
EndoVascular Aneurysm Sealing (EVAS) system in the aortic neck using a novel 
methodology.  
Methods: Forty-six patients consecutive elective patients who underwent EVAS 
for an abdominal aortic aneurysm were retrospectively selected and dichotomized 
into an early (n=23) and a late (n=23) group. The aortic neck morphology and 
aortic neck surface (ANS) were determined on preoperative computed 
tomography (CT) scans; the endograft position and non-apposition surface (NAS) 
were determined on the 1-month CT scans. The position of the proximal endobag 
boundary was measured by two experienced observers to analyze the 
interobserver variability for the EVAS NAS measurements. The shortest distance 
from the lowest renal artery to the endobag (shortest fabric distance) and the 
shortest distance from the endobag to the end of the infrarenal neck (shortest 
sealing distance) were determined. The intraclass correlation coefficients (ICC) 
are presented with the 95% confidence interval (CI). Continuous data are 
presented as the median and interquartile range (IQR: Q3 – Q1). 
Results: There were no differences between the early and late EVAS groups 
regarding aortic neck morphology except for the neck calcification circumference 
[41° (IQR 33°) vs 87° (IQR 60°), respectively; p=0.043]. Perfect agreement was 
observed for the NAS (ICC 0.897, 95% CI 0.780 to 0.956). The NAS as a 
percentage of the preoperative ANS was 47% (IQR 43) vs 49% (IQR 49) for the 
early vs late groups, respectively (p=0.214). The shortest fabric distances were 5 
mm (IQR 5) and 4 mm (IQR 7) for the early and late groups, respectively 
(p=0.604); the shortest sealing distances were  9 mm (IQR 13) and 16 mm (IQR 
17), respectively (p=0.066).  
Conclusion: Accurate positioning of the Nellix EVAS system in the aortic neck 
may be challenging. Despite considerable experience with the system, still around 
half of the potential seal in the aortic neck was missed in the current series, 
without improvement over time. This should be considered during preoperative 
planning and may be a cause of a higher than expected complication rate. Detailed 
post-EVAS non-apposition surface can be determined with the described novel 
methodology that takes into account the sometimes irregularly shaped top of the 
sealing endobags. 
 
  

9 



157 
 

Introduction 
Large clinical studies of endovascular aneurysm repair (EVAR) and the technique 
of endovascular aneurysm sealing (EVAS) have documented the clinical outcomes 
and occurrence of type Ia endoleaks and/or migration after abdominal aortic 
aneurysm (AAA) repair.1-5 For both techniques, however, adequate positioning 
and seal of the endografts in the aortic neck play major roles in sustaining long-
term clinical success. It is thus of utmost importance to determine changes in 
post-EVAR and post-EVAS seal at follow-up imaging.  
During EVAR stent-graft deployment, radiopaque markers on the proximal margin 
of the fabric ensure the visibility of the device in the aortic neck relative to the 
renal artery orifices. Moreover, these radiopaque markers are also visible on 
follow-up computed tomography angiography (CTA). Therefore, position and 
apposition of EVAR devices in the aortic neck can be determined rather easily. A 
previous study from Schuurmann and co-workers6 validated a novel CTA 
methodology for accurate determination of position and apposition after EVAR. 
The methodology used a 3-dimensional (3D) mesh of the aortic lumen, the 
radiopaque markers, the CT scan coordinates of the renal artery positions, and 
the center lumen line (CLL) to calculate the 3D position of the endograft in the 
aortic neck and the apposition surfaces. 
The Nellix EVAS system (Endologix Inc, Irvine, CA, USA) uses balloon-expandable 
stent frames surrounded by polymer-filled endobags to ensure complete seal of 
the aneurysm. Contrary to conventional aortic stent-grafts, the Nellix endobags 
lack radiopaque markers; only the stent frames are visible on digital subtraction 
angiography during the EVAS procedure. However, these frames are in the center 
of the aortic neck lumen and do not play a role in the sealing process itself. The 
endobags can be visualized during prefill if contrast is added, but the polymer 
itself is not radiopaque. Furthermore, the shape of the proximal part of the 
endobags depends on the fill volume of the polymer and the fill pressure. Ideally, 
the top of the endobags should be horizontal from the stent frames toward the 
aortic wall. However, sometimes the shoulders of the endobags are drooping and 
the outer surface of the endobags is lower compared to the central part attached 
to the stent-graft frames. Therefore, it might be difficult to position the proximal 
endobag boundary directly distally to the renal arteries for proper apposition in 
the aortic neck.  
This study investigates the deployment and sealing accuracy of EVAS in the aortic 
neck with this new methodology.6 Moreover, EVAS procedures in the early and 
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late experience at a single center were compared to elucidate the learning curve 

for physicians as regards deployment and positioning accuracy. 
 

Methods 
Study Design 
Patients for this retrospective analysis were part of the Dutch EVAS Study 
(DEVASS),7 and approval for the retrospective analyses of the CT scans and 
clinical data was obtained from the local ethics committee. Between February 
2014 and December 2015, 119 patients were treated with EVAS in our center. 
Ruptures, isolated common iliac artery aneurysms, and chimney-EVAS cases were 
excluded, leaving 90 consecutive, electively treated AAA patients. The first 13 
patients were excluded due to a protocol refinement. Patient numbers #13–43 
and #82–119 were assigned to the early and late cohorts, respectively, with the 
removal of all nonelective patients. Four of the 50 selected patients were excluded 
due to missing preoperative CT scans, resulting in 23 patients each in the early 
(median age 75 years; 21 men) and late (median age 75 years; 21 men) cohorts. 
 
CT Protocol 
All pre- and post-EVAS CT scans were acquired as part of regular protocols on a 
256-slice CT scanner (Philips Healthcare, Eindhoven, the Netherlands) with 
acquisition parameters of 120-kV tube potential, 200 mA∙s tube current time 
product, 0.75-mm increment, 0.9-mm pitch, 125x0.625-mm collimation, and 1.5- 
mm slice spacing. Contrast medium (Xenetix 300; Guerbet, France) was 
administered intravenously in the arterial phase using bolus triggering a rate of 4 
mL/s before (100 mL) and after (60 mL) EVAS. 
 
CT Measurement Protocol 
The aortic neck morphology and the aortic neck surface (ANS) were defined on 
the preoperative CT scan. EVAS position and the non-apposition surface (NAS) 
were determined on the 1-month CT scans. Pre- and postoperative measurements 
were performed by an experienced observer on a 3Mensio vascular workstation 
(V8.1; Pie Medical, Maastricht, the Netherlands). The position of the endobags 
was also determined by a second observer to test the interobserver variability of 
these particular measurements. A CLL was semiautomatically drawn through the 
lumen of the aorta, covering the trajectory from the superior mesenteric artery to 
the aortic bifurcation. 
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Aortic morphology measurements 
Neck length, neck diameter, neck angulation, neck thrombus thickness and 
circumference, neck calcification thickness and circumference, and maximal 
preoperative AAA diameter were measured to determine if the aortic neck 
morphology was inside the manufacturer’s 2016 refined instructions for use 
(IFU).8 According to the refined IFU 2016, the proximal aortic neck criteria were 
(1) diameter 18 to 28 mm, (2) minimum length ≥10 mm, and (3) angulation 

60°. Other IFU characteristics were (4) aortic aneurysm blood lumen diameter 
≤60 mm, (5) ratio of maximum aortic aneurysm diameter to maximum aortic 
blood lumen diameter <1.4, and (6) distal iliac artery seal zone ≥10 mm long and 
from 9 to 35 mm in diameter.8 

Aortic neck diameter was determined at the distal boundary of the lowest renal 
artery (baseline). Neck length was measured as the distance over the CLL between 
baseline and the distal end of the neck, defined as the point where there is a 10% 
increase in neck diameter compared to the diameter at baseline. Neck angulation 
was measured as the angle between 3 fixed points on the CLL: the lowest renal 
artery, the distal end of the neck, and 40 mm distal of the aortic neck.  
Mural neck thrombus thickness >1 mm over the circumference of the aorta was 
measured 5 mm distal to baseline. The mural neck thrombus circumference was 
measured 5 mm distal to baseline as the total degree of neck circumference 
covered by thrombus. Neck calcification thickness and circumference were 
measured similarly.  
  
Position and apposition measurements  
Preoperative ANS, EVAS position, and NAS were measured with the use of 
dedicated software developed in MATLAB 2015a (The MathWorks, Natick, MA, 
USA). The methodology was previously described and validated for position and 
apposition measurements in EVAR.6 The surface over a 3D mesh of the aortic 
lumen was computed using coordinates from 3Mensio of the CLL, the renal 
arteries, and 4 manually placed markers on the proximal boundary of the 
endobags. These 4 endobag markers were placed clockwise at 3, 6, 9, and 12 
hours at the circumferential position where the endobags are in contact with the 
aortic wall.  
The ANS was determined on the pre-EVAS CTA and was calculated as the surface 
over the aortic mesh between the renal arteries and the distal end of the aortic 
neck (Figure 9.1A) as defined previously (>10% increase in the neck diameter 
compared to the diameter at the lowest renal artery). 
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Figure 9.1: Schematic representation of Nellix position and apposition. (A) Aortic neck 
surface (ANS): the available preoperative neck surface area available to seal, with the 
renal arteries as proximal boundaries and the distal end of the aortic neck as the distal 
boundary. (B) Shortest fabric distance (SFD): shortest distance between the lowest renal 
artery (dark blue dot) and the proximal boundary of the endobags (light blue dots); 
contralateral fabric distance (CFD): distance between the contralateral renal artery and 
the proximal boundary of the endobags; shortest sealing distance (SSD): distance 
between the proximal boundary of the endobags and the distal end of the aortic neck 
(green dot). (C) Non-apposition surface (NAS): the postoperative aortic neck surface 
where there is no apposition of the endobags to the aortic neck. Proximal and distal 
boundaries are the renal arteries and the proximal boundaries of the endobags, 
respectively. 

 
 
The EVAS position was defined by the shortest fabric distance (SFD), the 
contralateral fabric distance (CFD), and the shortest sealing distance (SSD) in the  
aortic neck (Figure 9.1B). The SFD and CFD were calculated as distance over the 
CLL between the coordinates of the lower boundaries of the renal artery orifices 
to the circumferential position of the respective proximal endobag boundary. The 
SFD and CFD were independent of which renal artery was more proximal on the 
CLL reconstruction. The SSD in the aortic neck was the shortest distance between 
the proximal endobag boundary and the distal end of the neck.  
The NAS for EVAS was similar to the apposition calculation for EVAR only with 
different boundaries. The proximal apposition boundary of the endograft was the 
location where the endobags were in contact with the aortic wall. The NAS was 
determined as the surface between the renal arteries and the proximal boundaries 
of the endobags (Figure 9.1C). Ideally, this surface is 0 mm2 for complete seal of 
the aortic neck with the Nellix endosystem.  
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The NAS was calculated as a percentage of the preoperative ANS. The positions 
of the proximal endobag boundary of the early EVAS patients were measured by 
2 experienced observers (K.N. and J.V.) to analyze the interobserver variability 
for the EVAS NAS. 
 
Statistical Analysis 
Normality was not anticipated for a large part of the data because of the small 
numbers, so the data are displayed as median with interquartile ranges (IQR; Q3 
– Q1). Statistical differences between the early and late groups were tested with 
the nonparametric Mann-Whitney U test. The interclass correlation coefficient 
(ICC) was determined for the NAS measurements in a 2-way mixed model by 
absolute agreement; the mean difference is presented with the 95% confidence 
interval (CI). ICC values are scored as poor (0–0.20), fair (0.21–0.40), moderate 
(0.41–0.60), good (0.61–0.80), or perfect agreement (0.81–1). The repeatability 
coefficient was calculated as 1.96 times the standard deviation of the differences 
between the NAS measurements of the 2 observers. A 2-tailed p<0.05 was 
considered significant. Statistical analysis was performed with SPSS software 
(version 23; IBM Corp, Armonk, NY, USA). 

 
Results 
Group Comparison 
There were no significant differences between the early and late cohorts as 
regards demographics, perioperative parameters, or aortic morphology (Table 
9.1) except for the neck calcification circumference [41° (IQR 33°) vs 87° (IQR 
60°), respectively; p=0.043]. The median neck length was 8 mm longer in the 
late group (p=0.078). Aortic neck morphology alone complied with the refined IFU 
2016 in 19 (83%) and 18 (78%) patients of the early and late groups, 
respectively, while only 4 (17%) and 5 (22%) patients, respectively, where 
entirely in compliance with the refined IFU 2016. 
There was no significant difference regarding the median (IQR) time intervals 
between the EVAS procedure and the first follow-up CT scan comparing the early 
and late groups [31 (4) vs 32 (14) days, respectively; p= 0.427]. Clinical follow-
up in the early group was significantly longer than in the late group [29 (11) vs 
15 (17) months, respectively; p<0.001].  
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Table 9.1: Baseline characteristics of the early 23 and late 23 patients treated with 
EVAS at our centers database between February 2014 and December 2015. 
Baseline characteristics Early 23 

patients 
Late 23 
patients 

P- value 

Patient demographics    
Age 75 (11)  75 (13) 0.700 
Gender (male) 21 21  
Perioperative parameters    
Procedure time (min) 75 (25) 76 (33) 0.651 
Blood loss (mL) 100 (100) 100 (100) 0.964 
Polymer fill (mL) 75 (42) 77 (51) 0.750 
Fill pressure endobags (mmHg) 186 (15) 183 (20) 0.825 
Aortic morphology    
Neck length (mm) 16 (19) 24 (20) 0.078 
Neck diameter (mm) 22.7 (3.6) 23.0 (3.1) 0.999 
Neck angulation (degr) 19.4 (19.2) 20.4 (25.7) 0.368 
Neck thrombus (n patients) 5 4  
          Thickness (mm) 2.4 (2.8) 2.9 (2.5) 0.730 
           Circumference (degr) 83 (83) 140 (184) 0.413 
Neck calcification (n patients) 9 8  
          Thickness (mm) 1.8 (1.0) 1.8 (0.4) 0.697 
          Circumference (degr) 41 (33) 87 (60) 0.043 
AAA diameter (mm) 60 (9) 56 (4) 0.148 
Aortic neck surface (mm2) 1152 (1012) 1743 (1807) 0.132 
Inside IFU     
Aortic neck (n patients) 19 18  
Total IFU (n patients) 4 5  
Data represented as median and interquartile range (IQR) 
P values were considered significant when P< 0.05 

 
Clinical Outcomes 
In the early group 2 (9%) patients underwent Nellix explantation during follow-
up, one (inside the refined IFU) due to a secondary infected endosystem at 10 
months and one owing to occlusion of both stent-grafts at 28 months, 
respectively. One patient died at 27 months due to a nonvascular cause. A type 
Ia endoleak was found in 2 (9%) patients (both inside the refined IFU) at 16 and 
33 months, respectively; both were treated with a proximal extension. Two (9%) 
patients showed migration >5 mm at 12 and 8 months, respectively, without 
sequelae.  
In the late group, 2 (9%) patients also underwent Nellix endosystem explantation, 
one for a type Ia endoleak (inside the refined IFU) at 23 months and one owing 
to substantial migration (>5 mm) at 24 months, respectively. One (4%) type Ia 
endoleak was found at 18 months incidentally in a patient with critical bowel 
ischemia that resulted in death 1 day after diagnosis. One patient had a right 
stent-graft stenosis 2 months post EVAS; the stent-graft was relined. One other 

9 



163 
 

patient (inside the refined IFU) showed migration >5 mm at 9 months without 
sequelae.  
 
Position and Non Apposition 
Perfect agreement was observed for the NAS measurements [ICC 0.897 (95% CI 
0.780 to 0.956)], with a mean difference between the observers of 7.4 mm2 (95% 
CI -266.12 to 251.32) and a repeatability coefficient of 259. Table 9.2 shows the 
position and non-apposition parameters of the early and late groups. There were 
no significant differences in position and non-apposition parameters between the 
groups. The SFDs were 5 and 4 mm (p=0.604) for the early and late groups, 
respectively. The median SSD in the early group was 9 mm (IQR 13), which is 
mainly due to the short necks in combination with low positioning of the endobags 
relative to the renal arteries. In the late group the median SSD was 16 mm (IQR 
17) due to the longer necks treated. Due to the low positioning of the endobags 
in the aortic neck, the NAS as a percentage of the preoperative ANS was high: 
47% and 49% for the first and last groups, respectively, with a large IQR for both 
groups. 

 
Discussion 
This study has shown that around half of the potential seal in the aortic neck was 
missed in both the early and late EVAS groups, indicating no improvement after 
the learning curve. The shortest fabric distance did not decrease significantly 
(median 5 vs 4 mm, respectively). This unused seal length was substantial, 
considering a 10- to 15-mm infrarenal neck length is present in the majority of 
AAA patients in the modern endovascular era.  
One explanation for the substantial missed seal might be the lack of markers on 
the top and sides of the sealing part of the EVAS device, the endobags. Moreover, 
the endobags surrounding the stent-graft frames often have so-called drooping 
shoulders (a rounded rather than flat top almost perpendicular to the axis of the 
stent-graft frame; Figure 9.2), so the stent frames must be positioned 5 mm 
above the lower boundary of the renal arteries instead of below, which is 
counterintuitive compared to EVAR procedures.  
Other tips may increase positioning accuracy for EVAS. Contrast in the prefill is 
needed to identify the boundaries of the endobags during the procedure. If the 
position is not satisfying, removal of the prefill and repositioning of the stent 
frames could result in precise positioning of the endobags just beneath the renal 
arteries. Contrast use in the prefill should not be limited to challenging aortic neck  
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anatomy. The endobag filling should also be sufficient to make sure the endobag 
shoulders are horizontal and to avoid an irregular surface of the endobags that 
also may induce lack of seal. According to the IFU the fill pressure should be at 
least 180 mm Hg (or higher in case of perioperative type Ia endoleaks), and the 
physician must be aware that at this fill pressure the top of the endobag is not 
always flat. Leaving the angioplasty balloons inflated during the endobag filling 
phase may prevent intraprocedural migration and endobag unfurling before stent 
deployment can improve endobag apposition. 
Finally, the C-arm should always be perpendicular to the aortic neck to avoid 
distorted images of the position of the stent frames and endobags. To achieve 
this, the C-arm should be perpendicular to the stent frame configuration in the 
cranial-caudal direction. Moreover, an anteroposterior image, as well as a lateral 
image, should be acquired to make sure no loss of apposition (and type Ia 
endoleak) is missed, which can be overcome during the secondary fill procedure.  
In the late patient cohort, all procedural steps were performed except for the 
standard use of contrast during prefill and unfurling of the endobags before stent 
deployment. This could be one of the explanations why no improvement in 
apposition and seal was found between the first and second cohort of patients. 
The NAS methodology is a useful tool to define the position and (non-) apposition 
of the endobags in the aortic neck. In standard CT scan reports, only the position 
of the stent frames is determined. No information is provided on the position of 
the endobags and the real seal between the endobags and the aortic wall. With 
the novel methodology employed in this study, the position and apposition of the 
endobags can be quantified, and changes in these parameters can be determined.  
 

Table 9.2: Position and non-apposition parameters of the early 23 and late 23 patients 
treated with EVAS at our centers database between February 2014 and December 2015.   
Position and non-apposition First 23 

patients 
Last 23 

patients 
P-value 

Position    
Shortest fabric distance (mm) 5 (5) 4 (7) 0.604 
Contralateral fabric distance (mm) 10 (6) 10 (5) 0.774 
Shortest seal distance infrarenal 
neck (mm) 

9 (13) 16 (17) 0.066 

Non-Apposition    
Non-Apposition Surface (mm2) 668 (366) 637 (367) 0.423 
Non-Apposition Surface of the aortic 
neck surface (%) 

47 (43) 49 (49) 0.214 

Data represented as median and interquartile range (IQR) 
P values were considered significant when P< 0.05 
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Figure 9.2. Schematic representation of the Nellix in the infrarenal abdominal aorta. 
Example of differences between the top of the stent frame and the top of the left endobag 
(flat shoulder) and right endobag (drooping shoulder). 

 
 
This measurement methodology adds more information than linear measurements 
alone. Unlike a standard EVAR device, the top of the sealing EVAS endobags is 
not a perfect flat surface but can be irregular. Linear measurements from the 
orifice of the lowest renal artery to the top of the endobag do not take into account 
this irregularly shaped sealing. In many patients, the 2 endobags are not deployed 
and filled at exactly the same level, which also influences the seal in the aortic 
neck. Change in position and apposition of one of the endobags during follow-up 
may be missed with simple linear measurements.  
The relationship between the polymer-filled seal and the top of the stent frames 
is not fixed but rather dependent on multiple factors, including the volume of 
polymer filling and positioning of the devices, as well as the shape and diameter 
of the infrarenal neck. Some patients will have a flat top of one endobag, while 
the other endobag has a drooping shoulder (Figure 9.2).  
The NAS alone, however, is not a descriptive parameter for comparison between 
patients due to possible differences in aortic neck diameter. Therefore, the NAS is 
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calculated as a percentage of the preoperative neck surface for direct comparison 
between patients. Moreover, it is of utmost importance to consider the seal of the 
endobags and not only the position of the stent frames, which is now common 
practice in standard imaging. With the use of the new software, visualization of 
changes in seal may be more sensitive than with standard imaging.   
The use of a detailed determination of position and apposition of the Nellix device 
within the infrarenal neck in follow-up CT scans needs further investigation. 
Recent publications showed that changes in position and apposition surface after 
EVAR are predictive of later failure of seal.9,10 Similar studies must be performed 
based on post-EVAS CT scans to appreciate the real merits of the new 
measurements to predict seal failures 
Complications after EVAS, however, manifest differently compared to EVAR. Loss 
of seal does not directly lead to endoleaks or migration due to the extended sealing 
of the entire aneurysm. van Veen et al.11 and Dorweiler et al.12 recently published 
a methodology for 3D determination of the EVAS stent frames. By visualizing 
these stent frames over time, migration was visible in 3 directions. This 
methodology combined with the NAS methodology will result in detailed 
understanding of stent frame and endobag behavior over time. 
The incidence of complications in this cohort was higher compared to the available 
EVAS literature,3-5 which might be due to the large number of patients treated 
outside the refined IFU. During the inclusion period of this cohort, the Nellix 
endosystem was also used as a bailout system for patients not suitable for other 
devices, which may influence the clinical outcome for these patients.  
 
Limitations  
First, the numbers of patients in the early and late groups are small. Second, the 
proximal endobag boundary can be difficult to determine on CTA and might not 
be positioned in one plane (due to bulging and folds in the endobags). Therefore, 
positioning of the markers at 3, 6, 9, and 12 hours was a simplification of the real 
proximal endobag boundary. However, the true irregularities in the proximal 
endobag boundary cannot be detected with the current CT scan protocols. 
 

Conclusion 
Accurate positioning the Nellix EVAS system in the aortic neck may be challenging. 
Despite considerable experience with the system, still around half of the potential 
seal in the aortic neck was missed in the current series, without improvement over 
time. This should be considered during preoperative planning and may be cause 
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of a higher than expected complication rate. Detailed post-EVAS non-apposition 
surface can be determined with the described novel methodology that takes into 
account the sometimes irregularly shaped top of the sealing endobags. 
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Abstract 
Purpose: To identify preoperative anatomical aortic characteristics that predict 
seal failures after endovascular aneurysm sealing (EVAS) and compare the 
incidence of events experienced by patients treated within vs outside the 
instructions for use (IFU).  
Methods: Of 355 patients treated with the Nellix EndoVascular Aneurysm Sealing 
System (generation 3SQ+) at 3 high-volume centers from March 2013 to 
December 2015, 94 patients were excluded, leaving 261 patients (mean age 765 
± 8 years; 229 men) for regression analysis. Of these, 83 (31.8%) suffered one 
or more of the following events: distal migration ≥5 mm of one or both stent 
frames, any endoleak, and/or aneurysm growth >5 mm. Anatomical 
characteristics were determined on preoperative computed tomography (CT) 
scans. Patients were divided into 3 groups: treated within the original IFU 
(n=166), outside the original IFU (n=95), and within the 2016 revised IFU (n=46). 
Categorical data are presented as the median (interquartile range Q1, Q3). 
Results: Neck diameter was significantly larger in the any event cohort versus 
the control cohort (23.7[21.7-26.3]mm vs 23.0[20.9-25.2]mm, P=0.022). Neck 
length was significantly shorter in the any event cohort (15.0[10.0-22.5]mm vs 
19.0[10.0-21.8]mm, P=0.006). Maximum AAA diameter and the ratio between  
maximum AAA diameter and lumen diameter in the any event group were 
significantly larger than the control group (P=0.041 and P=0.002, respectively). 
Regression analysis showed aortic neck diameter, neck length and ratio between 
maximum AAA diameter and lumen diameter as significant predictors for any 
event (P<0.05). Of the 261 patients included, 166 patients were treated inside 
the original IFU, and 46 were inside the IFU 2016. Of the 261 patients 83 suffered 
from an event (31.8%), In the inside the original IFU group 52 out of 166 patient 
suffered an event (31.3%) compared to 13 out of 46 patients inside the IFU 2016 
group (28%). 
Conclusion: Large neck diameter, short aortic neck length, and the ratio between 
the maximum AAA and lumen diameters are preoperative anatomical predictors 
for the occurrence of migration (≥5 mm), any endoleak, and aneurysm growth 
(>5 mm) after EVAS. Even under the refined 2016 IFU, more than a quarter of 
patients suffered from an event. Improvements in the device seem to be 
necessary before this technique can be implemented on a large scale in 
endovascular AAA repair. 
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Introduction 
The Nellix EndoVascular Aneurysm Sealing (EVAS) System (Endologix Inc., Irvine, 
CA, USA) is a technique for exclusion of an abdominal aortic aneurysm (AAA), 
developed to potentially reduce the need for type I and II endoleak–associated 
reinterventions. It consists of 2 polymer-filled endobags that surround 10-mm 
balloon-expandable stent frames. The proximal, uncovered stent of the frames 
must be deployed 5 mm above the lower border of the lowest renal artery orifice. 
The endobags are filled in situ with polymer and occupy the aortic cavity to provide 
a total seal of the aneurysm.1 Early results showed a high technical success rate 
and a low incidence of complications.2-4 At midterm follow-up, differences in 
clinical outcomes were observed in favor of patient treated inside instructions for 
use (IFU).5 Dedicated root cause analysis traced lateral bending of the stents into 
the surrounding aortic thrombus as a potential cause for EVAS failure, and a recent 
study also showed that positioning of the sealing top of the endobags flush distally 
to the renal arteries may be challenging.6 This led to a refinement of the IFU in 
2016.  
The aim of this study was to identify independent preoperative anatomical 
characteristics that could predict EVAS failure in order to optimize patient 
selection. Moreover, the effect of the refinement of the 2016 IFU on complication 
rate was investigated. 
 
Methods 
Study design 
The primary purpose of the study was to find independent preoperative anatomical 
characteristics for post-EVAS migration (≥5 mm) of one or both stent frames, any 
endoleak, and/or aneurysm growth (>5 mm), collectively referred to as “any 
event.” Moreover, the complication rate after refinement of the IFU was compared 
to the rate in the cohort treated under the original IFU. 
Patients for this retrospective analysis were derived from the Dutch Endovascular 
Aneurysm Sealing Study (DEVASS) database, which has been previously used to 
analyze the clinical 2-year outcome of EVAS.5 The database was interrogated to 
identify patients treated with the Nellix (generation 3SQ+) from March 2013 to 
December 2015 in 3 high volume Dutch (endo)vascular centers. Of 355 patients 
identified during this period, 61 patients were excluded due to nonelective EVAS 
procedures (Figure 10.1). Another 30 patients were excluded due to missing 
computed tomography (CT) scans or symptomatic or ruptured AAA, the latter 
being excluded because no proper anatomical measurements could be performed 
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at the pre-EVAS CT scan. Symptomatic AAAs were excluded because not all 
lengths of Nellix devices were available off the shelf, and adjunctive procedures 
had to be performed in some of these patients (such as iliac extensions with a 
regular endograft limb). Another 3 patients with noncontrast preoperative CT 
scans were excluded from the analysis. The remaining 261 patients (mean age 76 
± 8 years; 229 men) were included in the regression analysis. Of these, 166 
patients were treated inside the original IFU and 46 were inside the 2016 IFU. 
Among all 261 patients, 83 (31.8%) had any event during follow-up; the 
remaining 178 patients without an event constituted the control group.  
Retrospective chart review is not within the scope of the Dutch law governing 
research involving human subjects, so a waiver of the Dutch central ethics board 
was obtained (file number 2015-2131) for this study. Personal data were 
anonymized and handled in compliance with the Dutch Personal Data Protection 
Act. 
  

Figure 10.1: Flowchart of patient inclusion for regression analysis. AAA, abdominal aortic 
aneurysm; CH-EVAS, chimney endovascular aneurysm sealing; CIAA, common iliac artery 
aneurysm; CT, computed tomography; EVAS, endovascular aneurysm sealing. 
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Measurement protocol 
Measurements were performed on a 3Mensio vascular workstation (version 8.1; 
Pie Medical Imaging BV, Bilthoven, the Netherlands) by an independent 
experienced observer (J.B.). A center lumen line (CLL) was drawn 
semiautomatically starting 40 mm above the lowest renal artery orifice up to both 
iliac artery bifurcations and adjusted manually if necessary. The following 
anatomical characteristics were determined on the preoperative CT scan: aortic 
neck diameter at the level of the lowest renal artery (baseline), neck length from 
the lowest renal artery to the distal end of the neck (10% increase in aortic 
diameter as compared to baseline), suprarenal and infrarenal angulation, 
maximum AAA diameter, maximum aortic flow lumen diameter, infrarenal neck 
thrombus thickness and circumference, infrarenal neck calcification thickness and 
circumference, right and left common iliac artery (CIA) minimum and maximum 
lumen diameters, and right and left CIA maximum diameters. 
At all postoperative CT scans, neck diameter, neck length, proximal end of each 
stent frame position, and maximum aneurysm diameter were measured. All 
postoperative CT scan measurements were compared with the first postoperative 
CT scan to discern potential migration (≥5 mm), any endoleak, and/ or aneurysm 
growth (>5-mm increase of the maximum AAA diameter). If any event was not 
conclusive on the postoperative CT scans, 3 experienced vascular surgeons (J.H., 
M.R., J.V.) reached a consensus. 
 
Refined IFU 2016  
The following characteristics are in the 2016 IFU: (1) infrarenal neck length ≥ 10 
mm, (2) proximal neck diameter change ≤10% (original IFU ≤20%), (3) proximal 
neck diameter 18 to 28 mm (original IFU 18 to 32 mm), (4) infrarenal neck 
angulation ≤60°, (5) aneurysm blood lumen diameter ≤60 mm, (6) the ratio of 
the maximum AAA diameter to maximum aortic blood lumen diameter <1.4 
(hereafter referred to as the diameter ratio; this parameter was not in the original 
IFU), (7) iliac artery lumen diameter 9 to 20 mm (original IFU 9 to 32 mm), (8) 
distal iliac artery seal zone length ≥10 mm with a maximum diameter of 25 mm 
(not in the original IFU), and (9) femoral access >7 mm. 
 
Statistical analysis 
Differences in anatomical characteristics were calculated with a one-way analysis 
of variance (ANOVA), and risk factors for any event were identified. Input 
parameters for the backward stepwise binary logistic regression model were neck 
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diameter, neck length, supra- and infrarenal neck angulation, maximum AAA 
lumen diameter, maximum AAA diameter, the diameter ratio, infrarenal neck 
thrombus thickness and circumference, infrarenal neck calcification thickness and 
circumference, right and left CIA minimum and maximum lumen diameter and 
right and left CIA maximum diameter. All variables except for infrarenal neck 
thrombus and calcification are included in the EVAS 2016 IFU. 
Independent variables were compared using the Pearson’s correlation test to 
reduce the effects of multicollinearity.7 If variables had a correlation coefficient 
(R) >0.7, only one variable with the highest beta and lowest p-value in the one-
way ANOVA was used in the final regression model. Backwards stepwise binary 
logistic regression eliminated variables with the least significance until the 
significance of all remaining variables was <0.05. 
The sensitivity and specificity of each variable in the final regression model were 
expressed with receiver operator characteristics (ROC) curves. The ROC curves 
were used to determine cutoff points for significant independent predictors for 
migration, endoleak, and/or aneurysm growth.  
Data were tested for normality using the Shapiro-Wilk test. Variables with a 
skewed distribution were presented as the median (interquartile range Q1, Q3). 
All tests were 2-sided, and p<0.05 was considered significant. Statistical analysis 
was performed with SPSS software (version 23; IBM Corp, Armonk, NY, USA). 

 
Results 
Median CT follow-up was 24.2 months (17.2, 34.9) for the any-event group vs 
26.9 months (14.3, 37.3) for the control group (p=0.192). Any of the 3 
prespecified events occurred at a median 22.8 months (11.8, 29.5). Table 10.1 
shows the results of the baseline anatomical characteristics of the any-event and 
control groups. Median neck diameter was significantly larger in the any-event 
cohort [23.7 mm (21.7, 26.3)] vs the control cohort [23.0 mm (20.9, 25.2), 
p=0.022)]. Median neck length was significantly shorter in the any-event cohort 
[15.0 mm (10.0, 22.5)] vs controls [19.0 mm (10.0, 21.8), p=0.006]. The 
maximum AAA diameter and the diameter ratio in the any-event group were 
significantly larger than the control group (p=0.041 and p=0.002, respectively).  
 
Regression Analysis 
There were high correlations between AAA lumen diameter and the diameter ratio 
(R=0.742), neck thrombus thickness and circumference (R=0.797), neck 
calcification thickness and circumference (R=0.700), the right CIA maximum 
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Table 10.1. Anatomical characteristics.a 

Variable Control (n = 
178) 

Any event (n = 
83) 

P-
value 

Diameter at lowest renal artery, 
(mm) 

23.0 [20.9 - 25.2] 23.7 [21.7 - 26.3] 0.022 

Neck length, (mm) 19.0 [10.0 - 31.8] 15.0 [10.0 - 22.5] 0.006 
Suprarenal angulation, (deg) 13.8 [8.0 - 21.9] 11.9 [7.4 - 19.1] 0.130 
Infrarenal angulation, (deg) 20.7 [11.7 - 36.8] 22.9 [11.6 - 33.8] 0.947 
Maximum AAA lumen diameter, 
(mm) 

43.0 [37.7 - 48.7] 40.0 [36.0 - 48.1] 0.107 

Maximum AAA diameter, (mm) 57.3 [54.2 - 62.0] 58.3 [55.3 - 64.3] 0.041 
Ratio between AAA maximum and 
lumen diameter  

1.3 [1.2 - 1.5] 1.4 [1.3 - 1.7] 0.002 

Neck thrombus thickness, (mm) 0.0 [0.0 - 0.0] 0.0 [0.0 - 2.0] 0.086 
Neck thrombus circumference, (deg) 0.0 [0.0 - 0.0] 0.0 [0.0 - 82.0] 0.108 
Neck calcification thickness, (mm) 0.0 [0.0 - 1.5] 0.0 [0.0 - 1.5] 0.843 
Neck calcification circumference, 
(deg) 

0.0 [0.0 - 40.8] 0.0 [0.0 - 35.0] 0.686 

Right minimum CIA lumen diameter, 
(mm) 

10.0 [9.0 - 11.8] 10.0 [9.1 - 11.7] 0.579 

Left minimum CIA lumen diameter, 
(mm) 

10.0 [9.0 - 11.5] 9.6 [9.0 - 12.0] 0.357 

Right maximum CIA lumen diameter, 
(mm) 

15.6 [12.2 - 18.8] 16.0 [13.4 - 18.2] 0.324 

Left maximum CIA lumen diameter, 
(mm) 

15.2 [13.0 - 18.3] 15.0 [12.0 - 17.8] 0.141 

Right maximum CIA diameter, (mm) 17.1 [13.9 - 20.9]  17.1 [14.5 - 20.5] 0.616 
Left maximum CIA diameter, (mm) 16.6 [14.5 - 19.9] 16.4 [13.4 - 19.8] 0.363 
Abbreviations: AAA, abdominal aortic aneurysm; CIA, common iliac artery. 
aData shown as median (interquartile range Q1, Q3). 

 
lumen diameter and the right CIA maximum and minimum lumen diameters 
(R=0.836 and R=0.702, respectively), the left CIA maximum diameter and left 
CIA maximum and minimum lumen diameters (R=0.888 and R=0.734, 
respectively), and the left CIA maximum and lumen diameters (R=0.714). All 
other variables were R<0.7. 
In the next step, the following highly intercorrelated variables were excluded from 
the regression analysis as they had the highest p-values in the one-way ANOVA: 
the AAA lumen diameter, neck thrombus circumference, neck calcification 
thickness, right and left minimum CIA lumen diameters, right CIA maximum 
lumen diameter, and left CIA maximum diameter. This left the following 
parameters for entry into the final regression analysis: neck diameter, neck 
length, supra- and infrarenal angulation, maximum AAA diameter, the diameter 
ratio, neck thrombus thickness, neck calcification circumference, left CIA 
maximum lumen diameter, and right CIA maximum diameter.  
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The regression model (Table 10.2) and ROC curve (Table 10.3, Figure 10.2) 
showed that the aortic neck diameter (p=0.006), neck length (p=0.001), and the 
diameter ratio (p=0.011) were significant predictors for any event. Every 1-mm 
increase in neck diameter amplified the risk of any event by 14.7%. Every 1-mm 
shorter neck length increased the risk of any event by 3.8%. Infrarenal angulation 
and left CIA maximum lumen diameter were identified as predictors in the 
regression model as well; however, the areas under the ROC curve showed a 
random classification.  
The area under the ROC curve of the final model was 0.714 (95% CI 0.646 to 
0.781, p<0.001), which was better than any of the individual variables in the final 
model (Table 10.3, Figure 10.2). The optimal cutoff values were 21.3 mm for neck 
diameter, 18.5 mm for neck length, and 1.35 for the diameter ratio. The sensitivity 
and specificity of the cutoff values were 0.827 and 0.335 for neck diameter, 0.272 
and 0.491 for neck length, and 0.691 and 0.509 for the diameter ratio. 
 
IFU groups Comparison 
Among the 166 patients treated inside the original IFU group, 52 (31.3%) suffered 
an event compared to 13 (28.3%) of 46 patients who were in the 2016 IFU group 
(p=0.690). The complications in the 13 2016 IFU patients were migration (n=4), 
endoleak (n=3), aneurysm growth (n=1), migration and endoleak (n=1), 
migration, endoleak and aneurysm growth (n=1), or endoleak and aneurysm 
growth (n=3).  
 
Table 10.2. Final model of the regression analysis. 
Variable Coefficient SE  ORa P-value 
Neck diameter 0.137 0.049 1.147 0.006 
Neck length -0.039 0.012 0.962 0.001 
Ratio between AAA maximum 
diameter and lumen diameter 

1.434 0.040 4.197 0.011 

Infrarenal angulation 0.021 0.010 1.021 0.039 
Left maximum CIA lumen 
diameter  

-0.087 0.040 0.917 0.030 

Constant -4.427 1.352 0.012 0.001 
Abbreviations: AAA, abdominal aortic aneurysm; CIA, common iliac artery. 
aOdds ratio indicates the increase in any event per unit increase. Every 1-mm increase in neck 
diameter amplifies the risk of any event by 14.7%. Every 1-mm of shorter neck length increases 
the risk of any event by 3.8%. 
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Figure 10.2: Receiver operating characteristic (ROC) curves of the variables in the final 
binary logistic regression model. The final model of the regression analyses provides the 
best sensitivity and specificity. AAA, abdominal aortic aneurysm; CIA, common iliac 
artery. 

 
Table 10.3: Area under the receiver operating characteristics curves of the final 
regression model.  
Variable AUC 95% CI SE P-value 
Neck diameter 0.590 0.515 to 0.665 0.038 0.021 
Neck length 0.398 0.328 to 0.469 0.036 0.009 
Ratio between AAA maximum 
and lumen diameter 

0.621 0.546 to 0.696 0.038 0.002 

Infrarenal angulation 0.504 0.428 to 0.579 0.039 0.924 
Left maximum CIA lumen 
diameter 

0.442 0.366 to 0.519 0.039 0.140 

Final regression model 0.714 0.646 to 0.781  0.034 0.000 
Abbreviations: AAA, abdominal aortic aneurysm; AUC, area under the curve; CI, confidence interval; 
CIA, common iliac artery. 

 
Discussion 
In the current study, preoperative aortic neck diameter, neck length, and diameter 
ratio were preoperative predictors for migration, any endoleak, and aneurysm 
growth after EVAS. Moreover, despite IFU refinement, more than a quarter of 
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patients had complications over time, an observation similar to that recently 
reported by Zerwes et al.8  
Previous studies9,10 demonstrated caudal and lateral displacement of the EVAS 
endosystem, which might be due to the instability of intraluminal thrombus within 
the aneurysm sac. A larger ratio between the maximum AAA and lumen diameters 
might reflect the potential for this instability to adversely affect the endobags and 
stent frames, especially in patients with large sac thrombus volumes. Studies have 
shown that intraluminal thrombus cannot be addressed as a rigid structure and 
might change over time.11-13 This sponge-like effect in combination with a larger 
AAA diameter might result in bending of the stent frames into the thrombus and 
parting of the stent frames, which can make the EVAS configuration unstable. A 
low amount of polymer surrounding the stent frames in small flow lumens might 
also induce instability into the EVAS configuration.  
The definition of migration in this study is not in concert with the standard of 
migration for EVAR proposed by the Society of Vascular Surgery (>10 mm or 
clinical consequences).14 However, recent studies15,16 suggested that a more 
conservative approach to migration in EVAS would be prudent owing to the lack 
of active proximal fixation on the Nellix device. Thus, if migration of 3 to 4 mm is 
documented, it is likely that further migration will occur. Since 1- to 3-mm 
migration is difficult to distinguish on a CT scan, this current study used a ≥5-mm 
threshold for migration.  
In 2013, when EVAS was a novel technology, it was thought that it was widely 
applicable and provided an additional solution for AAAs that could not be treated 
by EVAR.17 Results from the current regression analyses and earlier root cause 
analyses showed that patient selection needs to be stricter. The percentage of 
complications in the current DEVASS cohort is higher than was anticipated.  
For stricter patient selection, a refined 2016 IFU was developed. One of the main 
new criteria was the “thrombus” ratio of the maximum aneurysm to maximum 
blood lumen diameters, which excluded patients with relatively high amounts of 
thrombus in the aneurysm sac.8 This ratio was significantly different between the 
control and any-event cohorts and a predictor in the regression analyses. It is 
therefore an important parameter to consider during patient selection.  
Nonetheless, results from this study showed that despite IFU refinement, more 
than a quarter of patients developed a complication during midterm follow-up. 
These results are not in line with a previous report of the 2-year outcomes, which 
described lower complication rates.5 However, the discrepancy is caused by a 
difference in the definition of migration (>10 mm in the 2-year study vs ≥5 mm 
in this analysis) and longer follow-up in the current report. A substantial 
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proportion of the complications have occurred after 2 years, which is illustrated 
by the median 22.8 months between the EVAS procedure and the occurrence of 
any event in our analysis. 
In April 2016, a second-generation device was introduced. One of the major 
changes was attachment of the endobag to the stent frame distally, which may 
improve iliac sealing. Long-term follow-up needs to provide information on the 
durability of this new generation device. So far, though, migration is the most 
frequent EVAS-associated complication, thus the sac-anchoring mechanism of the 
current Nellix endosystem seems not to be sufficient. Lack of anchoring pins in 
the aortic wall and no suprarenal fixation are reasons why migration resistance of 
the Nellix endosystem is low in some patients.  
Another failure mechanism is bowing of the stent frames during follow-up, which 
can cause lateral displacement of the endobags in the aneurysm sac, especially in 
patients with a large aortic thrombus load. This lateral displacement will cause 
gaps and type Ia endoleaks in between the 2 Nellix endobags.  
 
Limitations  
This was a retrospective analysis with a median follow-up of only 2 years. More 
complications may occur with longer follow-up,2 which could increase the number 
of events in patients in the control cohort.  
 

Conclusion 
Large neck diameter, short aortic neck length, and the diameter ratio between the 
aneurysm sac and lumen (thrombus ratio) are preoperative anatomical predictors 
of migration (≥5 mm), any endoleak, and aneurysm growth (>5 mm) after EVAS. 
A quarter of patients meeting the refined 2016 IFU criteria still suffered one or 
more of these events. Additional improvements in the device seem to be 
necessary before this technique can be implemented on a large scale in 
endovascular AAA repair. 

 
 
 
  

10 



182 
 

References 
1. Batagini NC, Hardy D, Clair DG, et al. Nellix EndoVascular Aneurysm Sealing 

System: Device description, technique of implantation, and literature review. Semin 
Vasc Surg. 2016;29:55-60.  

2. Brown SL, Awopetu A, Delbridge MS, et al. Endovascular abdominal aortic 
aneurysm sealing: A systematic review of early outcomes. Vascular. 2017;25:423-
429. 

3. Thompson MM, Heyligers JM, Hayes PD, et al, for the EVAS FORWARD Global 
Registry Investigators. Endovascular aneurysm sealing: early and midterm results 
from the EVAS FORWARD Global Registry. J Endovasc Ther. 2016;23:685–692. 

4. Karouki M, Swaelens C, Iazzolino L, et al. Clinical outcome after endovascular 
sealing of abdominal aortic aneurysms: a retrospective cohort study. Ann Vasc 
Surg. 2017;40:128-135. 

5. Zoethout AC, Boersen JT, Heyligers JMM, et al; DEVASS (Dutch Endovascular 
Aneurysm Sealing Study) Group. Two-year outcomes of the Nellix EndoVascular 
Aneurysm Sealing System for treatment of abdominal aortic aneurysms. J Endovasc 
Ther. 2018;25:270-281. 

6. van Noort K, Overeem SP, van Veen R, et al. Apposition and positioning of the Nellix 
EndoVascular Aneurysm Sealing System in the infrarenal aortic neck. J Endovasc 
Ther. 2018;25:428-434. 

7. Dormann CE, Elith J, Bacher S, et al. Collinearity: A review of methods to deal with 
it and a simulation study evaluating their performance. Ecography. 2013;36:027-
046. 

8. Zerwes S, Bruijnen HK, Gosslau Y, et al. Influence of the revised Nellix instructions 
for use on outcomes after endovascular aneurysm sealing. J Endovasc Ther. 
2018;25:418-425. 

9. Van Veen R, van Noort K, Schuurmann RCL, et al. Determination of stent frame 
displacement after endovascular aortic aneurysm repair. J Endovasc Ther. 
2018;25:52-61. 

10. Dorweiler B, Boedecker C, Dünschede F, et al. Three-dimensional analysis of 
component stability of the Nellix endovascular aneurysm sealing system after 
treatment of infrarenal abdominal aortic aneurysms. J Endovasc Ther. 
2017;24:201-209. 

11. Van Noort K, Schuurmann RCL, Wermelink B, et al. Fluid displacement from 
intraluminal thrombus of abdominal aortic aneurysm as a result of uniform 
compression. Vascular. 2017;25:542-548. 

12. Boersen JT, Schuurmann RCL, Slump CH, et al. Changes in aortoiliac anatomy after 
elective treatment of infrarenal abdominal aortic aneurysms with a sac anchoring 
endoprosthesis. Eur J Vasc Endovasc Surg. 2016;51:56–62. 

13. Shaikh U, Chan TY, Oshin O, et al. Changes in aortic volumes following 
endovascular sealing of abdominal aortic aneurysms with the Nellix endoprosthesis. 
J Endovasc Ther. 2015;22:881-885. 

10 



183 
 

14. Chaikhof EL, Blankensteijn JD, Harris PL, et al. Reporting standards for 
endovascular aortic aneurysm repair. J Vasc Surg. 2002;35:229-235. 

15. England A, Torella F, Fisher RK, et al. Migration of the Nellix endoprosthesis. J Vasc 
Surg. 2016;64:306-312. 

16. Torella F, McWilliams RG, Fisher RK. Commentary: Endovascular sealing of 
abdominal aortic aneurysms: do current data justify wider use?. J Endovasc Ther. 
2018;25:282-283. 

17. Karthikesalingam A, Cobb RJ, Khoury A, et al. The morphological applicability of a 
novel endovascular aneurysm sealing (EVAS) system (Nellix) in patients with 
abdominal aortic aneurysms. Eur J Vasc Endovasc Surg. 2013;46:440-445. 

 
  

10 



184 
 

11 
 
 
 
 
 
 
 
 
 
 
  



185 
 

 

Summary, general discussion and future 
perspectives 



186 
 

Part Ia - Technologies for detection and prevention of complications after EVAR 
 
How should subtle changes in the endograft position and apposition in the 
infrarenal neck during CT follow-up be interpreted? (Chapter two) 
The illustrated EVAR cases in chapter two show that detection of small changes in 
aortic neck morphology and endograft position and apposition can be detected 
with the use of the new, CT-analysis software. Moreover, the cases show how 
small changes in neck morphology, endografts position and apposition could be 
detected with the software on follow-up CT scans, months before complications 
such as type Ia endoleak became apparent according to radiographical readings. 
The illustrated patients in this chapter with endoleak or migration showed increase 
in fabric distance, tilt, endograft expansion, or a decrease of apposition surface. 
Changes occurred on at least one perodical follow-up CT scan before the endoleak 
or migration was noted at regular CT reports. The patients without complications 
showed no significant changes in position or apposition during follow-up.  
The warnings signs detected by the new CT-analysis software such as an increase 
in aortic neck surface due to aortic dilatation, a decrease of aortic neck surface 
due to expanding aneurysm or migration, an increase in fabric-to-renal distances 
due to migration, an increase in endograft expansion as % of the original 
endograft diameter due to endograft dilatation and a decrease of shortest 
apposition length due to expanding aneurysm or migration may be hazardous 
signs for the occurrence of complications. These signs show that there is aortic 
dilatation, endograft dilatation, or early endograft migration. The early detection 
of complications may lead to less invasive and expensive reinterventions. 
 
How should subtle changes in the proximal and distal sealing zones in thoracic 
endograft position and apposition during CT follow-up be interpreted? (Chapter 
three) 
In TEVAR the CTA applied software is also applicable, however some changes 
needed to be made to the software to cope with the larger angulations and 
surfaces for the thoracic aorta. Moreover, in TEVAR also the distal seal is an 
important parameter for successful outcome and if complications occur, distal seal 
failures need different treatment strategies compared to proximal seal failures, 
especially because the orifices of the visceral arteries should be preserved. The 
various warnings signs previously described in EVAR may also be applicable for 
TEVAR. These signs include a decrease in apposition (both surface and length), 
an increase in shortest fabric distances, and expansion of the endograft toward 
its original diameter. When the endograft is fully expanded, the radial forces that 
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have to keep the endograft in place are significantly reduced, and blood may leak 
along the fabric during peak systole when the diameter of the aorta is at its 
maximum. A subtle change in apposition, combined with full endograft expansion, 
may well be the cause of circumferential loss of apposition during the whole 
cardiac cycle and may result in repressurisation of the aneurysm. Validation 
showed excellent interobserver agreement for all position and apposition 
parameters of the new software [ICC between 0.821 – 0.995].  

General Discussion  

Despite ongoing improvements in EVAR and TEVAR devices, still complications 
such as type Ia endoleaks and migration occur. By assessing only pre-operative 
risk factors for complications, initial position and apposition of the endograft are 
neglected as a possible risk factors. The endograft position and apposition in the 
abdominal and thoracic aorta may change over time, and are the main cause of 
complications. Thus, early detection of changes in seal may forecast severe 
complications, and early reinterventions may be less invasive and less expensive.  
Previously, the CTA applied software was validated for EVAR in a study of 
Schuurmann et al.1 Moreover, based on this software a retrospective study was 
performed to investigate if changes in position and apposition could have 
predicted type IA endoleaks and migration. Changes in anatomy and endograft 
dimensions during follow-up were clearly visible in type Ia endoleak and migration 
groups in CTA scans before the actual seal failure was detected in -regular follow-
up.2  
If these complications are detected early on, less invasive reinterventions may be 
performed. Such reinterventions may consist of inserting proximal  extensions to 
reduce type Ia endoleak, or insertion of EndoAnchors to avoid further migration 
or resolve type Ia endoleaks.  

By introducing this methodology into clinical practice a patient-specific follow-up 
may be achieved. If after one year, no warnings signs are present, a longer 
interval between the follow-up scans might be needed. Some patient may suffice 
with follow-up on duplex ultrasound, while others may need an earlier follow-up 
than one-year post-EVAR/TEVAR, if warnings signs occur on the first postoperative 
CTA scan. During the follow-up, frequency of follow-up can be adjusted according 
to the presence of eventual warning signs. However, before introducing the 
methodology into daily practice cut-off values need to be determined for the 
warning signs in much larger patient cohort studies.  
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Future perspective  
First of all, a prospective study is needed to define thresholds for the subtle 
changes in position and apposition to eventual implement the CT-applied software 
on a large scale. Moreover, for TEVAR a larger prospective cohort needs to be 
investigated.  
Furthermore, only degenerative descending thoracic aneurysms are included. 
TEVAR after dissections can not be analysed with the software thusfar. Research 
is needed to determine if the software can be adjusted for dissections. Moreover, 
the definition of warning signs may be different as the TEVAR device need to meet 
different criteria’s compared to TEVAR for aneurysms (i.e oversizing of the TEVAR 
device).  
In the end, the software needs Conformité Européenne (CE) and Food and Drug 
Administation (FDA) approval to be allowed to be to used for clinical decision 
making. Steps need to be taken to further commercialize and develop the software 
to meet CE and FDA criteria.   
 
Part Ib - Technologies for detection and preventions of complications after EVAR 
 
What is the association between EndoAnchor deployment and successful resolving 
of type IA endoleaks, considering their distribution along the circumference of the 
neck, penetration depth into the aortic wall, and angle of penetration? (Chapter 
four) 
A total of 560 EndoAnchors in 86 patients were investigated of which 29% had 
maldeployment and were positioned beyond the recommended use; above the 
endograft fabric or at a gap > 2mm between the aortic wall and endograft. If 
endoleaks are due to >2mm gaps, EndoAnchor implants alone may not provide 
the intended sealing and additional devices (like extension cuffs) should be 
considered. The EndoAnchors are not designed to overcome such a gap. Good 
penetrating EndoAnchor implants were closer to 90° orthogonal to the aortic wall 
than the borderline and non-penetrating EndoAnchor implants. Maldeployment 
may be prevented by careful preoperative planning, by optimizing the intra-
operative deployment technique, and an thorough knowledge of the 
recommended use of EndoAnchors. 
 
What is the sustainability of initial successfully penetrating EndoAnchors during 
follow-up? (Chapter five) 
A total of 54 patients with 360 EndoAnchors were included. All patients had two 
or more follow-up CTA scans. A total of 187 (51.9%) EndoAnchors had initial good 
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penetration and 182 EndoAnchors remained good penetrating (97.4%) after 13 
[8-23] months follow-up. Four became borderline penetrating and one became 
non-penetrating without clinical consequence. The sustainability of initial well 
positioned EndoAnchors is good at one-year follow-up. Preoperative planning and 
good initial positioning (according to the recommended use) of the EndoAnchor 
remain the foremost reasons for individual EndoAnchor success.  
 
General Discussion 
These studies show the importance of EndoAnchor penetration. It emphasises the 
need for preoperative planning as EndoAnchors may not always be the suitable 
solution to overcome type Ia endoleaks (both intraoperative and in revision 
cases). A previous study of Goudeketting et al.3 showed aortic neck diameter and 
neck calcium thickness as independent predictors for individual EndoAnchor failure 
and a greater number of non-penetrating EndoAnchors was associated with an 
increased risk for endoleaks. The following factors need to be addressed when 
planning a procedure to resolve a type Ia endoleak with EndoAnchors; 

o Are there large and thick thrombus and calcium loads present in the aortic 
neck that need to be avoided during the intervention? EndoAnchors will 
not penetrate calcium, and cannot overcome gaps between between the 
aortic wall and endograft larger than 2 mm. 

o Is there dilatation of the aortic neck and is there no oversizing of the 
endograft left? If so, the endoleak or gap cannot be resolved solely with 
the use of EndoAnchors, as the diameter of the endograft is just not large 
enough to have circumferential seal in the aortic neck. Positioning an 
extension cuff (i.e with or without chimney grafts for the renal arteries) 
may be the right minimal invasive solution.   

o Does the aortic neck have enough length to position the EndoAnchors? It 
might be difficult to position the EndoAnchor just below the endograft 
fabric and EndoAnchors need to be positioned in the sealing part of the 
endograft. The minimum seal length of the aortic neck should be at least 
5 mm. If the EndoAnchor is positioned too low, it does not reach the aortic 
wall and will only penetrate the endograft and aneurysm cavity.  

By addressing these questions before the procedure, better choices can be made 
and more EndoAnchors may be positioned correctly.  
 
Future perspective 
For future perspectives, it is interesting to see what the effect of the 
circumferential distribution of EndoAnchors is on the migration resistance in 
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clinical setting. If the EndoAnchors are not positioned correctly and do not 
penetrate, this will also have effect on the migration resistance. These forces have 
been determined in an in-vitro study set-up. Results of this not yet published data7 
showed a migration resistance of 53.7N for circumferential distribution of 6 
EndoAnchors compared to 5.1N without EndoAnchors, and 24.6N for 
circumferential distribution of 4 EndoAnchors. As this was a in vitro study, these 
forces should also be determined in a clinical setting (i.e. animal studies).    
EndoAnchors are also used for fixation and to resolve endoleaks in the thoracic 
aorta. It may more difficult to correctly position EndoAnchors in the thoracic aorta, 
due to the more complex anatomy and difficulties to have the C-arm perpendicular 
to the applier. It is interesting to investigate if penetration depths and angles are 
comparable with EVAR.  
Preoperative imaging may be used for automatic detection of the correct C-arm 
angle per EndoAnchor. The EndoAnchor should then be positioned in the plane of 
the optimal C-arm angle for every EndoAnchor. Moreover, overlay techniques may 
be used to visualize eventual thrombus and calcium plaques during EnodAnchor 
positioning and may prevent unsuccessful positioning. In some patients and some 
configuration larger EndoAnchors may be used to overcome gaps. However, this 
should need careful consideration due to potential damage to surrounding 
structures like the caval vein or bowels.    
 
Part II - Complications after EVAS 
What is the quantity of fluid displacement from freshly harvested intraluminal 
thrombus when uniform compression is applied in an in vitro compression set-up? 
(Chapter six) 
In a large part of the aneurysms intraluminal thrombus is present. If intraluminal 
thrombus volume decreases after EVAS, due to fluid displacement by compressing 
the thrombus, this may lead to a an unstable endobag configuration, and lead to 
lateral displacement and/or endoleaks. In this study, 21 thrombi were harvested 
during open aneurysm repair and inserted into a compression set-up. The 
compression set-up applied uniform compression on the ILT of 200 mmHg 
(comparable to EVAS) for 5 minutes. A median of 5.7 mL (interquartile range of 
8.4 mL) liquid was displaced. Histologic examination showed reduction of the 
medial layer of the thrombi, which was the result of compression of the fluid-
containing canaliculi. The fluid displacement may have effect on the endobags and 
stentframe stability.  
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What influence have different endograft configurations on aortic pulse wave 
velocity and structural stiffness in an in-vitro aortic model? (Chapter seven) 
Three different abdominal aortic endoprostheses (AFX, Endurant II, and Nellix) 
were implanted in identical silicone aneurysm models. One model was left 
untreated (control), and another model contained an aortic tube graft (Gelweave). 
aPWV was significantly lower for the control compared to the AFX, Endurant, Nellix 
and tube graft models (13.00 ± 1.20, 13.40 ± 1.17, 18.18 ± 1.20, 16.19 ± 1.25 
and 15.41 ± 0.87 m s−1, respectively (P < 0.05)). Structural stiffness of the AFX 
model was significant lower compared to the control model (4718N m−1 versus 
5115N m−1 (P < 0.001), respectively), whereas all other models showed higher 
structural stiffness. Endograft placement resulted in a higher aPWV compared to 
a non-treated aortic flow model. All models showed increased structural stiffness 
over the flow trajectory compared to the control model, except for the AFX 
endoprosthesis. 
 
How accurate can three-dimensional positions of the Nellix stent frame and 
changes in position be determined? (Chapter eight) 
In Chapter eight a methodology is described and validated for the quantification 
and visualization of 3D displacement of the stent frames of the Nellix endosystem 
during follow-up. The stent frames of the EVAS device are not only prone to distal 
migration, they can also displace lateral in the aneurysm, and can also buckle into 
the aneurysm sac. So the definition of regular distal migration for EVAR is not 
sufficient for EVAS. The described methodology allows precise 3D determination 
of the EVAS system and can detect subtle displacement better than standard CTA. 
Three types of displacement were identified: displacement of the proximal and/or 
distal end of the stent frames, lateral displacement of one or both stent frames 
and stent frame buckling. Good inter observer agreement was found for maximum 
change in stent to stent distance (ICC: 0.750, p <0.05) with a median absolute 
difference of 0.5 mm [IQR 0.3–0.7 mm]. Perfect inter observer agreement was 
found for all other displacement parameters (ICC: 0.877–0.958, The median 
absolute difference ranged from 0.2 mm to 0.7 mm. Moreover, the observed 
displacement may forecast impaired sealing and anchoring of the Nellix 
endosystem.  
 
What is the accuracy of initial position and seal of the Nellix EVAS system in the 
aortic neck using a novel measurement methodology? (Chapter nine) 
In Chapter nine the initial proximal position and seal of the Nellix endosystem 
was investigated with the use of CTA applied software. As the EVAS technique is 
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based on complete sealing of the aneurysm and aortic neck, the non-apposition 
surface in the infrarenal neck has been calculated. This is the surface between the 
renal arteries and the endobags that can be used for sealing. Half of the potential 
seal in the aortic neck was missed due to low positioning of the endograft (4 to 5 
mm below the renal arteries). This may be due to the lack of radiopaque markers 
on the endobags and therefore the stentframes are difficult to position accurately. 
The low positioning may also be the cause of the higher than expected 
complication rate after EVAS.  
 
What preoperative anatomical aortic characteristics are predictive for seal failures 
after EVAS? (Chapter ten) 
In order to find risk factors for the occurrence of complications, preoperative 
anatomical characteristics were identified that predict seal failure after EVAS for 
261 patients treated with EVAS in three high volume centres in the Netherlands. 
Regression analyses showed large neck diameter, short aortic neck length and the 
ratio between the maximum aneurysm diameter and aneurysm lumen diameter 
as preoperative anatomical predictors for the occurrence of migration (≥5mm), 
endoleak (any) and aneurysm growth (>5mm). The optimal cut-off values were 
21.3 mm for neck diameter, 18.5 mm for neck length, and 1.35 for the diameter 
ratio. Moreover, the instructions for use were adjusted in 2016 to reduce the 
number of complications. However, still 28% of the patients inside IFU 2016 
suffered from migration, endoleaks and/or aneurysm growth.  
 
General Discussion 
Part II shows the difficulties of treating patients with a rigid endograft, while the 
environment in which it is inserted is dynamic. Intraluminal thrombi cannot be 
addressed as a rigid structure and may deform due to pressure, or even by the 
inflammatory process of the thrombi. The Nellix endobags may therefore displace 
into the thrombi, while it actually needs support from the surrounding tissue.  
In addition to deforming thrombi, the sudden decrease in flow diameter after EVAS 
(from normal aortic neck diameter to 2x10mm diameter), may lead to extra forces 
applied on this configuration. Moreover, the two stentframes are not attached to 
each other or to the aortic wall. All these factors may lead to an unstable EVAS 
configuration in the abdominal aorta.  
In the regression analyses, migration was specified as distal migration, while 
lateral displacement and buckling were not assessed. More patients might have 
stentframe displacement while they were not yet observed as distal migration 
≥5mm.  
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Interestingly, during the first two years the EVAS configuration seems stable, and 
show good early outcomes.4-6 After two year almost 30% of the patients suffer 
complications. Perhaps this is due to the ongoing process of aortic wall 
degeneration. As the disease progresses, the EVAS configuration may not be 
stable with all the dynamic forces applied to Nellix configuration.  
Moreover, previous studies showed that when migration occurs it is unlikely to 
stop due to the lack of suprarenal fixation into the aortic wall.8,9  
In conclusion, EVAS should only be used inside the IFU. Moreover, not only the 
proximal seal of the EVAS configuration is important, the stability of the whole 
configuration needs careful consideration during follow-up and should be 
determined in patients who have had an EVAS procedures in the past.  
Furthermore, long-term results are needed before applying this technique on a 
large scale. For now, caution is needed when treating patients with EVAS, or 
better, it should be stopped at least temporarily with the current generation 
device.   
 
Future perspective 
More knowledge is needed of the effect of the dynamic environment in the 
abdominal aorta on the current generation Nellix endosystem configuration. As 
ILT cannot be addressed as a rigid structure, more research is needed on the 
variety of ILTs. Moreover, it should be analysed if structural information of ILTs 
can be quantified on imaging modalities pre-EVAS. If the structure can be 
correlated with for example the amount of fluid displacement during pressurization 
of the endobags, a more substantiated choice can be made if a patient can be 
treated with EVAS or not.  
Interestingly, the EVAS configuration showed a lower aPWV than one would 
expect, due to stiffness of the endobags. As this was an in vitro study, this 
research should be extended to investigate differences in aPWV of different 
configurations in animals.  
As migration is the most common complication, a fixation method into the aortic 
wall needs to be considered. Only sac-anchoring may not be sufficient enough due 
to the dynamic environment. Most EVAR devices contain forms of suprarenal 
fixation into the aortic wall. This should also be incorporated in the EVAS design. 
Besides, stronger stentframes may aid to the migration resistance as kinking may 
be reduced, however this may cause larger aPWV. For more secure positioning, 
filling of the endobags should be visualized to determine their position relative to 
the orifices of the renal arteries. These features should be incorporated in a new 
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EVAS designs and investigation is needed if this aids to the positioning and 
sustainability of the EVAS configuration.  
Software to determine the stentframe displacement and non-apposition may aid 
in decision making during EVAS follow-up. This should be further analysed in 
larger cohorts.  
 
Final conclusions 
Subtle changes in EVAR and TEVAR positioning can be detected with the studied 
dedicated CT-analysis software. The early detection of endograft changes may 
lead to less invasive and expensive reinterventions before severe complications 
occur. Moreover, it may add to a more patient-specific follow-up scheme. 
Almost 30% of the EndoAnchor implants for treatment of acute or late endoleaks 
are maldeployed. In the majority of these cases this is due to the use of 
EndoAnchors beyond the recommended use. For that reason careful preoperative 
planning and optimization of the intra-operative deployment technique need to be 
performed. If however, the EndoAnchors are positioned correctly durability is 
good.  
For EVAS, large neck diameter, short aortic neck length and the ratio between the 
maximum aneurysm diameter and aneurysm lumen diameter were found to be 
preoperative anatomical predictors for the occurrence of migration (≥5mm), 
endoleak (any) and aneurysm growth (>5mm). Despite adjusting of the IFU, in 
still 30% of the patients complications occur at mid-term follow-up. These 
complication may be a result of unstable configuration of the current generation 
of the Nellix endosystem in the abdominal aorta. Long-term data is needed to 
determine the durability and future of the current Nellix endosystem. Until then, 
the use of EVAS should temporarily be stopped. 
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In deel I van dit proefschrift worden technologieën voor het detecteren en 
voorkomen van complicaties na EVAR onderzocht en in deel II worden 
complicaties na het plaatsen van EVAS onderzocht.  

In deel Ia wordt een nieuwe 3D methodologie voor het bepalen van de positie en 
appositie van endografts in de abdominale en thoracale aorta onderzocht. De 
illustratieve casussen in hoofdstuk twee laten zien dat kleine veranderingen in 
de aorta nek morfologie en endograft positie en appositie kunnen worden 
gedetecteerd met het gebruik van nieuwe CT-analyse software. Daarnaast laten 
de casussen zien hoe kleine veranderingen in nek morfologie, endograft positie 
en appositie kunnen worden gedetecteerd maanden voordat complicaties zoals 
type Ia endoleak zichtbaar en gerapporteerd worden in radiologie verslagen. De 
illustratieve patiënten met een endoleak of endograft migratie uit dit hoofdstuk 
laten allen veranderingen in de afstand tot de endograft ten opzichte van de nier 
arterie, tilt, endograft expansie of het afnemen van de appositie oppervlak zien. 
Deze veranderingen waren al eerder zichtbaar dan op de laatste periodieke CT 
scan waarop nog geen endoleak te zien was of voordat migratie werd 
gerapporteerd. Patiënten die geen complicaties hadden lieten ook geen 
significante veranderingen zien in positie en appositie tijdens de follow-up. De 
waarschuwingssignalen die gevonden worden met de nieuwe CT-analyse software 
zouden waarschuwingssignalen kunnen zijn voor het krijgen van complicaties. 
Deze signalen bestaan onder andere uit het vergroten van het appositie oppervlak 
door aorta dilatatie; het verkleinen van de aorta nek oppervlak door expansie van 
het aneurysma of door migratie van de endograft; het vergroten van de afstand 
tussen de nier arteriën en de endograft door migratie; door het vergroten van de 
endograft expansie; of door het verkleinen van de kortste appositie afstand door 
aneurysma expansie of migratie. Deze signalen laten zien dat de aorta aan het 
dilateren is, de endograft aan het dilateren is, of dat er vroege endograft migratie 
is. Het eerder detecteren van deze complicaties kan ertoe leiden dat er minder 
invasieve en dure re-interventies ondernomen moeten worden.  

In hoofdstuk drie wordt de software uit hoofdstuk twee uitgebreid om ook 
gebruikt te kunnen worden voor TEVAR. Daarvoor zijn aanpassingen gedaan om 
om te kunnen gaan met de grotere hoeken van de aortaboog en oppervlaktes die 
gestent worden. Daarnaast is de distale appositie een belangrijke parameter voor 
een succesvolle uitkomst na TEVAR. Distale complicaties hebben een andere 
oplossing nodig ten opzichte van proximale complicaties. Voornamelijk ook omdat 
viscerale arteriën niet overstent mogen worden. De waarschuwingssignalen die 

12 



199 
 

gebruikt worden bij EVAR in hoofdstuk twee kunnen wellicht ook gebruikt worden 
voor TEVAR. Deze signalen bestaan onder andere uit het afnemen van de 
appositie, het kleiner worden van de afstand van de appositie lengtes, en de 
expansie van de endograft naar zijn originele diameter. Wanneer een endograft 
volledige expansie heeft zullen de radiale krachten, die ervoor zorgen dat de 
endograft op zijn plek blijven, significant afnemen waardoor er bloed kan lekken 
tussen de endograft en aorta wand tijdens systole. Kleine veranderingen, 
gecombineerd met volledige endograft expansie, kunnen de oorzaak zijn van 
circumferencieel verlies van appositie tijdens de gehele hart cyclus en kunnen 
ervoor zorgen dat er weer druk staat in het aneurysma. Dit hoofdstuk laat zien 
dat er excellente interobserveer overeenkomst is voor alle positie en appositie 
parameters voor de nieuwe CT-analyse software [ICC tussen 0.821-0.995]. 

In deel Ib worden EndoAnchors ter preventie en voor het oplossen van endoleaks 
besproken. In hoofdstuk vier wordt de associatie tussen het plaatsen en het 
succesvol oplossen van endoleaks onderzocht. In totaal werden er 560 
EndoAnchors geplaatst in 86 patiënten. Daarvan werd 29% niet goed en buiten 
hun aanbevolen gebruik geplaatst; boven de endograft of op een positie waar er 
een 2 mm gat tussen de endograft en aorta wand zat. Alleen EndoAnchors zijn 
niet in staat om zulke gaten te dichten waardoor een endoleak bij een gat niet 
wordt opgelost door het plaatsen van EndoAnchors. Dan moeten extra materialen 
gebruikt worden, zoals extensie cuffs. Goed penetrerende EndoAnchors hadden 
een hoek ten opzichte van de aorta wand dichter bij de 90° dan EndoAnchors die 
niet goed of helemaal niet penetreerden. Het niet goed kunnen plaatsen van 
EndoAnchors zou voorkomen kunnen worden door nauwkeurige preoperatieve 
planning, door optimaal gebruik te maken van plaatsingstechnieken en door een 
diepgaande kennis van het aanbevolen gebruik van EndoAnchors. In hoofdstuk 
vijf wordt de duurzaamheid van succesvol penetrerende EndoAnchors 
onderzocht. In totaal werden bij 54 patiënten, 360 EndoAnchors geplaatst. 
Daarvan hadden 187 (51.9%) EndoAnchors een initieel goede penetratie waarvan 
er 182 (97.4%) goede penetratie bleven houden na 13 [8-23] maanden follow-
up. Van de 5 EndoAnchors die niet goed bleven, penetreerden er 4 twijfelachtig 
en 1 penetreerde niet. De duurzaamheid van EndoAnchors is goed na een jaar 
follow-up.  

In deel II van het proefschrift worden de complicaties en oorzaken van 
complicaties na EVAS onderzocht. In hoofdstuk zes wordt onderzocht of er vocht 
uittreding uit intraluminale trombi is als er druk op wordt uitgeoefend. Dit zou 
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ervoor kunnen zorgen dat het volume van abdominale intraluminale trombi 
afneemt tijdens en na EVAS, waardoor de stabiliteit van de EVAS configuratie in 
de abdominale aorta in het geding komt. Bij 21 patiënten zijn de intraluminale 
trombi verkregen tijdens een open abdominale aneurysma operatie. De trombi 
zijn uitgeperst in een compressie opstelling met een druk van 200 mmHg 
(vergelijkbaar met EVAS). In totaal werd er gemiddeld 5.7 mL (inter-kwartiel 
range van 8.4 mL) vloeistof verplaatst. Histologisch onderzoek liet een 
vermindering van de mediale laag van de trombi zien. Dit was het resultaat van 
compressie van de vochthoudende canaliculi in de mediale laag. Vocht 
verplaatsing kan dus effect hebben op de stabiliteit van de endobags en de 
stentframe.  

In hoofdstuk zeven wordt de invloed van verschillende endograft configuraties 
op de aorta polsgolfsnelheid en structurele stijfheid in een in-vitro aorta model 
getest. Drie verschillende abdominale endografts (AFX, Endurant II en de Nellix) 
werden geïmplanteerd in identieke silicone aneurysma modellen. In een silicone 
model werd geen endograft (controle) geplaatst en een ander silicone model 
bevatte een aorta tube graft (Gelweave). De polsgolfsnelheid was significant lager 
in de controle groep in vergelijking met de AFX, Endurant, Nellix en tube graft 
modellen (13.00 ± 1.20, 13.40 ± 1.17, 18.18 ± 1.20, 16.19 ± 1.25 en 15.41 ± 
0.87 m s−1, respectievelijk (P < 0.05)). De structurele stijfheid van de AFX was 
significant lager in vergelijking met het controle model (4718N m−1 versus 5115N 
m−1 (P < 0.001), respectievelijk), terwijl alle andere modellen een hoger 
structurele stijfheid lieten zien. Endograft plaatsing in de silicone modellen zorgde 
voor een hogere polsgolfsnelheid vergeleken met het silicone model zonder 
endograft. Alle modellen lieten een grotere structurele stijfheid zien over het 
gemeten traject in vergelijking met het controle model, op het AFX model na.  

In hoofdstuk acht wordt onderzocht hoe nauwkeurig de 3D positie van het Nellix 
stentframe en veranderingen in positie bepaald kunnen worden. Een methode 
wordt beschreven en gevalideerd voor de kwantificatie en visualisatie voor deze 
3D positie bepaling. De stentframes van de EVAS kunnen namelijk naast distale 
migratie ook lateraal verplaatsen en er kan stentframe buiging voorkomen in het 
aneurysma. De normale definitie van distale migratie gaat voor EVAS dus niet op. 
De methode kan een nauwkeurige 3D positie van de EVAS configuratie bepalen, 
waardoor kleine veranderingen zichtbaar worden die met een standaard CTA niet 
zichtbaar zijn. In het hoofdstuk worden drie types verplaatsing geïdentificeerd: 
verplaatsing van het proximale en/of distale eind van de stentframes, laterale 
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verplaatsing van een of beide stentframes, en het buigen van de stentframes. 
Goede interobserveer overeenkomst werd gevonden voor de maximale 
verandering in stent tot stent afstand (ICC 0.070, p <0.05) met een gemiddeld 
absoluut verschil van 0.5 mm [interkwartiel range van 0.3-0.7 mm]. Perfecte 
interobserveer overeenkomst werd gevonden voor alle andere 
verplaatsingsparameters (ICC: 0.877 – 0.958) met een gemiddeld absoluut 
verschil tussen de 0.2 mm en 0.7 mm. Daarnaast kan de verplaatsing 
voorspellend zijn voor verminderde sealing en stabiliteit van de Nellix 
endosysteem.  

In hoofdstuk negen wordt de initiële proximale plaatsing en seal van de Nellix 
endograft onderzocht door gebruik te maken van CTA analyse software. De EVAS 
techniek is gebaseerd op de complete sealing van de aneurysma mantel en aorta 
nek. De CTA analyse software kan de oppervlakte in de aorta nek berekenen dat 
niet gebruikt wordt voor deze sealing. Dit is het oppervlak tussen de nier arteriën 
en de endobags van het Nellix systeem. Dit hoofdstuk laat zien dat de helft van 
de potentiele seal niet gebruikt wordt door een te lage positionering van de 
endograft (4 tot 5 mm onder de nier arteriën). Dit kan komen door het gebrek 
aan radiopaque markers op de endobags, waardoor deze tijdens de procedure 
moeilijk accuraat te plaatsen zijn. De lage plaatsing kan ook de oorzaak zijn van 
de hoger dan verwachtte complicatie aantallen na EVAS.  

Om risico factoren te vinden voor het krijgen van complicaties na EVAS, worden 
in hoofdstuk 10 de peroperatieve anatomische karakteristieken geïdentificeerd 
die complicaties na EVAS voorspellen. In totaal werden de preoperatieve 
anatomische karakteristieken van 261 EVAS patiënten uit 3 grote EVAS centra in 
Nederland gemeten. De regressie analyse laat zien dat grote aorta nek diameter, 
korte aorta nek lengte en de ratio tussen de maximale aneurysma diameter en 
aneurysma lumen diameter preoperatieve anatomische voorspellers zijn voor 
migratie van de endograft (≥5mm), endoleak (allen) en aneurysma groei 
(>5mm). De optimale afkap punten zijn 21.3 mm voor nek diameter, 18.5 mm 
voor nek lengte en 1.35 voor de aneurysma diameter ratio. Daarnaast werden in 
2016 de gebruikers instructies aangepast om het aantal complicaties te 
verminderen. Ondanks deze aanpassing hadden nog steeds 28% van de patiënten 
migratie, een endoleak en/of aneurysma groei.       

Conclusie 
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Kleine veranderingen in EVAR en TEVAR kunnen worden gedetecteerd met CT-
analyse software. Vroege detectie van deze veranderingen kunnen ervoor zorgen 
dat minder invasieve en dure re-interventies gedaan moeten worden voordat 
ernstige complicaties optreden. Daarnaast kan de software zorgen voor een betere 
patiënt specifieke follow-up.  

Bijna 30% van alle EndoAnchors die geplaatst worden bij acute of late endoleaks 
zijn niet goed geplaatst. In het overgrote deel komt dit door het gebruikt van de 
EndoAnchors buiten hun specificaties. Daarom is nauwkeurige preoperatieve 
planning, het optimale gebruik van intra-operatieve plaatsingstechnieken en het 
volgen van de gebruikers instructies erg belangrijk. Als EndoAnchors correct 
geplaatst worden is de duurzaamheid goed.  

Preoperatieve anatomische karakteristieken voor het ontstaan van migratie 
(≥5mm), endoleak (allen) en aneurysma groei (> 5mm) na EVAS zijn een grote 
nek diameter, korte aorta nek en de ratio tussen de maximale aneurysma 
diameter en de aneurysma lumen diameter. Ondanks het aanpassen van de 
gebruikers instructies komen deze complicaties nog steeds voor in 30% van de 
patiënten na middellange follow-up duur. Deze complicaties kunnen het gevolg 
zijn van een onstabiele configuratie van de huidige generatie van Nellix 
endosystemen in de abdominale aorta. Lange termijn data is nodig om de 
duurzaamheid en de toekomst voor de huidige Nellix systemen te bepalen. Tot 
dan moet het gebruik van EVAS gestopt worden.     
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Appendices 
 

 

Appendix A: Technical steps for the VIA-
software for thoracic aneurysm repair 
(TEVAR). 
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Appendix A: Technical steps for the VIA- 
software for thoracic aneurysm repair 
(TEVAR). 
 
First, measurements were performed in a 3Mensio Vascular workstation V9.1 (Pie 
Medical, Maastricht, The Netherlands). A center lumen line (CLL) was semi-
automatically drawn by through the flow lumen of the aorta between the 
ascending aorta and the abdominal aorta distal to the celiac trunk (CT). 3D 
coordinates were obtained of  the distal orifice of the LSA, proximal orifice of the 
CT, and locations of the proximal and distal neck or apposition ends. Four 
coordinate markers were positioned circumferentially on the proximal and distal 
ends of the endograft fabric on the post-operative CTA scans. (Figure 13.1) 
 

  
Figure 13.1A-B: Measurements are performed in 3Mensio. A centreline is semi-
automatically drawn though the lumen. A) shows the 3D reconstruction, while B) shows 
the CLL reconstruction. 3D coordinates of the LSA, CT, endograft fabric markers and 
proximal and distal end of the apposition are measured. Also diameters and lengths are 
measured.   
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Figure 13.2A-C: Exported mesh (A), coordinates (B) and centerlumen line (C) of the 
thoracic aorta in figure 13.1. Exported coordinates are, the LSA and CT (blue dots), the 
markers of the endograft fabric (yellow dots) and the proximal and distal position where 
360 degree apposition with the aortic wall is lost (red dots). 

 
Second, the coordinates, CLL and a mesh of the aortic flow lumen were exported 
from 3Mensio, and imported into VIA-software. (Figure 13.2) 
 
Third, the circumferential boundaries were determined with the use of the mesh 
and CLL. The LSA circumference was marked by calculating a plane through the 
LSA coordinate orthogonally to the CLL. This intersection of the plane with the 
mesh was then marked as LSA circumferences. This was also performed for the 
CT circumference and the loss of apposition circumferences. The circumference of 
the endograft fabric was calculated as the plane through the endograft fabric 
coordinates and the intersection with the aortic mesh. (Figure 13.3).  
The surfaces over the mesh between different circumferences could be calculated. 
Figure 13.4 show the available apposition surfaces and the endograft apposition 
surfaces both proximal and distal. Every coordinate in the mesh was marked if 
they were positioned between certain circumferences. The mesh was built up of 
faces. With the selected coordinates belonging to the faces, the surface could be 
calculated in mm2. The surface containing n faces with each 3 vertices is calculated 
as:  
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To reduce the calculation time, not all coordinates of the mesh were selected. Only 
the coordinates within a certain range (i.e. 5 cm, 10 cm or 20 cm) from the 
circumferences were selected and determined if they were positioned between the 
circumferences. This could manually be adjusted if surfaces became too large.  
To cope with the large angulation, the directional vectors for calculation of the 
surfaces were adjusted. In EVAR, the calculation were performed from top to 
bottom between selected circumferences. Therefore, the direction of calculation 
was performed from top to bottom. In TEVAR these circumferences were not 
necessary above each other. Therefore directional vectors were adjusted.  
The endograft in- and outflow diameters were calculated by calculating the 
diameter of the circumference of the intersection between the plane of the 
endograft markers and the aortic mesh. 
 
For determination of the position parameters, the distances over the mesh 
between the LSA/CT and endograft fabric (shortest fabric distances) and the 
distance over the mesh between the endograft fabric and 360 degree loss of 
apposition circumference (shortest apposition length) were calculated (Figure 
13.5). Due to the large angulation, the absolute shortest distances were not 
necessary the logical distances. Therefore, the shortest distances in the direction 
of the CLL were calculated. 
 

 

Figure 13.3: Boundaries of the surfaces were 
determined with the use of the mesh, CLL and 
coordinates. Green circumferences; proximal 
and distal neck boundaries. Yellow 
circumferences; proximal and distal end of the 
endograft fabric. Red circumferences; position 
were the 360 degree apposition with the aortic 
wall is lost. 

 

13 



209 
 

 

Figure 13.4: Surfaces between the 
calculated boundaries. Green surface is the 
available apposition surface and is situated 
between the boundaries of the arteries 
(LSA and CT) and between the position 
where apposition of the endograft is lost 
(red circumferences). For the apposition 
surface (yellow surface) the boundaries are 
defined as the circumferential endograft 
fabric (yellow circumferences) and the 
circumference where the 360 degree 
apposition is lost (red circumferences) 

 

Figure 13.5: Lengths over the aortic mesh 
in the direction of the CLL were calculated 
between boundaries. The blue lines are the 
shortest fabric distance, which is the 
distance that could have been used for 
apposition but is not used. The yellow lines 
are the shortest apposition lengths, which 
are the proximal and distal lengths of the 
endograft that have apposition with the 
aortic wall.  
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List of abbreviations 
 

3D  Three-Dimensional 

AAA  Abdominal Aortic Aneurysms  

AAS  Available Apposition Surface 

AB  Aortic Bifurcation 

ANCHOR Aneurysm Treatment Using the Heli-FX Aortic Securement 
System Global Registry 

ANOVA  Analyses of Variance 

ANS  Aortic Neck Surface 

aPWV  arterial Pulse Wave Velocity 

BMF  Blood Mimicking Fluid 

CE  Conformité Européene 

CFD  Contralateral Farbric Distance 

CI  Confidence Interval 

CIA  Common Iliac Artery 

CLL  Center Lumen Line 

CT   Celiac Trunk 

CTA  Computed Tomography Angiography 

DAB  Distal Apposition Boundary 

DEVASS Dutch EVAS Study  

DSE  Distal Stent End 

EA  EndoAnchor 

EAS  Endograft Apposition Surface 

EVAR  Endovascular Aneurysm Repair 

EVAS  Endovascular Aneurysm Sealing 

FDA   Food and Drug Administration 
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ICC  Interclass Correlation Coefficient 

IFU  Instructions for Use 

ILT  Intraluminal Thrombus 

IQR  Interquartile Range 

IVUS  Intravascular Ultrasound 

LFD  Longest Fabric Distance 

LSA  Left Subclavian Artery 

NAS  Non-Apposition Surface 

PEF  Proximal End of endograft Fabric 

PEG  Polyethylene Glucol 

PSE  Proximal Stent End 

PTFE  Polytetrafluoretheen 

RMSE  Root Mean Square Error 

ROC  Reciever Operator Characteristics 

SAL  Shortes Apposition Length 

SFD  Shortest Fabric Distance 

SIR  Signal Intensity Ratio 

SMA  Superior Mesenteric Artery 

SSD  Shortest Sealing Distance 

TEVAR  Thoracic Endovascular Aortic Aneurysm Repair 
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