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CHAPTER 1. GENERAL INTRODUCTION & OUTLINE OF THE THESIS

General introduction
Abdominal aortic aneurysm
The word aneurysm is derived from the Greek word ὰν²ύρυσµα, meaning dilation. It
describes the permanent localized bulging of an artery, caused by pathological weakening
of the structural integrity of the vessel wall. 1 Atherosclerosis, infection, trauma and genetic
factors, combined with repeated pressure on the weakened wall, may cause or contribute
to the disease process. 2–5
An abdominal aortic aneurysm (AAA) is defined when the dilated aortic diameter exceeds 30 mm or 1.5 times the original diameter. 6,7 An AAA is commonly located in the infrarenal aorta, which contains less than half of the elastin content of the suprarenal aorta,
possibly effecting the local compliance and integrity. 8,9 The incidence is estimated between 4.1% and 14.2% in men, and 0.4 and 6.2% in women. 9 The risk of developing an
AAA increases with age, and the risk of rupture increases with aneurysm size. 10,11 Rupture
of the abdominal aorta is associated with a mortality rate of 65 – 85%. 11 Therefore, elective
intervention is advised when the risk of death from aneurysm rupture exceeds the risk of
the procedure, estimated at 55 mm for men and 52 mm for women, or annual growth of
10 mm. 12

Endovascular aneurysm repair
Endovascular treatment of the AAA was introduced by Volodos in 1988, and published by
Parodi in 1991 as an alternative to open repair. 13,14 Endovascular aneurysm repair (EVAR)
typically involves the introduction of a modular device into the abdominal aorta via access
in the left and right common femoral arteries. In case of an infrarenal aneurysm, the selfexpanding main body of the device is positioned just below the orifice of the lowest renal
artery, using intraoperative angiographic imaging. When positioned correctly, the main
body is unfolded and the contralateral limb is attached. A completion angiogram is made
to ensure successful seal in the proximal and distal landing zones (Figure 1.1).
The main benefit of EVAR compared to open repair is a lower 30-day mortality. However, the short-term benefit is lost during long-term follow-up, with a two-fold increased
need for reinterventions. 15–17 Complications that often need reintervention and typically
relate to EVAR are endoleaks – leakage of blood into the native aneurysm sac – and distal device migration. An endoleak may re-pressurize the weakened aneurysm wall, which
may result in rupture. Especially type I, II and III endoleaks, and device migration have
been identified as leading causes of postoperative rupture. 17–19
10
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Proximal seal failure
Intraoperative type IA endoleak has been observed in 21% of the elective EVAR patients. 20
During follow-up, 2.3 – 3.0% of the patients will
undergo reintervention for a type IA endoleak,
1.0 – 5.1% of the patients must be treated for
significant device migration (> 10 mm), and
type IB endoleak (failure of distal seal) is reason
for reintervention in 2.3% of the patients. 21–25
Type IA endoleak and device migration are
the result of insufficient fixation and/or seal
in the infrarenal aortic neck. Hostile anatomy,
postprocedural neck dilatation, initial low deployment and short seal length have been associated with proximal seal failure. 22,26–38 The
exact influence of individual anatomical characteristics remains unclear. Many studies included a combined group of patients who
presented with periprocedural seal failure, at

Figure 1.1: Completion angiogram.

short-term (< 1 year) and long-term (> 1 year)
follow-up. However, short-term complications may be associated with other anatomical
risk factors than long-term complications. Another cause of inconsistent findings in literature may be the use of unstandardized methods for defining the anatomy. Many measurement methods are based on two-dimensional simplification of the aortic trajectory,
while the actual anatomy is a more complex three-dimensional (3D) configuration. Studies that distinguish between acute and late seal failure, with 3D analysis of the anatomy,
are required to gain insight in potential underlying causes of failure in the infrarenal neck
post-EVAR.

EVAR surveillance
EVAR surveillance can be performed with color duplex ultrasound (CDU) or computed tomography angiography (CTA). CDU has the benefit of being cheap, with no exposure to
radiation and nephrotoxic contrast. The downside of this modality is lower sensitivity for
endoleak detection than CTA, and it provides no information on the position of the endograft in the aortic neck. 39 X-ray can be added to show stent integrity and to detect migration, but subtle endograft displacement cannot be detected. Radiation exposure and the
11
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need of nephrotoxic contrast are downsides of CTA, but it provides detailed 3D information and is highly sensitive to detect endoleaks. Therefore, CTA surveillance is commonly
performed at one month and one year post-EVAR, followed by annual CDU surveillance.
When complications are suspected, further surveillance with CTA instead of CDU may be
required.
Current postprocedural imaging focuses mainly on the detection of complications,
while predicting type IA endoleak and significant migration (> 10 mm) is hard. However,
accurate 3D analysis of the CTA scans may provide information that can be used to predict complications before urgent reintervention is required, which would greatly increase
the value of the CTA scans. 3D analysis of the first postoperative scan provides information about deployment accuracy, adaptive neck enlargement and obtained apposition of
the fabric with the infrarenal neck. These variables serve as a baseline for further CTA
follow-up, allowing detection of subtle displacement, endograft expansion and changes
in apposition.

Research objectives
The overall goal of this study is to identify patients at risk for failure of proximal seal and
fixation, by 3D analysis of conventional preoperative and postoperative CTA scans.
• The first objective of this thesis is to develop and validate a novel methodology for
defining the complex 3D aortic trajectory on preoperative CTA scans, and the 3D endograft apposition, position and expansion within the infrarenal aortic neck (further
referred to as endograft dimensions) on conventional postoperative CTA imaging.
• The second objective is to associate the preoperative aortic (neck) morphology with
both intraoperative and late (> 1 year post-EVAR) failure of seal in the infrarenal
aortic neck.
• The third objective is to define the accuracy of endograft deployment relative to the
renal arteries in regular elective EVAR cases.
• The fourth objective is to define the predictive value of endograft deployment, apposition and expansion on the first postoperative CTA scan and changes herein during
follow-up for the development of type IA endoleak and migration.

Outline of the thesis
12
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Part I – Preoperative imaging
Chapter 2 – How to define the 3D trajectory of the abdominal aorta?
Aortic neck angulation is amongst the anatomical characteristics with least consensus in
literature. The measurement methods that have been described depend on eyeballing
of the largest suprarenal and infrarenal angle and triangular simplification of the anatomy. 40–42 Aortic curvature is introduced in this chapter as an alternative to angulation. Average and maximum curvature values were calculated automatically over the centerline,
over predefined regions of the abdominal aorta. The variability of these calculations –
caused by semi-automatic centerline construction – was determined, and compared to
angulation measurements.
Chapter 3 – Is the risk for intraoperative type IA endoleaks predicted more accurately
by defining the aortic trajectory with curvature than with angulation?
Automatic calculation of average and maximum curvature over specific abdominal aortic segments and localization of the largest curvature relative to anatomical references
enables quantification and visualization of the entire relevant aortic trajectory, including
aortic bending rate and tortuosity. Therefore, aortic curvature is more sensitive to local irregularities than angulation. This chapter defines the predictive value of aortic curvature
for the development of intraoperative type IA endoleak, and compares it to angulation and
other anatomical (neck) characteristics.
Chapter 4 – What preoperative anatomical characteristics are predictive for late type
IA endoleak and endograft migration?
Most studies on hostile aortic neck criteria included a combination of patients with acute
and late seal failure. Therefore, it is unclear which anatomical characteristics are associated with either acute or late failure. Since post-EVAR surveillance is optimized for shortterm follow-up (< 1 year), it is important to identify patients at risk for later (> 1 year)
failure. This chapter identifies preoperative anatomical characteristics that are associated
with late migration (> 10 mm) and type IA endoleak.

Part II – Postoperative imaging
Chapter 5 – How to define the 3D (ap)position and expansion of the endograft in the
complex morphology of the infrarenal aortic neck?
No validated methodology was available for accurate analysis of the apposition of the endograft fabric with the infrarenal aortic neck, position of the proximal fabric edge relative
to the renal arteries, and expansion of the main body, on post-EVAR CTA scans. Novel
13
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proprietary software was developed to analyze these endograft dimensions. The methodology is described in this chapter, including validation of the accuracy and precision of
these calculations.
Chapter 6 – How should (changes in) endograft dimensions in the infrarenal aortic neck
be interpreted?
Accurate 3D analysis of the (ap)position and expansion of the endograft within the infrarenal neck with dedicated software has not been described before, so interpretation of
the results may be challenging. This chapter provides four examples of analysis of preand postoperative CTA scans of patients with late (> 1 year) type IA endoleak or migration. ’Warning signs’ for suboptimal (ap)position or severe expansion of the endograft at
the first postoperative CTA scan, and potentially hazardous changes of these dimensions
during follow-up are described.
Chapter 7 – How accurately are endografts deployed in the infrarenal aortic neck relative to the renal arteries?
With the development of EVAR technology, endovascular treatment of patients with challenging aortic necks has become more common. Debates on this subject generally assume
full coverage of the infrarenal neck, but accuracy of endograft deployment relative to the
renal arteries is yet unknown. With use of the dedicated software described in chapter 5,
the shortest distance of the proximal edge of the fabric towards the lowest and highest renal arteries was determined over the curve of the aortic neck in a series of 81 elective EVAR
patients.
Chapter 8 – Are (changes in) endograft dimensions predictive for later failure of fixation and seal in the infrarenal aortic neck?
The ultimate question is if we can foresee the development of proximal seal failure in an
early stage, by analyzing endograft (ap)position and adaptive neck behavior on the first
postoperative scan, and changes in endograft dimensions during follow-up. This chapter
provides a baseline for the endograft dimensions within the infrarenal aortic neck for four
groups of elective EVAR patients: 1) with a type IA endoleak; 2) with migration (> 10 mm);
3) with type II endoleak and 4) with no complications during follow-up. (Changes in) endograft dimensions were compared between the complicated and uncomplicated groups,
and variables were identified that can predict later failure.
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Aortic Curvature Instead of Angulation
Allows Improved Estimation of the True
Aorto-iliac Trajectory
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CHAPTER 2. AORTIC CURVATURE – VALIDATION

Abstract

2

Objective: Supra- and infrarenal aortic neck angulation have been associated with complications after endovascular aortic aneurysm repair. However, a uniform angulation measurement method is lacking and the concept of angulation suggests a triangular oversimplification of the aortic anatomy. (Semi-)automated calculation of curvature along the
center luminal line describes the actual trajectory of the aorta. This study proposes a
methodology for calculating aortic (neck) curvature and suggests an additional method
based on available tools in current workstations: curvature by digital calipers (CDC).
Methods: Proprietary custom software was developed for automatic calculation of the
severity and location of the largest supra- and infrarenal curvature over the center luminal line. Twenty-four patients with severe supra- or infrarenal angulations (≥ 45◦ ) and
11 patients with small to moderate angulations (< 45◦ ) were included. Both CDC and
angulation were measured by two independent observers on the pre- and postoperative
computed tomographic angiography scans. The relationships between actual curvature
and CDC and angulation were visualized and tested with Pearson’s correlation coefficient.
The CDC was also fully automatically calculated with proprietary custom software. The
difference between manual and automatic determination of CDC was tested with a paired
Student t test. A p-value was considered significant when two-tailed α < .05.
Results: The correlation between actual curvature and manual CDC is strong (.586 – .962)
and even stronger for automatic CDC (.865 – .961). The correlation between actual curvature and angulation is much lower (.410 – .737). Flow direction angulation values overestimate CDC measurements by 60%, with larger variance. No significant difference was
found in automatically calculated CDC values and manually measured CDC values.
Conclusion: Curvature calculation of the aortic neck improves determination of the true
aortic trajectory. Automatic calculation of the actual curvature is preferable, but measurement or calculation of the curvature by digital calipers is a valid alternative if actual
curvature is not at hand.
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Introduction
During the last decade endovascular aneurysm repair (EVAR) has become the preferred
treatment modality for infrarenal aortic aneurysms (AAA), with superior short-term results compared with open surgery. 1 However, long-term outcome is highly dependent on
patient selection and procedure planning. 2,3 In challenging aortic neck anatomy, EVAR
has been associated with substantial complications, including endograft migration and
type IA endoleaks. Among hostile neck anatomy characteristics, both suprarenal angulation (> 45◦ ) and infrarenal angulation (> 60◦ ) are important. 4–9
Despite inclusion of large numbers of patients in previous EVAR studies, it is difficult to
determine the influence of each individual aortic neck characteristic on post-EVAR complications. One of the difficulties is the lack of a standardized measuring methodology.
Angulation is measured in different ways, compromising reliable comparisons between
studies as well as the interpretation of endograft manufacturers’ instructions for use (IFU).
Over the past 10 years, more and more preoperative sizing and planning has been
based on the center luminal line (CLL) reconstructions with the use of a 3D workstation.
To determine supra- and infrarenal angulation, 3D workstations offer the option of measuring the angle between the flow direction from the suprarenal aorta to the aortic neck
and from the aortic neck to the aneurysm sac along the CLL, respectively. This method is
based on the 2D method described by Van Keulen and coworkers, and adapted for measuring in three dimensions along the CLL. 10 The angulation measurement over the CLL is
referred to as the flow direction angulation method (FDAM).
By using the FDAM, the maximum angle at the crossing of two flow lines is measured.
For gentle curvature, the intersection is located far from the center luminal line, and therefore it overestimates the true aortic curvature. Also, measuring the change in flow direction
may underestimate the risk factors for EVAR, as tortuous segments will be ignored.
In the present study, a new method is proposed that describes the actual curve of the
aorta that is followed by the endograft during deployment throughout the entire aortic
neck and into the aneurysm. A better term to describe this aortic trajectory would be curvature instead of angulation, as angulation suggests a triangular oversimplification of the
aortic anatomy. Curvature takes into account not only the severity of the angulation, but
also the shape of the trajectory over which the angulation is present. Angulation, contrary
to curvature, cannot differentiate between sharp and long curves, while large aortic neck
curvature could result in suboptimal endograft deployment (Figure 2.1).
In this paper, the method for calculating aortic curvature is described and tested on a
cohort of 35 EVAR patients. The curvature is defined by a mathematical formula and will
23

2

CHAPTER 2. AORTIC CURVATURE – VALIDATION

2

Figure 2.1: Endograft segmentation in two heavily angulated aortas, the angulation is measured
with the flow direction angulation method (FDAM). (A) Large angulation (97.5◦ ), but low curvature,
endograft is correctly deployed. (B) Large angulation (88.6◦ ) and large curvature, the endograft is
slightly kinked. A lower risk for migration and type IA endoleaks is suspected in (A) compared with
(B).

be referred to as actual curvature. As this formula for actual curvature is not available in
all clinically used workstations, a semi-automated measurement method is described that
enables aortic curvature measurements with digital calipers, called curvature by digital
calipers (CDC). The hypothesis is that CDC is a good approximation of the actual (mathematically calculated) curvature. Both angulation by the flow direction method (FDAM)
and CDC will be compared with the actual curvature to test this hypothesis.

Methods
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Curvature and angulation
The 3mensio Vascular workstation 7.0 (Pie Medical Imaging BV, Maastricht, The Netherlands) was used to obtain the CLL at 1-mm increments from the CT scan. This CLL was
used to obtain the supra- and infrarenal curvature and angulation. Matlab 2013b (The
MathWorks, Natick, Massachusetts, USA), software for numerical calculations, visualization and programming, was used to develop customized software to calculate curvature
over the CLL.
The actual curvature (κ) was calculated by numerical computation, using the mathematical definition of extrinsic linear curvature (Equation 2.1; Figure 2.2A).
κ=

p
(z 00 y 0 − y 00 z 0 )2 + (x 00 z 0 − z 00 x 0 )2 + (y 00 x 0 − x 00 y 0 )2
(x 02 + y 02 + z 02 )3/2

(2.1)

where [x, y, z] are the CLL Cartesian coordinates, ’ = first derivative, ” = second derivative.
Two digital caliper methods were used, one manual and one automated. The digital caliper is an isosceles triangle of three points that can be shifted over the CLL with
the cursor of the computer mouse. The CDC is the angle between the three coordinates
subtracted from 180◦ , which is displayed at the screen for each desired location at the
CLL (Figure 2.2B). The largest suprarenal (γ) and infrarenal (δ) CDC were measured in the
3mensio workstation by two experienced observers.
The automated Curvature by Digital Calipers (aCDC) was calculated with the customized software. The largest suprarenal (γ) and infrarenal (δ) aCDC were automatically
determined by the software (Figure 2.2C).
The angulation (FDAM) was measured in three dimensions by two experienced observers from the 3D CLL in the 3mensio workstation. The suprarenal angle (α) was measured between the flow axis of the suprarenal aorta and the flow axis of the aortic neck, the
infrarenal angle (β) was measured between the flow axis of the aortic neck and the flow axis
of the aneurysm sac, as is described by Van VanKeulen and coworkers (Figure 2.2D). 10 In
case of multiple angles, the maximum angle was chosen. The flow axis was defined by two
points on the CLL, marking the inflow and outflow of the segment.

Software validation
The automatic calculation of maximal curvature by digital calipers was validated by correlating it to the outcome of 35 pre- and postoperative measurements of the curvatures γ
and δ by digital calipers in 3mensio. The measurements were performed by two experienced observers.
25
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Figure 2.2: Example of angulation and curvature measurements and calculations on a pre-EVAR
CTA scan; the orifice of the lowermost renal artery is marked by the yellow plane. (A) Automatic
calculation of actual curvature (γ = 125 m−1 ; δ = 76 m−1 ); the colors indicate the degree of curvature, blue dots mark the location of the largest curvatures. (B) Measured curvature by digital calipers
(γ = 58◦ ; δ = 49◦ ). (C) Automatically calculated curvatures by digital calipers (γ = 58◦ ; δ = 49◦ ); the
red dot marks the baseline, green dots mark the measured locations of the largest curvatures. (D)
Measured angulation by flow direction in 3mensio (α = 76.3◦ ; β = 64.9◦ ).
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Patient inclusion In this study, 35 patients (29 males, mean age 76 ± 6 years) who
had undergone elective endovascular repair of an infrarenal aortic aneurysm with an Endurant endoprosthesis (Medtronic, Santa Rosa, CA, USA) were included. Both supra- and
infrarenal angulations were calculated on the preprocedural CT scans with the FDAM.
Twenty-four consecutive patients with supra- or infrarenal angulation > 45◦ , and 11 consecutive patients with milder angulations were selected. The large number of severely
angulated aortic necks was chosen because it was hypothesized that angulation measurements will be more difficult in severe angulations and to show the added value of curvature
in these complex anatomies. The protocol was approved by the institutional review board.
Mean time interval from the preoperative CT scan to the EVAR procedure was 63 days
(1 – 194), and from surgery to postoperative CT scan was 33 days (13 – 64).

CTA scan protocol CTA images were acquired on a 256 slice CT scanner. Scan parameters were: tube voltage 120 kV, tube current time product 180 mAs pre- and 200 mAs postoperative, distance between slices 0.75 mm, pitch 0.9 mm, collimation 128 mm × 0.625
mm pre- and 16 mm × 0.75 mm postoperative. Preoperative slice thickness was 2.1 ± 1.1
mm. Postoperative slice thickness was 1.6 ± 0.4 mm. Preoperatively, 100 mL Xenetix300
contrast was administered intravenously in the arterial phase at 4 mL/s, postoperatively
80 mL was administered at 3 mL/s.

Statistical analysis Statistical analysis was performed with SPSS v. 22 (IBM Corp, Armonk, NY, USA). A p-value was considered significant when two-tailed α < .05. Difference
between manual and automatic determination of CDC was tested with the paired Student
t test. Bland-Altman plots were constructed as scatter plots in which the Y axis represented
the difference between two paired measurements and the X axis represented the average
of these measurements.

Correlation between actual curvature and measured curvature and
angulation
Thirty-five pre- and postoperative measurements of angles α and β by FDAM and curvatures γ and δ by CDC were correlated to the actual curvature for each of the two observers.
The relationship between the different methods and the actual curvature was shown in
scatter plots and tested with the two-tailed Pearson correlation coefficient.
There are two appendices with validation of the methodology: Appendix A: In vitro validation of curvature calculation over the center luminal line, and Appendix B: Conversion
from CDC (◦ ) to curvature (m−1 ).
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Figure 2.3: Example of actual curvature (blue, in m−1 ) versus automatically calculated aCDC (purple, in ◦ ) over the CLL of the same patient as in Figure 2.2. Left to right equals caudal to cranial with
the aortic bifurcation set to 0, and locations of the caudal end of the neck (Neck) and orifice of the
lowest renal artery (Baseline) are marked. For correct scaling, the conversion factor 1:1.8 is used.
The digital calipers closely follow the actual curvature.

Results
Figure 2.2 shows an example of the actual curvature γ and δ, angles α and β by FDAM, and
CDC and aCDC γ and δ. All measurements and calculations were performed on the same
CLL.
An example of the aCDC versus the actual curvature over the entire trajectory of the
abdominal aorta is shown in Figure 2.3. This graph shows the curvature over the aortic
trajectory from the suprarenal aorta to the bifurcation. The graph also illustrates the location, magnitude (height of peak), and trajectory (width of peak) of curvatures γ and δ.

Validation of aCDC
Pre- and postoperative maximal curvatures γ and δ on the CLL of 35 patients were measured by an experienced observer in 3mensio (CDC) and calculated in Matlab (aCDC). The
28
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Table 2.1: Association between automatic and measured largest curvature by digital calipers
Automatic

Measured

Difference
(%)

P

mean (SD)

mean (SD)

Pre-EVAR, γ (◦ )

32.4 (15.7)

32.5 (15.7)

0.14

.582

Pre-EVAR, δ (◦ )

41.9 (14.2)

41.9 (14.1)

0.03

.897

Post-EVAR, γ (◦ )

26.9 (13.6)

27.2 (13.5)

0.95

.056

Post-EVAR, δ (◦ )

30.1 (12.7)

30.1 (12.7)

0.16

.490

2

Figure 2.4: Bland-Altman plots of automatic versus measured largest curvature by digital calipers.

paired t test showed no significant difference between maximum automatic and measured
CDC over any of the regions (Table 2.1). The Bland-Altman plot shows a minimal systematic error, suggesting good agreement between the CDC and aCDC (Figure 2.4).
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Table 2.2: Average pre- and post-EVAR maximum curvature and angulation over the supra- and
infrarenal aorta (n = 35)a

2

Pre-EVAR, γ/α

Curvature (m−1 )

aCDC (◦ )

CDC (◦ )

Angulation (◦ )

62.7 (42.0)

32.4 (15.7)

32.5 (15.7)

43.2 (21.5)
66.6 (19.3)

Pre-EVAR, δ/β

77.7 (32.3)

41.9 (14.2)

41.9 (14.1)

Post-EVAR, γ/α

48.0 (30.0)

26.9 (13.6)

27.2 (13.5)

42.4 (21.8)

Post-EVAR, δ/β

55.3 (32.7)

30.1 (12.7)

30.1 (12.7)

53.8 (21.4)

a Data shown as mean (SD).

Correlation between angulation and curvature
Table 2.2 shows the average angulation and curvature, determined by the different methods over the pre- and postoperative supra- and infrarenal aorta. Suprarenal angulation
is reduced by 2% and infrarenal angulation by 19% as a result of the endoprosthesis implantation. Suprarenal curvature is reduced by 16 – 23% and infrarenal curvature by 28 –
29%.
Both automated and manual CDC measurements of the maximum curvature are very
close to true mathematical midline curvature (Figure 2.5A,B; Table 2.3). The correlation
between the actual curvature and the CDC is strong (.586 – .962) and even stronger for the
aCDC (.865 – .961). The correlation between the actual curvature and the FDAM is much
lower (.410 – .737; Figure 2.5C; Table 2.3). Flow direction angles overestimate CDC by 60%
on average, and vary substantially (Figure 2.5D).

Discussion
Measuring or calculating aortic curvature instead of angulation has four advantages:
1. Measurements and calculations are performed entirely on the CLL.
2. Curvature is calculated over all CLL coordinates, which enables software manufacturers to include calculation of maximum as well as average curvature over specific
aortic segments, such as suprarenal aorta, aortic neck, aneurysm, aortic bifurcation,
and common iliac artery.
3. Distance of the largest curvature from baseline (lowest renal artery) can be measured over the CLL, which enables comparison of the largest curvature location between multiple follow-up CTA scans. This is useful for proper quantification of even30
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Figure 2.5: Scatter plots of actual curvature versus CDC and FDAM. Measurements by two observers,
pre- and postoperative values of supra- and infrarenal aortic neck are combined. (A) Actual curvature versus measured curvature by digital calipers. (B) Actual curvature versus automatically calculated curvature by digital calipers. (C) Actual curvature versus angulation by flow direction. (D)
Angulation by flow direction versus measured curvature by digital calipers.

tual displacement of the largest curvature over time and changes in the proximal
part of the endograft over time.
4. In a tortuous aorta, multiple relevant curvatures can be measured and displayed,
potentially increasing insight into the risks of endovascular repair over long term
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Table 2.3: Correlation of the actual curvature and the curvature by digital calipers (automatic and
manual) and the angulation by flow direction

2

Observer 1
aCDC (◦ )

CDC (◦ )

FDAM (◦ )

Observer 2

Pearson’s CC

P

Pearson’s CC

P

Pre-EVAR, γ

.953

<.001

.934

<.001

Pre-EVAR, δ

.865

<.001

.939

<.001

Post-EVAR, γ

.958

<.001

.961

<.001

Post-EVAR, δ

.902

<.001

.932

<.001

Pre-EVAR, γ

.952

<.001

.759

<.001
<.001

Pre-EVAR, δ

.874

<.001

.857

Post-EVAR, γ

.962

<.001

.586

<.001

Post-EVAR, δ

.902

<.001

.785

<.001

Pre-EVAR, α

.521

.001

.711

<.001

Pre-EVAR, β

.410

.014

.651

<.001

Post-EVAR, α

.737

<.001

.431

.010

Post-EVAR, β

.612

<.001

.633

<.001

follow-up.
Despite the essence of a robust and validated measurement method for aortic angulation, multiple methods have been described and are used in clinical practice, each with
benefits and limitations.
In 1997, Ahn et al. were the first to describe a classification of aortic angulation. 11 They
proposed measurement of the ”largest angle”, but did not describe how this angle should
be measured. Chaikof and colleagues specified that the suprarenal angle (α) should be
measured between the flow axis of the suprarenal and infrarenal aortic neck and the infrarenal angle (β) between the flow axis of the infrarenal neck and the aneurysm body. 2
Van VanKeulen et al. included the use of a 3D workstation to define angulation α and β. 12
However, their method was still dependent on the visual interpretation of the largest angle, which might lead to substantial inter-rater variability and the possibility of misinterpreting the location of the largest angle. Furthermore, their method is still based on twodimensional angulation measurements, often underestimating or overestimating tortuous aorta segments. To reduce the errors of two-dimensional measurements, the method
of Van VanKeulen was adapted to a 3D measurement technique, available in the 3mensio
workstation.
Ouriel et al. described a different way of defining aortic angulation. 13 They calculate
the angle between fixed points on the aorta CLL. The suprarenal angulation is measured
between the orifice of the celiac trunk, the orifice of the lowermost renal artery, and the
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proximal aspect of the aneurysm sac. The infrarenal angulation is measured between the
orifice of the lowermost renal artery, the proximal aspect of the aneurysm sac, and the aortic bifurcation. Despite this method being less susceptible to inter-rater variability than
other methods, tortuous segments not located in the inferior renal orifice or the proximal end of the aneurysm sac are not measured, while these segments could contribute to
accurate procedure planning or risk analysis for patient outcome.
The variety in measured angles by these different methods influences the interpretation of endograft manufacturers’ instruction for use (IFU). Incorrect interpretation of
the IFU could lead to unintentional treatment of patients outside the IFU, or unnecessary
open procedures in patients fit for endovascular repair.
This is the first study to describe methods for abdominal aortic curvature measurements. It is hypothesized that procedure success, endograft migration, type IA endoleak
prevalence, and endograft kinking are associated with curvature, rather than with angulation. Figure 2.1 shows an example of potential endograft kinking in a postoperative scan in
a highly curved aorta, whereas an aorta with similar angulation but lower curvature shows
no signs of kinking. The hypothesis of increased risk for migration is supported by findings of Figueroa et al. 14 They show how the increase in aortic curvature leads to higher
displacement forces in a 3D computational analysis.
Evidence that curvature is superior to angulation in predicting aortic neck-related adverse events can only be assessed through analysis of clinical data. An other study by our
group compared 64 patients who developed intraoperative type IA endoleaks with 79 control participants without early or late neck-related complications. Predictive value of curvature was compared with supra- and infrarenal angulation, neck tortuosity index, and
other neck characteristics, including neck length, neck diameter, maximum aneurysm sac
diameter, and calcium and thrombus load in the aortic neck. Multivariate regression analysis identified calcification circumference in the aortic neck (p = .020) and curvature over
the juxtarenal aortic neck (p = .039), curvature over the aneurysm sac (p = .048) and curvature over the terminal aorta (p = .002) as significant predictors for intraoperative type IA
endoleak. Suprarenal and infrarenal angulation and aortic neck tortuosity index were no
significant predictors. 15
When it comes to procedure planning, inaccurate assessment of aortic tortuosity can
result in underestimation of the true aorta length. This occurs when the stiff endograft
straightens the tortuosity and the angulation is transposed to suprarenal and/or iliac regions. Visualization of the entire aortic tortuosity will be helpful in interpreting the risk
for aortic straightening. The overview of the number of curves and their severity are also
of great value in preventing physicians for overlooking relevant curvatures. This option,
however, is only available for automatic curvature calculation, which is not incorporated
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in current 3D workstations.

2

Curvature is a mathematical expression, and can be numerically calculated over the
CLL coordinates. The current software can be easily included in any CLL-based workstation at very low costs. Moreover, other commercially available workstations do have some
sort of curvature calculations incorporated, which is free of charge.
A strong correlation was seen between the actual curvature and the CDC (Table 2.3;
Figure 2.5A), suggesting that digital calipers give a good representation of the actual curvature and therefore are a decent alternative for actual curvature calculation if this is not
available. As the digital calipers measure the curvature in a triangular orientation over a
distance of 30 mm, sharp curves (narrow peaks in Figure 2.3) are smoothed. CDC values
depend on the length of the caliper arms. Reducing the caliper arm length would better
follow the curve of the CLL, but will also result in smaller curvature values, including more
noise. Because exact curvature measurement may not be clinically relevant, as long as the
measurements provide useful information for procedure planning, improve clinical outcome, and the measurement procedure is fast, easy to use, and reproducible, the exact
length of the caliper arms is not of importance. More important, however, is standardization of techniques. The use of a standardized arm length of 15 mm is recommended,
which correlates well with the actual curvature and results in curvature values that are easy
to interpret. The Tortuosity Angle tool with 15 mm arms, available in the 3mensio workstation, is a good tool for measuring CDC. Other companies may offer similar utilities, but
these have not been tested as part of this study.
The locations of curvatures γ and δ in relation to the upper and lower renal arteries
and the begin of the aneurysm are also important. The proprietary custom software, designed in Matlab, provides an overview of these relations (Figure 2.3). Future research is
needed to relate the magnitude and location of curvature to procedure success and longterm complications. The effect of aorta straightening, accuracy of post-EVAR endograft
placement in angulated aortas, and endograft sealing are also subjects of interest for further research.
The proposed methodology for curvature measurements instead of angulation has two
limitations. First, curvature is calculated at every point of the CLL. Reliability of the curvature calculations depends on the correctness of the CLL. If the CLL is misplaced, it will
influence the accuracy of the curvature measurements. To reduce this limitation, the CLL
should be placed with care in the center of the lumen. This may require some extra planning time.
Second, clinical use of actual curvature measurements has not been published so far.
It requires implementation of the curvature calculation software in clinical workstations.
Only then can the method be standardized for uniform reporting.
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Conclusion
Proper and consistent measurement of aortic (neck) angulation is difficult. It assumes linear, angulated neck configurations, which is often not a true representation of the aortic
anatomy. In the current study curvature is calculated instead of angulation. Curvature
provides information about the entire aortic trajectory, including severity of angulation.
Actual curvature calculation is the most accurate means of representing aortic curvature,
but if this option is not available in the workstation, CDC can be measured instead. The
current analysis documented a high correlation between CDC and the actual curvature. As
the measured CDC is dependent on the caliper arm length, a consensus is needed about
the arm length. Until such a consensus is available, an arm length of 15 mm is proposed.
This methodology should provide a standardized method of expressing the true aortic trajectory and one that does not assume a linear angular configuration at the aortic neck.
This novel technique holds potential to improve the predictive value of aortic neck measurement for identifying those patients at greatest risk for proximal neck complications
after endovascular aneurysm repair.

Appendices
Appendix A: In vitro validation of curvature calculation over the center luminal line.
Appendix B: Conversion from CDC (◦ ) to curvature (m−1 ).
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CHAPTER 3. AORTIC CURVATURE – INTRAOPERATIVE TYPE IA ENDOLEAK

Abstract
Objective: Hostile infrarenal neck characteristics are associated with complications such
as type IA endoleak after endovascular aneurysm repair. Aortic neck angulation has been
identified as one such characteristic, but its association with complications has not been

3

uniform between studies. Neck angulation assumes triangular oversimplification of the
aortic trajectory, which may explain conflicting findings. By contrast, aortic curvature is a
measurement that includes the bending rate and tortuosity and may provide better predictive value for neck complications.
Methods: Data were retrieved from the Heli-FX (Aptus Endosystems, Inc, Sunnyvale, Calif )
Aortic Securement System Global Registry (ANCHOR). One cohort included patients who
presented with intraoperative endoleak type IA at the completion angiogram as the indication for EndoAnchors (Aptus Endosystems), and a second cohort comprised those without
intraoperative or late type IA endoleak (controls). The aortic trajectory was divided into six
segments with potentially different influence on the stent graft performance: suprarenal,
juxtarenal, and infrarenal aortic neck (-30 to -10 mm, -10 to 10 mm, and 10 to 30 mm from
the lowest renal artery, respectively), the entire aortic neck, aneurysm sac, and terminal
aorta (20 mm above the bifurcation to the bifurcation). Maximum and average curvature were automatically calculated over the six segments by proprietary custom software.
Aortic curvature was compared with other standard neck characteristics, including neck
length, neck diameter, maximum aneurysm sac diameter, neck thrombus and calcium
thickness and circumference, suprarenal angulation, infrarenal angulation, and the neck
tortuosity index. Independent risk factors for intraoperative type IA endoleak were identified using backwards stepwise logistic regression. For the variables in the final regression
model, suitable cutoff values in relation to the prediction of acute type IA endoleak were
defined with the area under the receiver operating characteristic curve.
Results: The analysis included 64 patients with intraoperative type IA endoleak and 79
controls. Logistic regression identified only aortic neck calcification and aortic curvature,
expressed over the juxtarenal aortic neck, the aneurysm sac, and the terminal aorta, as independent predictors of intraoperative type IA endoleak.
Conclusion: Together with aortic neck calcification, aortic curvature appears to be the
best predictor of intraoperative type IA endoleak, as expressed within the juxtarenal aortic
neck, the aneurysm sac, and the terminal aorta. Aortic neck angulation was not a predictor for acute failure. Aortic curvature may provide a better anatomic characteristic to
define patients at risk for early complications after endovascular aneurysm repair.
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Introduction
Endovascular aneurysm repair (EVAR) is the preferred treatment for infrarenal abdominal
aortic aneurysms. Challenging aortic neck morphology is considered the most limiting
factor that increases the risk of migration and type IA endoleak. 1 Aortic neck length, neck
diameter, maximum aneurysm sac diameter, neck calcification, neck thrombus, and aortic neck angulation have been associated with aortic neck-associated complications. 2–10
Although a short neck length was a significant predictor in all but one study, reports on
the effects of other predictors are inconsistent. In particular, the data on aortic neck angulation, a measure commonly used to define a patient’s suitability for EVAR, have been
conflicting. 2,3,5,7–10
These inconsistent findings may relate to heterogeneous definitions and methodology
for measuring neck angulation. As an alternative to neck angulation, we suggest the use of
aortic curvature to define the aortic neck trajectory. Curvature provides several practical
advantages, including full automation of the calculation, calculation of local maximum
or average curvature over specific segments of trajectory, localization of the largest curvature, and visualization of curvature over the entire aortic neck and aneurysm. As well,
curvature includes aortic bending rate and tortuosity measurements over the center lumen line (CLL) and may thus provide an index more sensitive to localized irregularities in
trajectory. The current analysis was undertaken to investigate the hypothesis that aortic
curvature is a better predictor of type IA endoleak than other measurements because it
more accurately describes the actual bending of the aortic trajectory.

Methods
The Heli-FX (Aptus Endosystems, Sunnyvale, Calif ) Aortic Securement System Global Registry (ANCHOR) database provides a population with a high incidence of aortic neck complications after EVAR, including type IA endoleaks (NCT01534819). 11 Institutional Review
Board or Ethics Committee approval was obtained at each site, and each patient signed
written informed consent. 12 The ANCHOR data set provided a cohort of patients with intraoperative type IA endoleaks after stent graft implantation. A control cohort comprised
patients without type IA endoleaks treated outside of the ANCHOR study. These patients
were treated at three sites participating in the ANCHOR study: Yale School of Medicine
(New Haven, Conn), University of Alabama, (Birmingham, Ala), and St. Antonius Hospital
(Nieuwegein, The Netherlands). The control group was treated before the availability of
EndoAnchors (Aptus Endosystems Inc), but all patients were treated after January 1, 2009.
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Investigational Review Board approval was obtained for the control cohort, with exemption from patient consent for review of deidentified computed tomography (CT) data sets.
Imaging protocols were performed according to each institution’s standard of care, and
all data for this study were processed and registered by an independent core laboratory
(Syntactx, New York, NY).

3

Study population
There were 462 patients in the ANCHOR database and 121 in the control group at the time
of the current analysis. Among the 462 patients treated with EndoAnchors, EndoAnchors
were implanted in 345 during the primary EVAR. EndoAnchors were used to treat intraoperative type IA endoleaks in 75 patients. This group comprises the intraoperative endoleak
(IE) cohort of the current analysis and was compared with the control cohort of 121 patients who did not have type IA endoleaks at the time of the procedure or over follow-up
averaging 12 months.
Patients were included in the current analysis when (1) the preoperative baseline CT
scan included at ≥ 30 mm proximal of the lowest renal artery and at ≥ 10 mm distal of the
aortic bifurcation; (2) a well-defined CLL could be generated that covered the trajectory 30
mm proximal of the lowest renal artery to 10 mm distal of the aortic bifurcation in the right
common iliac artery; and (3) accurate localization of the following anatomic landmarks:
origin of the lowest renal artery, distal end of aortic neck (10% increase in aortic diameter
compared with the aortic diameter at the level of the lowest renal artery), and the aortic
bifurcation. Exclusion criteria were prevalence of late type IA endoleak for controls, an
aortouniiliac stent graft, and implantation of a proximal cuff. The analytic data set consisted of 64 IE patients and 79 controls who met these criteria. Thirty-two IE patients (51%)
in this study were also included in a recent study of Jordan et al. 10 The median CT slide
thickness was 2.5 mm (interquartile range, 1.25 – 3.0 mm).

Measurement protocol
Core laboratory measurements were performed with iNtuition imaging software (TeraRecon, Foster City, Calif ). The CLL was automatically drawn through the lumen center of
the aorta and common iliac arteries and was manually adjusted as necessary. The aortic
neck diameter was defined as the average diameter derived from the outer wall circumference at the level of the lowest renal artery. Aortic neck length was measured as the CLL
distance between the origin of the lowest renal artery and the distal end of the aortic neck
(10% increase in aortic diameter compared with the aortic diameter at the level of the lowest renal artery). The maximum aneurysm sac diameter was the average diameter derived
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from the outer wall circumference in a plane perpendicular to the longitudinal aneurysm
axis.
Suprarenal angulation was measured as the angle between three fixed points on the
CLL, 20 mm proximal of the lowest renal artery, at level of the lowest renal artery and at
the distal end of the neck. Infrarenal angulation was measured with two different methods. Each method used the same two proximal fixed points along the CLL: the lowest main
renal artery and the distal end of the neck. The third point was measured (1) along the CLL
40 mm distal of the aortic neck or (2) at the aortic bifurcation flow divider. The methodology is described by Ouriel et al. 13 The aortic neck tortuosity index was calculated as the
aortic neck length over the CLL divided by the Euclidean distance between the proximal
and distal end of the neck. Neck thrombus thickness was defined as the average thickness of mural thrombus over the circumference on the orthogonal slice 5 mm distal of the
lowest renal artery. This aortic level includes the target zone for deployment of devices in
most patients. Thrombus circumference was the total degree of circumference, covered
by > 1-mm-thick thrombus (360◦ is total coverage). Neck calcification was calculated in a
similar fashion as the average thickness and total circumference of > 1 mm calcification
on the orthogonal slice 5 mm distal of the lowest renal artery.
Anatomic landmarks were marked at the origin of the lowest renal artery, the distal end
of the aortic neck, and the aortic bifurcation at the flow divider. The Cartesian coordinates
of the CLL through the aorta and right common iliac artery and the anatomic landmarks
were exported from the iNtuition measurement Digital Imaging and Communications in
Medicine (DICOM; National Electrical Manufacturers Association, Rosslyn, Va) files and
imported into MATLAB 2013b software (The MathWorks, Natick, Mass) for further analysis. Proprietary custom software was developed for the purpose of calculating the aortic
curvature. The software enables automatic calculation of the maximum and average curvature over six specific segments in the aortoiliac trajectory.
The curvature (κ) was calculated by numeric computation, using the mathematical
definition of extrinsic linear curvature. Curvature is expressed in units of m−1 (Equation 3.1);
κ=

p
(z 00 y 0 − y 00 z 0 )2 + (x 00 z 0 − z 00 x 0 )2 + (y 00 x 0 − x 00 y 0 )2
(x 02 + y 02 + z 02 )3/2

(3.1)

x, y, and z are the CLL Cartesian coordinates, ’ is the first derivative, and ” is the second
derivative.
Six aortic segments were defined to analyze locations that might have a different influence on the stent graft performance with respect to apposition (position, fixation, and
sealing) in the aortic neck (Figure 3.1). Three main segments were anatomically defined:
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Figure 3.1: The six aortic segments over which the maximum and average aortic curvatures are calculated. Three main segments are anatomically defined: entire aortic neck, aneurysm sac, and terminal aorta (yellow). The aortic neck is divided into three segments: suprarenal, juxtarenal, and
infrarenal aortic neck (green).

the aortic neck (between lowest renal artery and start of the aneurysm), the aneurysm sac
(between end of the infrarenal neck and 20 mm proximal of the origin of the common iliac artery), and the terminal aorta (between 20 mm proximal of the origin of the common
iliac artery and the origin of the common iliac artery itself ). The aortic neck was divided
into the suprarenal aortic neck (30 mm to 10 mm proximal of lowest renal artery), the
juxtarenal aortic neck (10 mm proximal of lowest renal artery to 10 mm distal of lowest
renal artery), and the infrarenal aortic neck (10 mm to 30 mm distal of the lowest renal
artery). The mean and maximum curvature were automatically calculated over each of
the six segments (Figure 3.2).

Statistical analysis
Statistical analysis was performed with SPSS 22 software (IBM Corp, Armonk, NY). pvalues were considered significant when the two-tailed α was < .05. Differences in continuous baseline characteristics were calculated with a one-way analysis of variance. Differences in the nominal variable (stent graft type) were calculated using cross tabulation and
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Figure 3.2: Example of curvature over the center lumen line (CLL) of a patient. (A) A threedimensional view of the CLL is shown with color-coded curvature over the entire aortoiliac trajectory
with anatomic landmarks (red dots): lowest renal artery, distal end of the aortic neck, and bifurcation. (B) Curvature over the same trajectory (left is cranial, right is caudal). The six segments are
shown between the grey lines. The locations of the lowest renal artery (Baseline), the distal end of
the aortic neck (Neck), and the bifurcation (Bifurcation) are shown in red.

the Pearson χ2 test after excluding patients with an unknown device. The KolmogorovSmirnov test was used to test for normality.
In the IE group, normally distributed variables were the diameter at the lowest renal
artery and average curvature over the suprarenal aortic neck. In the control group, normally distributed variables were the diameter at the lowest renal artery, neck length, maximal curvature over the infrarenal aortic neck, average curvature over the infrarenal aortic
neck, and average curvature over the aneurysm sac. The variables are described as median
and the interquartile range.
The predictive value of variables that have previously been associated with type IA endoleak and curvature was tested by binary logistic regression. The variables previously
associated with type IA endoleak included aortic neck diameter, neck length, maximum
aneurysm sac diameter, suprarenal angulation, infrarenal angulation, infrarenal angulation to the bifurcation, neck tortuosity index, neck thrombus, and neck calcification. Maximum and average curvature were tested over the six aortic segments. Highly intercorrelated variables were excluded to reduce the effects of multicollinearity. 14 Correlation was
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tested with the Pearson correlation coefficient. For highly intercorrelated variables with R
> .7, the paired variable with lowest p-value from the analysis of variance was included in
the regression model. A backward stepwise model eliminated variables with least significance until significance of the remaining variables was < .05.
For the significant predictors, the receiver operating characteristic curve was used to

3

define suitable cutoff values in relation to prediction of acute type IA endoleak. Values
above the cutoff thresholds were associated with an increased risk for acute type IA endoleak. The optimal cutoff value was defined as the value where the average of both sensitivity and specificity were maximized.

Results
Baseline characteristics
The baseline characteristics are reported in Table 3.1. Differences between the groups in
neck length (shorter in the IE group), neck calcification (greater thickness and circumference in the IE group), treatment outside instructions for use (IFU), and stent graft type
were significant. Maximum curvature over all six segments and average curvature over all
segments but the suprarenal aortic neck were significantly different. The neck angulation
was not significantly different between groups.

Multivariable regression analysis
Excluded from the regression analysis were the highly intercorrelated variables of infrarenal angulation, infrarenal angulation to the bifurcation, thrombus circumference, calcification thickness, maximum curvature over the sections of the juxtarenal aortic neck, infrarenal aortic neck, aortic neck, aneurysm sac and terminal aorta, and average curvature
over the sections of the suprarenal aortic neck and aortic neck. Included in the regression
analysis were the other variables: diameter at the lowest renal artery, neck length, maximum aneurysm sac diameter, suprarenal angulation, tortuosity index, thrombus thickness, calcification circumference, maximum curvature over the suprarenal aortic neck,
and average curvature over the segments the juxtarenal aortic neck, infrarenal aortic neck,
aneurysm sac, and terminal aorta.
Significant predictors for intraoperative type IA endoleak were calcification circumference and average curvature over the segments of the juxtarenal aortic neck, aneurysm sac,
and terminal aorta (Table 3.2).
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Table 3.1: Baseline characteristicsa
Variable
Neck diameter (mm)
Neck length (mm)
Max. aneurysm diameter (mm)
Angulation (◦ )
Suprarenal
Infrarenal
Infrarenal to bifurcation
Tortuosity index (-)
Thrombus thickness (mm)
Thrombus circumference (◦ )
Calcification thickness (mm)
Calcification circumference (◦ )
Maximum curvature (m−1 )
Aortic neck
Suprarenal
Juxtarenal
Infrarenal
Aneurysm sac
Terminal aorta
Average curvature (m−1 )
Aortic neck
Suprarenal
Juxtarenal
Infrarenal
Aneurysm sac
Terminal aorta
Outside IFU (%)
Type stent graft (No. of grafts)
Endurant
Excluder
Zenith
Talent
AFX
Powerlink
Unknown device

Controls (n = 79)
25.6 (5.4)
23.2 (18.2)
54.3 (17.0)

Endoleak (n = 64)
26.3 (4.8)
18.0 (13.4)
55.7 (9.6)

P
.233
.014
.611

14.0 (14.0)
25.0 (21.0)
35.0 (20.0)
1.05 (0.06)
0.0 (0.0)
0.0 (0.0)
0.0 (2.0)
0.0 (35.0)

15.0 (12.0)
26.0 (23.0)
35.5 (20.8)
1.05 (0.06)
0.0 (0.0)
0.0 (0.0)
1.6 (2.4)
14.9 (48.7)

.277
.824
.873
.710
.153
.346
.044
.029

31.7 (18.2)
18.9 (12.1)
26.3 (18.2)
35.0 (20.6)
41.5 (19.4)
33.3 (27.7)

34.1 (18.1)
27.0 (17.3)
34.2 (22.3)
35.8 (25.9)
49.3 (27.5)
49.4 (34.9)

.037
.018
.002
.042
.001
<.001

24.2 (16.6)
15.1 (8.8)
20.7 (14.4)
27.6 (15.8)
21.6 (10.1)
22.5 (19.2)
36.7

27.3 (15.8)
18.4 (13.7)
25.9 (16.8)
27.4 (20.1)
26.2 (11.4)
35.3 (21.9)
54.7

.017
.115
.001
.028
<.001
<.001
.032
<.001

34
12
24
4
3
1
1

18
33
6
0
0
0
7

3

IFU, Instructions for use;
a Data shown as median (interquartile range).
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Table 3.2: Final model of the logistic regression analysis
Variable

Coefficient

SE

ORa

P

Neck calcification circumference

.013

.006

1.013

.020

.034

.016

1.034

.039
.048

Average curvature over:
Juxtarenal aorta

3

Aneurysm sac

.053

.027

1.054

Terminal aorta

.037

.012

1.038

.002

-3.965

.818

.019

<.001

Constant

OR, Odds ratio; SE, standard error;
a Indicates the increase in risk for intraoperative type IA endoleak per unit increase in the covariate.
Every ◦ increase in calcium circumference increases the risk by 1.3%. Every m−1 increase in
curvature over the juxtarenal aortic neck increases the risk by 3.4%, every m−1 increase over the
aneurysm sac increases the risk by 5.4%, and every m−1 increase over the terminal aorta increases
the risk by 3.8%.
Table 3.3: Area under the receiver operating characteristic curve (AUC) for the final model
Variable

AUC

95% CI

SD

P

Neck calcification circumference

.585

.490 – .679

.048

.082

.672

.584 – .759

.045

<.001
<.001

Average curvature over:
Juxtarenal aorta
Aneurysm sac

.683

.596 – .769

.044

Terminal aorta

.700

.613 – .787

.044

<.001

.773

.698 – .849

.038

<.001

Final regression model

CI, Confidence interval; SD, standard deviation;

The percentage of correct prediction of the outcome based on chance alone was 55.2%.
The logistic regression model improved the level of correct prediction to 71.3%. The Hosmer-Lemeshow χ2 was 8.069 (P = .427), indicating that the model fits the data.
The area under the receiver operating characteristic curve of the predicted values of
probability of the regression model was .773 (95% confidence interval, .698 – .849; P <
.001), indicating that the model provides significantly better prediction of intraoperative
type IA endoleak than chance alone. The area under the curve of the final model is higher
than any of the anatomic variables by themselves (Table 3.3; Figure 3.3).

Cutoff values
Optimal cutoff values for curvature were determined for the juxtarenal aortic neck (21
m−1 ) aneurysm sac (25 m−1 ), and terminal aorta segments (28 m−1 ), the segments with
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Figure 3.3: Receiver operating characteristic (ROC) curve of the individual variables included in the
logistic regression model and the predicted probability of the final model. The model provides better
sensitivity and specificity than any of the individual variables.

the highest predictive value for acute type IA endoleak (Figure 3.4). The optimal cutoff for
calcification circumference was 10.4◦ .

Discussion
This analysis of the association between different anatomic variables and aortic neck complications found that aortic curvature was the best predictor of intraoperative type IA endoleak. The multivariable regression model identified only neck calcification load and
aortic curvature, measured over three segments – the juxtarenal aorta, the aneurysm sac
and the terminal aorta – as significant determinants of intraoperative type IA endoleak.
Short neck length has consistently been identified as a risk factor for type IA endoleak. 2,3,5,6,9,10 Intuitively, one would anticipate that shorter necks would be better tolerated when the neck curvature is low. We tested the interaction of aortic neck length and
aortic neck curvature in the prediction of type IA endoleaks, but no interaction was found,
suggesting that curvature alone is an adequate predictor of endoleak.
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Figure 3.4: Cutoff values for average curvature over the juxtarenal aortic neck (21 m−1 ), aneurysm
sac (25 m−1 ), and terminal aorta (28 m−1 ).

In contrast to findings of Jordan et al, 10 the current logistic regression did not identify
aortic neck length and diameter and maximum aneurysm sac diameter as risk factors for
type IA endoleak. That report, however, evaluated early and late type IA endoleaks, possibly accounting for the disparate findings and suggesting that these parameters might be
associated with late rather than intraoperative type IA endoleak.
Each of the six measured aortoiliac segments has a potential role in the accommodation of a stent graft to the aortic wall:
• Curvature over the suprarenal aortic neck influences the position of the bare stent in
juxtarenal fixated stent grafts and may lead to the so-called windsock phenomenon
during placement;
• Curvature over the juxtarenal aortic neck influences stent graft placement, apposition, and fixation;
• Curvature over the infrarenal aortic neck may cause the stent graft to tilt as the stiff
guidewire cuts through the inner curve and may induce lateral forces on the stent
graft;
• Curvature over the aortic neck influences stent graft placement, apposition, and fixation and may induce lateral forces on the stent graft, but is depending on the neck
length;
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• Curvature over the aneurysm influences the approach route and may induce lateral
forces on the stent graft; and
• Curvature over the terminal aorta influences the approach route of the delivery system and therefore may influence the tilt of the proximal stent graft during deployment.
Curvature of the aorta can be expressed over various centerline vessel lengths. In this
study, 20-mm segment lengths were chosen in an effort to provide anatomic information
over lengths relevant to current practice. For example, many devices are indicated for
aortic neck lengths of ≥ 10 mm. The choice of a 20-mm segment length incorporates the
lateral forces applied to the device over the centerline length 10 mm above and 10 mm
below the renal artery level, in other words, at the aortic neck.
We hypothesize that aortic curvature influences the risk for intraoperative type IA endoleak in two ways: (1) curvature in the distal part of the aortoiliac trajectory hampers the
path of a stiff guidewire and the delivery system, potentially resulting in suboptimal placement and causing traction and tilt on the proximal part of the stent graft; (2) curvature
in the juxtarenal aortic neck predisposes suboptimal positioning with a tilted orientation
proximally. Tilting may cause graft undersizing because the stent graft must conform to an
elliptical aortic contour as well as insufficient apposition surface area or insufficient fixation in the aortic neck, or both. In this study, aortic curvature was strongly associated with
intraoperative type IA endoleak, a complication primarily dependent on stent graft deployment and apposition. Late type IA endoleaks may be caused by different factors; for
instance, changes in aortic (neck) morphology, such as delayed dilatation, resolution of
aortic neck thrombus with loss of seal, stent graft failure, and physiologic factors related
to forces on the stent graft. Future studies must be focused on the association between
aortic curvature over the six segments and late complications such as type IA endoleak
and graft migration.
A limitation of the current analysis was the disparity of stent graft types in the IE and
control groups. The control cohort had a lower proportion of suprarenally fixated devices, but whether this would confound the observations is unclear, particularly because
there does not appear to be any relationship between suprarenal fixation and type IA endoleak. 15 Undersizing and suboptimal placement of the endograft, potentially associated
with intraoperative type IA endoleak, are not included in this study. We believe that curvature may in fact be related to misdeployment, which will be an important topic for another
study.
A significantly larger percentage of patients was treated outside the IFU in the endoleak group (P = .032). Although IFU is often investigated as a binary variable (within vs
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outside IFU), IFU is a composite of anatomic and other baseline variables. We studied the
anatomic components of IFU as individual covariates in the multivariable analysis, potentially gaining more discrete information than would otherwise have been generated. Our
findings may have implications in the development of future IFU criteria.
The current analysis was limited to anatomic variables as predictors of IE. Baseline

3

clinical covariates, such as age, gender, and medical comorbidities, cannot be excluded as
predictors of endoleak, but that the effects of clinical characteristics might be primarily
related to their association with anatomic measures is certainly possible; for instance, the
relationship between age and aortic calcium content has been well described. 16

Conclusion
Curvature over the juxtarenal aortic neck, aneurysm sac, and terminal aorta is an accurate predictor of intraoperative type IA endoleak after stent graft deployment. Its predictive value appears to exceed that of standard measures of neck configuration, including
suprarenal and infrarenal angulation and the aortic neck tortuosity index. Curvature can
be automatically calculated after CLL reconstructions, and consideration should be made
for incorporation of curvature as a standard software tool for EVAR sizing and planning,
with the potential to replace angulation as the standard method of characterizing aortoiliac trajectory.
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CHAPTER 4. AORTIC CURVATURE – LATE TYPE IA ENDOLEAK & MIGRATION

Abstract
Objective: To evaluate the association between aortic curvature and other preoperative
anatomical characteristics and late (> 1 year) type IA endoleak and endograft migration in
endovascular aneurysm repair (EVAR) patients.
Methods: Eight high-volume EVAR centers contributed 116 EVAR patients (mean age 81
± 7 years; 103 men) to the study: 36 patients (mean age 82 ± 7 years; 31 men) with endograft migration and/or type IA endoleak diagnosed > 1 year after the initial EVAR and

4

80 controls without early or late complications. Aortic curvature was calculated from the
preoperative computed tomography scan as the maximum and average curvature over
5 predefined aortic segments: the entire infrarenal aortic neck, aneurysm sac, and the
suprarenal, juxtarenal, and infrarenal aorta. Other morphological characteristics included
neck length, neck diameter, mural neck calcification and thrombus, suprarenal and infrarenal angulation, and largest aneurysm sac diameter. Independent risk factors were
identified using backward stepwise logistic regression. Relevant cutoff values for each of
the variables in the final regression model were determined with the receiver operator
characteristic curve.
Results: Logistic regression identified maximum curvature over the length of the aneurysm sac (> 47 m−1 ; p = .023), largest aneurysm sac diameter (> 56 mm; p = .028), and
mural neck thrombus (> 11◦ circumference; p < .001) as independent predictors of late
migration and type IA endoleak.
Conclusion: Aortic curvature is a predictor for late type IA endoleak and endograft migration after EVAR. These findings suggest that aortic curvature is a better parameter than
angulation to predict post-EVAR failure and should be included as a hostile neck parameter.
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Introduction
Endovascular aneurysm repair (EVAR) in patients with hostile neck is associated with a
higher risk for type IA endoleak and endograft migration. 1–9 Among the hostile neck characteristics are short length, large diameter, mural thrombus, calcification, and angulation,
in addition to maximum aneurysm diameter. The influence of each individual variable on
early or late proximal neck failure is unknown. Intraoperative and early (< 1 year) complications may be associated with anatomical characteristics that impede procedure success, initial endograft fixation, and optimal positioning of the endograft within the aortic neck, while late (> 1 year) complications may rather be associated with progressive
changes in aortic neck morphology and thus preoperative anatomical characteristics that
may change over time.
Aortic curvature expressed over the juxtarenal aorta, aneurysm sac, and terminal aorta
was recently found to be an independent predictor of intraoperative type IA endoleaks. 10
The purpose of this study was to identify preoperative hostile neck characteristics that are
predictors of late failure of endograft fixation and apposition in the aortic neck.

Methods
Study population
Fifty-one patients were identified who were treated for significant proximal endograft migration (> 10 mm) or a type IA endoleak > 1 year after the initial EVAR procedure between
2005 and 2016 in 6 Dutch high-volume EVAR centers. Fifteen patients were excluded
owing to missing preoperative computed tomography angiography (CTA) scans for digital processing, leaving 36 patients (mean age 82 ± 7 years; 31 men) for further analysis.
Twenty-six (72%) patients developed a type IA endoleak, 7 (19%) significant endograft migration (> 10 mm), and 3 (8%) both a type IA endoleak and significant migration over a
median 37 months [interquartile range (IQR) 25 – 53] after EVAR.
A control cohort comprised of 80 consecutive patients (mean age 81 ± 7 years; 72 men)
without early or late proximal neck complications were collected from 3 sites participating in the ANCHOR study: Yale School of Medicine (New Haven, CT, USA), University of
Alabama, (Birmingham, AL, USA), and St. Antonius Hospital (Nieuwegein, the Netherlands). The control group was treated prior to the availability of EndoAnchors, but all patients were treated after January 1, 2009. Patients were included when they had received a
preoperative and a postoperative CTA scan. This control cohort was also used in a previous
59
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study on the association between aortic curvature and intraoperative type IA endoleaks. 10
The median CT follow-up time in the control cohort was 18 months (IQR 9 – 33).
Investigational review board approval was obtained, with exemption from patient consent for review of anonymized CT datasets. Imaging protocols were performed according
to each institution’s standard of care. The patients were treated with a variety of stentgrafts in the initial EVAR procedure: Endurant and Talent (Medtronic, Minneapolis, MN,
USA), Zenith (Cook Medical, Bloomington, IN, USA), Excluder (W.L. Gore & Associates,
Flagstaff, AZ, USA), AFX/Powerlink; (Endologix, Irvine, CA, USA), and Aorfix (Lombard

4

Medical, Oxfordshire, UK).

Measurement protocol
Anatomical characteristics were determined on the preoperative CTA scan. Measurements
were performed on a 3mensio vascular workstation V7.2 (Pie Medical Imaging BV, Maastricht, the Netherlands) by 3 independent, experienced observers. The measurement methods for determining anatomical neck characteristics and calculating curvature were similar to those in previous publications regarding the association between anatomical characteristics and intraoperative type IA endoleaks. 10,11 A center lumen line (CLL) was drawn
semi-automatically from 40 mm above the lower renal artery orifice to the aortic bifurcation and adjusted manually if necessary. The measurements included aortic neck diameter at the level of the lower renal artery, neck length from the lower renal artery to the
distal end of the aortic neck (10% increase in aortic diameter as compared to the neck diameter at the level of the lower renal artery), largest aneurysm sac diameter, suprarenal
and infrarenal angulation, neck thrombus thickness and circumference, and calcification
thickness and circumference. Suprarenal angulation was measured as the angle between
3 fixed points on the CLL 20 mm proximal of the lower renal artery at the level of the lower
renal artery and at the distal end of the aortic neck. Infrarenal angulation was measured
by 2 methods, each including the same 2 proximal fixed points on the CLL: the lower renal
artery and distal end of the neck. The third point was measured along the CLL (1) 40 mm
distal of the aortic neck and (2) at the aortic bifurcation. This method has previously been
described by Ouriel et al. 12
Anatomical landmarks identified the origin of the lower renal artery, distal end of the
aortic neck, and the aortic bifurcation. Cartesian coordinates of the CLL were exported
from 3mensio into proprietary software developed in MATLAB 2015b (The MathWorks,
Natick, MA, USA) for further analysis. The software automatically calculated the maximum and average curvature over 5 specific segments of the aortic trajectory. Two segments were anatomically defined, being the aortic neck and aneurysm sac. The aortic neck
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Figure 4.1: Five aortic segments over which maximum and average aortic curvatures were calculated. Two segments were anatomically defined: the entire infrarenal aortic neck and aneurysm
sac. The aortic segment surrounding the lower renal artery origin was subdivided into 3 sections:
suprarenal, juxtarenal and infrarenal aorta.

was defined between the lower renal artery and the distal end of the neck. The aneurysm
sac was defined between the distal end of the neck and the centerline bifurcation to the
common iliac arteries or, in case of a single centerline, 20 mm proximal to the aortic bifurcation. The aortic segment surrounding the lower renal artery origin was subdivided into
suprarenal (30 to 10 mm proximal of the lower renal artery), juxtarenal (10 mm proximal
to 10 mm distal of the lower renal artery), and infrarenal (10 to 30 mm distal of the lower
renal artery) segments (Figures 4.1 and 4.2).
Based on the preoperative anatomical characteristics, compliance with the manufacturer’s instructions for use (IFU) was analyzed for each of the cohorts. The IFUs of the
presented devices included neck length (> 10 – 15 mm), minimum neck diameter (> 18
– 19 mm), maximum neck diameter (< 26 – 32 mm), and infrarenal angulation (< 60◦ –
90◦ ). Additionally, the IFU of the Zenith endograft included suprarenal angulation (< 45◦ )
and Endurant II excluded patients with ”significant” mural neck thrombus or neck cal61
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Figure 4.2: Example of aortic curvature over the aortic center lumen line (CLL). (A) Threedimensional view of the CLL with color-coded curvature and the locations on the CLL of the lower
renal artery (baseline), distal end of the neck, aortic bifurcation, and the suprarenal, juxtarenal, and
infrarenal aorta regions. (B) Curvature over the trajectory in A. Left is cranial, right is caudal. The 5
aortic segments have been marked by gray lines.

cification, which has been defined as > 25% of the circumference and/or > 2 mm thickness. Other manufacturers do not include mural neck thrombus and neck calcification
but only refer to them as ”key anatomic elements that may affect successful exclusion of
the aneurysm.”

Statistical analysis
Differences in continuous anatomical characteristics were calculated with a one-way analysis of variance (ANOVA). Differences in the implanted devices were tested with cross tabulation and the Pearson χ2 test. Since the complication cohort included a large quantity
of older devices (eg, Talent), an ANOVA subanalysis was performed to verify whether the
same anatomical characteristics apply to patients treated with older vs newer generation
devices within this cohort. Differences in compliance with the IFU for both cohorts were
tested with Fisher exact test. Normality was tested with the Shapiro-Wilk test. All variables
except neck diameter were non-normally distributed; therefore, all variables are described
as medians (IQR).
Independent risk factors for late complications were identified with a logistic regres62
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sion model. Potential input parameters for the model were neck diameter, neck length,
largest aneurysm sac diameter, suprarenal angulation, infrarenal angulation, infrarenal
angulation to the bifurcation, neck thrombus thickness and circumference, neck calcification thickness and circumference, and maximum and average curvature over the 5 aortic segments. Highly intercorrelated variables were tested with the Pearson correlation
coefficient and excluded to reduce the effects of multicollinearity. 13 For highly intercorrelated variables with R > .7, the paired variable with the lowest p-value from the ANOVA
was included in the regression model. Backward stepwise logistic regression eliminated
variables with least significance until significance of all remaining variables was < .05.
The sensitivity and specificity of each variable in the final regression model were expressed with receiver operator characteristic (ROC) curves. The ROC analysis was used to
define suitable cutoff values for predicting late type IA endoleak or endograft migration >
10 mm. The optimal cutoff value was defined as the value where the average of both sensitivity and specificity was maximized. The areas under the ROC curve were given with the
95% confidence interval (CI). p-values were considered significant when the two-tailed α
was < .05. Statistical analysis was performed with SPSS (version 23; IBM Corp, Somers, NY,
USA).

Results
Univariate analysis
Anatomical characteristics of the late complication and control cohorts are reported in
Table 4.1. Neck length, largest aneurysm diameter, mural neck thrombus, and maximum
curvature over the juxtarenal aorta and aneurysm sac were significantly different between
the cohorts. The location of the maximum curvatures relative to the lower renal artery
was not significantly different between the cohorts. Suprarenal and infrarenal angulations were not significantly different. A significant difference in the implanted devices
was found, with more old-generation devices in the complication cohort. The subanalysis
of the complication cohort identified average curvature over the juxtarenal aorta as the
only anatomical characteristic that was different for patients treated with older vs newergeneration devices (p = .037). In the complication cohort, 14 (39%) patients complied
with the IFU, while in the control cohort, 54 (68%) patients met the IFU criteria (p = .005).
A subanalysis of the devices with and without suprarenal anchoring in the complication
cohort revealed no significant difference in terms of time to onset of the complication and
anatomical characteristics that are specified in the IFU (Table 4.2).
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Table 4.1: Anatomical characteristicsa

4

Variable

Controls (n = 80)

P

24.9 [22.7 – 27.9]
24.1 [15.1 – 33.0]
54.2 [49.3 – 61.8]

Late complications
(n = 36)
24.8 [21.8 – 27.8]
14.0 [7.0 – 28.3]
60.0 [56.3 – 72.0]

Neck diameter (mm)
Neck length (mm)
Max. aneurysm diameter (mm)
Angulation (◦ )
Suprarenal
Infrarenal
Infrarenal to bifurcation
Thrombus thickness (mm)
Thrombus circumference (◦ )
Calcification thickness (mm)
Calcification circumference (◦ )
Maximum curvature (m−1 )
Aortic neck
Distance (mm)b
Suprarenal
Distance (mm)b
Juxtarenal
Distance (mm)b
Infrarenal
Distance (mm)b
Aneurysm sac
Distance (mm)b
Average curvature (m−1 )
Aortic neck
Suprarenal
Juxtarenal
Infrarenal
Aneurysm sac
Type stent graft (No. of grafts)
Endurant
Zenith
Excluder
Talent
Other (AFX/Powerlink/Aorfix)

14.5 [7.3 – 21.0]
24.5 [16.0 – 36.0]
34.5 [28.3 – 43.8]
0.0 [0.0 – 0.0]
0.0 [0.0 – 0.0]
0.0 [0.0 – 2.0]
0.0 [0.0 – 34.0]

13.8 [8.1 – 21.7]
24.9 [15.0 – 33.0]
32.4 [21.1 – 46.5]
2.0 [0.0 – 2.7]
65.5 [0.0 – 184.3]
0.6 [0.0 – 2.0]
5.5 [0.0 – 35.5]

.736
.539
.596
<.001
<.001
.219
.180

38.0 [23.9 – 46.9]
14.2 [2.5 – 24.4]
20.4 [15.5 – 28.9]
-14.9 [-23.4 – -10.4]
27.0 [18.8 – 42.3]
4.5 [-3.3 – 9.5]
38.4 [25.9 – 51.0]
22.1 [15.2 – 28.1]
44.3 [34.6 – 61.0]
50.6 [32.6 – 69.8]

37.5 [22.7 – 54.9]
8.0 [5.0 – 17.5]
25.0 [14.6 – 41.1]
-17.0 [-26.0 – -10.0]
33.4 [18.3 – 48.8]
7.0 [-1.0 – 10.0]
44.9 [27.6 – 66.5]
19.1 [11.5 – 28.8]
61.5 [42.7 – 79.5]
43.6 [20.8 – 68.6]

.769
.090
.204
.320
.048
.314
.131
.258
.004
.129

22.6 [16.4 – 33.1]
13.9 [10.5 – 19.1]
19.3 [13.6 – 27.1]
28.0 [17.0 – 36.2]
21.4 [16.0 – 28.0]

28.0 [16.3 – 37.4]
17.7 [9.3 – 24.1]
24.0 [11.3 – 33.6]
32.1 [19.9 – 39.4]
22.6 [18.2 – 25.7]

.133
.511
.078
.161
.734
<.001

34
26
13
3
4

14
5
0
17
0

.476
.013
.005

a Data shown as median [interquartile range].
b Distance of the maximum curvature from the baseline at the lower renal artery. Negative values

are cranial to baseline, positive values caudal.
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Table 4.2: Subanalysis of devices with and without suprarenal anchoring in the complication
cohorta
Variable

Suprarenal anchoring

No suprarenal

(Endurant/Zenith)

anchoring (Talent)

P

Interval to complication (days)

1134 [748 – 1525]

1016 [686 – 1767]

.598

Neck diameter (mm)

25.0 [22.1 – 28.3]

24.6 [21.3 – 27.4]

.629

Neck length (mm)

12.0 [7.0 – 24.0]

19.0 [6.5 – 32.3]

.243

Infrarenal neck angulation (◦ )

25.5 [16.9 – 40.8]

23.6 [11.7 – 31.6]

.428

Thrombus circumference (◦ )

34 [0 – 195]

67 [11 – 184]

.765

Calcification circumference (◦ )

11 [0 – 39]

0 [0 – 27]

.963

4

a Data shown as median [interquartile range].

Multivariate regression analysis
The highly intercorrelated variables (infrarenal angulation to the aortic bifurcation, mural neck thrombus thickness, neck calcification thickness, average curvature over the entire infrarenal aorta, and maximum curvature over the infrarenal aortic segment) were excluded prior to the regression analysis. The other variables, including neck diameter, neck
length, largest aneurysm sac diameter, suprarenal angulation, infrarenal angulation, mural neck thrombus circumference, neck calcification circumference, and maximum curvature over the suprarenal, juxtarenal, and infrarenal aorta and aneurysm sac were entered
into the regression analysis.
Significant predictors for late type IA endoleak and migration were maximum curvature over the trajectory of the aneurysm sac (p = .023), largest aneurysm sac diameter
(p = .028), and mural neck thrombus (p < .001; Table 4.3). Suprarenal angulation and
infrarenal angulation were not predictors of late type IA endoleak and migration. The
Hosmer-Lemeshow chi-square was 4.556 (p = .804), indicating good model fit. There was
no significant difference between patients treated with older vs newer-generation devices
within the complication cohort for these predictors (p = .962, p = .646, p = .765 for curvature over the aneurysm sac, largest aneurysm sac diameter, and neck thrombus circumference, respectively).
The median centerline distance between the location of the maximum curvature expressed over the aneurysm sac and the baseline at the lower renal artery was 43.6 mm
(IQR 20.8 – 68.6) for the complication cohort and 50.6 mm (IQR 32.6 – 69.8) for the control
cohort.
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Table 4.3: Final model of the logistic regression analysis
Variable

4

Coefficient

SE

ORa

P
.023

Maximum curvature over aneurysm sac

.026

.012

1.027

Largest aneurysm sac diameter

.038

.017

1.039

.028

Neck thrombus circumference

.013

.003

1.013

<.001

Constant

-5.173

1.292

.006

<.001

OR, Odds ratio; SE, standard error;
a Odds ratio indicates the increase in risk for late type IA endoleak or migration per unit increase in
the covariate. Every m−1 of curvature over the aneurysm sac increases the risk by 2.7%, every mm
of sac diameter increases the risk by 3.9%, and every ◦ of thrombus circumference increases the risk
by 1.3%.
Table 4.4: Area under the receiver operating characteristic curve (AUC) for the final model
Variable

AUC

95% CI

SD

P

Maximum curvature over aneurysm sac

.670

.564 – .777

.054

.003

Largest aneurysm sac diameter

.713

.618 – .808

.049

<.001

Neck thrombus circumference

.732

.627 – .838

.054

<.001

Final regression model

.801

.717 – .886

.043

<.001

CI, Confidence interval; SD, standard deviation.

ROC analysis
The area under the ROC curve of the predicted values of probability from the regression
model was .801 (95% CI .717 to .886, p < .001), which was better than any of the individual
variables in the final model (Figure 4.3; Table 4.4). The optimal cutoff values for maximum
curvature over the aneurysm sac, largest aneurysm sac diameter, and neck thrombus circumference were 47 m−1 , 56 mm, and 11◦ , respectively. Sensitivity and specificity at the
cutoff levels were .727 and .605, respectively, for maximum curvature over the aneurysm
sac; .818 and .605, respectively, for the largest aneurysm sac diameter; and .667 and .815,
respectively, for neck thrombus circumference.

Discussion
Maximum aortic curvature expressed over the aneurysm sac is a strong predictor of late
type IA endoleak and endograft migration > 10 mm, while suprarenal and infrarenal neck
angulation were not predictors. A previous study also identified curvature expressed over
the infrarenal neck and the aneurysm sac as a predictor for intraoperative type IA en66
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Figure 4.3: Receiver operating characteristic (ROC) curve of the variables in the final logistic regression model and the predicted probability of the final model. The model provides the best sensitivity
and specificity, followed by mural neck thrombus circumference, largest aneurysm sac diameter and
maximum curvature expressed over the aneurysm sac.
AUC, area under the receiver operating characteristic curve; CI, confidence interval; SE, standard
error.

doleak. 10 Contrary to intraoperative type IA endoleaks, maximum curvature over the aneurysm sac was more predictive for late failure than average curvature. The maximum
curvature over the trajectory of the aneurysm sac was mostly located in the proximal part
of the sac, with a median distance of 43.6 mm (IQR 20.8 – 68.6) below the lower renal artery
origin for the complication cohort.
The predictive values of large aneurysm sac diameter and short neck length are widely
supported by the literature. 1,2,4,5,8,9 Short neck length was not identified as an independent predictor of late type IA endoleak and migration in this study, although it was significantly different in the univariate analysis, with medium lengths of 14.0 mm and 24.1 mm
for the complication and control cohorts, respectively. The substantial difference suggests
that short neck length should not be excluded as a predictor of late failure of endograft
67
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sealing. The associations between proximal neck complications and mural neck thrombus
and neck calcification are less clear in the literature, which may be caused by the diversity
in onset of the complications throughout these studies. 1,2,7,9,14
When comparing our previous study 10 with this one, the results suggest that neck calcification is associated with early complications, while mural neck thrombus is rather associated with late (> 1 year) sequelae. Acute complications may be associated with factors
that increase the procedure difficulty (tortuous aorta) or immediately impede sufficient
fixation and sealing (neck calcification); later failure may be associated with factors that

4

do not provide a stable environment and are prone to change over time (high curvature,
mural neck thrombus, and large aneurysm diameter). Large aneurysm diameter and high
curvature over the proximal part of the sac may reduce positional stability, causing lateral
movement of the endograft in the sac, which Waasdorp et al 15 associated with late adverse
events.
The complication cohort includes a relatively large portion of devices without suprarenal anchoring (eg, Talent). The 10 migration cases were all Talent endografts, supporting
the theory that suprarenal hooks or pins are needed to counteract migration. Mural neck
thrombus may further increase the risk of migration for devices without suprarenal anchoring.
Significantly more patients were treated outside the IFU in the complication cohort
than in the control cohort (61% vs 32%). Apart from aortic curvature, mural neck thrombus
and neck calcification are not included or are poorly defined in the IFUs of the reported
devices. In the current study, these variables were identified as important predictors of
late failure, which is in line with earlier findings of Bastos Gonçalves et al. 8 Infrarenal neck
angulation, which is included in the IFUs, was not found to be predictive of proximal neck
failure, also as reported earlier, 8 which suggests that the IFUs may not be concise and
complete in identifying patients at risk for proximal neck failure. In other words, maximum curvature should be added to the IFU.

Limitations
The number of patients in the complication cohort was relatively small, although the cohort consists of a very specific population of patients with late type IA endoleak and significant migration. Since early and late complications are often combined in the literature, this study, together with our earlier publication considering intraoperative type IA
endoleak, 10 adds to the understanding of the association between morphological aortic
parameters and the onset of complications.
A second limitation is that the late complication cohort was treated between 2005 and
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2011, while the control cohort was treated between 2009 and 2012. Therefore, the late
complication cohort was treated with a larger quantity of older devices, and lower standards of care may have been applied to this cohort than to the control cohort. However,
our subanalysis of the complication cohort showed no significant difference for the identified predictors between older and newer devices, indicating that the same morphology
applies to patients treated with both older and newer devices.
CTA scan follow-up of the control cohort was shorter than the complication cohort,
mainly due to the switch to duplex ultrasound follow-up when the last CT scan did not indicate complications. Another limitation is the lack of evaluation of the endograft position
in the aortic neck at the first postoperative CT scan. The endograft position may be a good
indicator for future failures of sealing and to predict the durability of the procedure.
The current study focuses on the proximal fixation zone and not on the occurrence of
type IB endoleaks or distal complications, which are also important reasons for post-EVAR
failure.

Conclusion
Aortic curvature, expressed as the maximum value over the aneurysm sac, is a strong predictor of late failure of endograft sealing and fixation in the aortic neck, together with
aneurysm sac diameter, mural neck thrombus, and, to lesser extent, neck length. Aortic
angulation was not predictive. These findings suggest that aortic curvature is a better parameter than angulation to predict post-EVAR failure and should be included as a hostile
neck parameter.
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CHAPTER 5. ENDOGRAFT DIMENSIONS – VALIDATION

Abstract
Objective: Many studies have focused on preoperative anatomical aortic neck characteristics that may predict type IA endoleak and migration after endovascular aneurysm repair
(EVAR). However, essential aspects for durable EVAR success are the accuracy of endograft
deployment, adaptive behavior of the neck to radial forces, effective apposition of the fabric within the aortic neck, and (minimal) changes during follow-up. This study validates a
novel methodology to assess these features on regular postoperative computed tomography angiography (CTA) scans.
Methods: Semi-automatic calculation of the apposition surface between endograft and
infrarenal aortic neck was validated in vitro by comparing the calculated surfaces over
a cylindrical silicon model with known dimensions on CTA reconstructions with various

5

slice thicknesses. Interobserver variabilities were assessed for calculating endograft position, apposition and expansion in a retrospective series of 24 elective EVAR patients with
the Repeatability Coefficient (RC), covering 95% of the variability, and the intraclass correlation coefficient (ICC). The variability of these calculations was compared to variability
of neck length and diameter measurements on centerline reconstructions of the pre- and
first postoperative CTA scans.
Results: In vitro validation showed accurate calculation of apposition, with deviations of
2.8% and 9.8% from the true surface for scans with 1 and 3 mm slice thickness, respectively. Excellent agreement was achieved for calculation of the endograft dimensions (ICC
.909 – .996). Variability was low for calculation of endograft diameter (RC 2.3 mm), fabric
distances (RC 5.2 – 5.7 mm) and shortest apposition length (RC 4.1 mm), which was the
same as variability of regular measurements of neck diameters (RC 0.9 – 1.1 mm) and neck
lengths (RC 4.0 – 8.0 mm).
Conclusion: Apposition surfaces between endograft and the infrarenal neck can be calculated accurately, and the endograft dimensions were calculated with low variability in this
retrospective series. Determination of the (ap)position of the endograft in the aortic neck
and detection of subtle changes during follow-up are crucial to determine eventual failure post-EVAR. This study is accompanied by a clinical study that shows the added value
of this methodology for early prediction of failure of seal and fixation in the aortic neck
post-EVAR.
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Introduction
Endovascular Aneurysm Repair (EVAR) is the preferred treatment modality to exclude an
infrarenal abdominal aortic aneurysm (AAA). During the last decade, the envelope has
been pushed towards the treatment of complex aortic anatomy by endovascular means. 1,2
The major limitation of EVAR is to achieve and maintain sufficient seal and fixation in a
challenging aortic neck. Challenging preoperative aortic neck anatomy has been associated with acute and long-term complications, like type IA endoleak and endograft migration. 3–7
Some aspects of technical success of the procedure, like achieving effective apposition
in the entire aortic neck, cannot be assessed accurately on the completion angiogram. Additionally, acute migration and adaptive neck enlargement due to radial forces are not frequently assessed adequately on the first postoperative (1-month) computed tomography
angiography (CTA) scan.
These 3D dimensions of the endograft within the aortic neck (deployment accuracy
regarding the lowest renal artery, apposition of the endograft in the entire aortic neck, and
expansion rate of the proximal sealing part of the endograft) on the first postoperative (1month) CTA scan could serve as a baseline for further follow-up, since changes in position
and apposition, and neck dilatation due to radial force induced expansion of the endograft
may precede later failure of seal and fixation.
A new methodology has been presented in a previous publication, that allows semiautomatic quantification and visualization of the 3D position, apposition and expansion
of the endograft fabric within the aortic neck. 8 The current study validates the accuracy
of apposition calculations in an in vitro study and describes the precision by analysis of
variability of the measurements in a retrospective series of 24 elective EVAR patients.

Methods
A description of the postoperative endograft dimensions and some illustrative examples
have been presented in a previous publication. 8 In summary, these dimensions include:
1) Fabric distances – the shortest distances between the endograft fabric and both right
and left renal arteries (Figure 5.1A; SFD, CFD); 2) Tilt – the angle between the axis of the
proximal boundary of the endograft fabric and the directional vector of the centerline (Figure 5.1A; T); 3) Endograft expansion – the percentage of the original endograft main body
diameter that is expanded in the aortic neck. The diameter is defined as the average inner diameter over the plane through the proximal edge of the fabric (Figure 5.1A; D); 4)
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5
Figure 5.1: Endograft dimensions describing the 3D endograft position in the aortic neck. (A) Shortest Fabric Distance (SFD) – shortest distance between the renal arteries and the proximal boundary
of the endograft fabric; Contralateral Fabric Distance (CFD) – distance between the contralateral renal artery and the proximal boundary of the endograft fabric; Tilt (T) – angle between the axis of
the endograft and the aortic neck; Endograft fabric diameter (D) – average diameter of the proximal
end of the main body that is expanded in the aortic neck; Shortest Apposition Length (SAL) – shortest straight-line distance between the proximal circumference of the fabric and the distal end of the
aortic neck. (B) Aortic Neck Surface (ANS) – surface area available for sealing in the aortic neck, with
a cranial boundary through the distal origins of the renal arteries and a caudal boundary at the distal end of the neck; Endograft Apposition Surface (EAS) – actual coverage of the aortic neck by the
endograft fabric.

Shortest apposition length – the shortest distance between the proximal circumference of
the fabric and the first slice perpendicular to the centerline where circumferential apposition of the fabric with the aortic neck is lost (Figure 5.1A; SAL). Due to influence of tilt and
complex neck morphology, the lowest part of the proximal fabric boundary is likely the
location that is most at risk for seal failure; 5) Endograft apposition surface – the contact
surface between the endograft fabric and the aortic wall between the proximal boundary
of the fabric and the distal boundary of circumferential apposition (Figure 5.1; EAS). Aortic
neck coverage is defined as the percentage of the aortic neck surface (Figure 5.1; ANS) that
has been covered by fabric.
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Calculation of endograft dimensions
Dedicated software was developed in Matlab 2016b (The MathWorks, Natick, MA, USA)
to calculate the 3D endograft dimensions. The methodology includes five steps. First,
a centerline is constructed semi-automatically through the aortic lumen on a vascular
workstation. In the current analysis, the 3mensio Vascular Workstation V8.1 (Pie Medical
Imaging BV, Maastricht, The Netherlands) has been used. 3D coordinates of 1) the distal
edge of the renal artery orifices, 2) the most distal slice perpendicular to the centerline
to show circumferential apposition of the fabric with the aortic neck, and 3) the proximal boundary of the fabric, are measured on the stretched vessel view of the workstation
(Figure 5.2A). Second, a mesh of the aortic lumen, the centerline and the coordinates are
exported from the workstation and imported into the software (Figure 5.2B) The mesh was
created with a tool in 3mensio, by automatic segmentation of the contrast-rich aortic lumen. Poorly segmented contours, like low-contrast gaps, bone, small vessels, or chunks
of calcium were manually corrected. Low-intensity thrombus was not segmented. Third,
using the mesh, centerline and 3D coordinates, the software detects boundary circumferences on the mesh of the aortic lumen, defining 1) the proximal end of the aortic neck
through the origins of both renal arteries, 2) the proximal edge of the fabric, and 3) the
distal end of the full circumferential apposition of the endograft in the aortic neck (Figure 5.2C). The normal vectors of the proximal and distal boundaries of the aortic neck are
obtained from the directional vectors of the centerline. Fourth, the surfaces are calculated
over the aortic mesh, between the proximal and distal boundaries of 1) the entire aortic
neck and 2) apposition of the fabric with the aortic neck (Figure 5.2D). Fifth, at the level of
the proximal boundary of the endograft fabric the following parameters can be calculated:
1) the average endograft diameter to determine the percentage of expansion of the endograft, 2) the tilt of the axis relative to the direction of the aortic centerline, 3) the shortest
and contralateral fabric distances (SFD, CFD) towards the origins of the renal arteries, and
4) the shortest apposition length towards the distal end of circumferential apposition (Figure 5.2E). The fabric distances are calculated as the Euclidean straight-line distances. For
fabric distances > 10 mm, distances are recalculated over the curve of the aorta, which has
been described in detail in a previous publication. 9

Validation of surface calculations
The methodology for semi-automatic calculation of surfaces between boundaries over a
mesh of the aortic lumen was validated in an in-vitro study. A silicon cylinder with an inner diameter of 26.8 mm was filled with diluted contrast (Xenetix 300, Guerbet, Sulzbach,
Germany) and scanned with the standard local hospital CTA protocol. The true surface of
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Figure 5.2: Step-by-step evaluation of the proposed methodology. (A) A centerline is constructed
semi-automatically in a vascular workstation, and 3D coordinates of the renal arteries, proximal
end of the fabric and distal end of the apposition are measured. (B) A mesh of the aortic lumen,
the centerline and the coordinates are exported from the vascular workstation into the dedicated
software. (C) Boundaries for the proximal end of the neck (green), proximal end of the fabric (yellow)
and distal end of the apposition (red) are constructed. (D) The surface areas between the proximal
and distal boundaries are calculated for the aortic neck surface (green) and the endograft apposition
surface (yellow). (E) From the proximal end of the fabric, the diameter, tilt relative to the centerline,
and fabric distances relative to the renal arteries are calculated.

the open cylinder over the length of 30.0 mm was 2529 mm2 . Images were acquired on a
256 slice CT scanner (Philips, Best, The Netherlands). Scan parameters were: Tube voltage 120 kV, tube current time product 200 mAs, distance between slices 0.75 mm, pitch
0.9 mm, collimation 16×0.75 mm. The CTA scan with original slice thickness of 0.625 mm
was reconstructed into scans with slice thicknesses of 0.67, 0.8, 0.9, 1.0, 1.3, 1.5, 2.0, 2.5,
3.0, 4.0 and 5.0 mm, respectively. From each of these CTA scan reconstructions, a mesh
of the inner volume of the cylinder was obtained in the 3mensio workstation, a centerline
was constructed through the center of the cylinder, and coordinate markers were positioned on the cylinder over a distance of 30.0 mm, to mark the proximal and distal edge.
The mesh surfaces between the upper and lower boundaries were calculated for each of
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the reconstructions with different slice thicknesses and compared to the true surface of
the cylinder.

Variability analysis
Interobserver variability was analyzed for determination of the endograft dimensions and
surface areas, calculated from the first postoperative CTA scans of 24 elective EVAR patients. To provide a baseline for the variability of these calculations, the anatomical neck
characteristics – diameter and length – were also measured on the preoperative and first
postoperative CTA scans. The variability regarding measurements of anatomical neck
characteristics was compared to studies that have reported the variability in measuring
these neck characteristics. 10–12
The average slice thicknesses of the preoperative and postoperative clinical CTA scans
were 1.6 ± 0.8 mm and 1.5 ± 0.8 mm, respectively. The patients were not treated with additional graft material in the aortic neck, like cuffs, giant bare metal stents, endoanchors, and
parallel grafts. Institutional Review Board (IRB) approval was obtained, with exemption
from patient consent for review of deidentified CT datasets. Nine patients were treated
with an Endurant endograft (Medtronic, Minneapolis, Minn, USA), nine with a Zenith endograft (Cook, Bloomington, Ind, USA), four with an Excluder endograft (WL Gore and
Associates, Flagstaff, Ariz, USA) and two with an AFX endograft (Endologix, Irvine, Calif,
USA).
For each patient, two independent, experienced observers performed the measurements following the pre-defined measurement protocol. The observers were blinded to
the results of each other. Both observers performed all measurements, including centerline constructions, measurements, and mesh exports. Neck diameter was defined as the
average diameter of the longest and shortest axis, measured perpendicular to the centerline, from adventitia to adventitia, at the level of the distal boundary of the orifice of the
lowest renal artery baseline. In necks with substantial thrombus load, the inner-to-inner
neck diameter was measured instead of the outer-to-outer diameter. Neck length was defined as the centerline length from the level of the lowest renal artery baseline to the first
slice perpendicular to the centerline where the average aortic diameter increases 10% as
compared to the baseline level on preoperative CTA scans. On postoperative CTA scans,
the distal end of the aortic neck was defined by the first slice perpendicular to the centerline that showed interruption of circumferential apposition of the fabric with the aortic
neck.
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Statistics
Statistical analysis was performed with SPSS version 23 (IBM, Armonk, NY, USA). p-values
were considered significant when the two-tailed alpha was < .05. Normality of the data
was assessed via visual inspection of the histograms and Q-Q plots. All variables showed
a normal distribution and the data are expressed as means ± standard deviations (SD).
The mean difference between paired measurements, as well as the repeatability coefficient
(RC) are reported. The RC is defined as 1.96 times the SD of the difference between two
paired measurements, which is a good measure of repeatability, described by Bland and
Altman. 13 It is expected that 95% of the differences between the paired measurements are
less than the observed RC. Interobserver agreements were calculated with the intraclass
correlation coefficient (ICC). The ICC was tested with a two-way mixed model by absolute
agreement. 14 ICC values > .8 were considered good agreement. Variability of the calcu-

5

lated endograft diameter and lengths (fabric distances and seal length) were compared to
the variability of neck diameter and length measurements on a 3D workstation. Differences in variance between measured and calculated diameters and lengths were assessed
with one-way ANOVA, with the zero hypothesis of equal variability.

Results
Validation of surface calculations
The surface area, calculated from the original CTA scan with slice thickness of 0.625 mm,
was very close to the actual surface (2545 vs. 2529 mm2 ). With increasing slice thicknesses
of the reconstructed CTA scans, the calculated surfaces over the volume segmentation of
the cylinder decreased, following a logarithmic pattern (Figure 5.3). For reconstructions
with slice thickness of 1.0 mm, common for CTA scans, the surface was underestimated by
2.8%.

Variability analysis
The variabilities in measurements of aortic neck morphology and dimensions of the endograft are shown in Table 5.1. Excellent agreement was observed for all variables (ICC
.909 – .996).
The variabilities regarding calculation of the endograft dimensions (endograft diameter, fabric distances, shortest apposition length and endograft apposition surface) were
compared to the variabilities in measurement of anatomical neck characteristics (neck
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Figure 5.3: In vitro validation of the surface area calculations on CTA scan reconstructions with
various slice thicknesses. The calculated surface areas of an open cylinder were compared to the
actual surface area. With increasing slice thickness of the reconstructed CTA scan, the calculations
underestimate the true surface, following a logarithmic pattern.

diameter and neck length). Both endograft diameter calculations and neck diameter measurements showed very low variability, which were not statistically different (P = .054). The
mean differences between observers for these variables were within 1 mm, with 95% of the
dispersion within 2 mm. Calculations of fabric distances and shortest apposition length,
as well as measurements of neck lengths also showed low variability. The variabilities of
SFD, CFD, and apposition length calculations, compared to neck length measurements,
were not significantly different (P = .201, P = .339, and P = .968, respectively). Mean differences between the observers for these calculations and measurements were within 1 mm,
with 95% of the dispersion within 4 – 8 mm.
The average differences between observers for calculation of aortic neck surface and
endograft apposition surface were 28 – 43 mm2 , with an RC of 303 – 692 mm2 . When this
is expressed as the percentage of the mean calculated value, the mean difference is within
2.3% for the surface calculations, compared to 2.6% for the preoperative neck length measurements. 95% of the variability in calculating the surfaces was within 17 – 45%, which
was also comparable to measurements of the pre- and postoperative neck lengths (19 –
35%).
Tilt was calculated with a mean interobserver difference of -1.3◦ and an RC of 9.2◦ . This
83

CHAPTER 5. ENDOGRAFT DIMENSIONS – VALIDATION

Table 5.1: Inter-observer variability for measuring aortic neck morphology and endograft
dimensionsa
Pre-EVAR (observer 1 - observer 2)
Variable

Meana

Diff.b

RC

ICC (95% CI)

P
<.001

Neck diameter (mm)

23.7

0.0

0.9

.996 (.991 – .998)

Neck length (mm)

22.7

0.6

8.0

.994 (.986 – .997)

<.001

Neck surface (mm2 )

1532

28

692

.951 (.885 – .979)

<.001

Neck diameter (mm)

23.4

-0.1

Neck length (mm)

21.3

Neck surface (mm2 )

1835

Endograft diameter (mm)

Post-EVAR (observer 1 - observer 2)

5

1.1

.994 (.987 – .998)

<.001

-0.3

4.0

.988 (.973 – .995)

<.001

43

303

.988 (.972 – .995)

<.001

23.4

0.4

2.3

.972 (.933 – .988)

<.001
<.001

Shortest fabric distance (mm)

1.8

0.7

5.2

.906 (.782 – .959)

Contralateral fabric distance (mm)

10.2

0.5

5.7

.984 (.962 – .993)

<.001

Tilt (◦ )

15.4

-1.3

9.2

.917 (.810 – .964)

<.001

Apposition surface (mm2 )

1331

-9

307

.987 (.971 – .995)

<.001

Shortest apposition length (mm)

13.5

-0.2

4.1

.986 (.968 – .994)

<.001

RC, repeatibility coefficient; ICC, intraclass correlation coefficient; CI, confidence interval;
a Mean value measured by two observers.
b Mean difference between paired measurements.

parameter could not be compared to any preoperative neck parameter.

Case example
A case is presented of a patient who developed a type IA endoleak after a technically successful EVAR procedure, reported from the completion angiogram. The patient (male,
treated at age 75) presented with a 15-mm long neck, with an average outer diameter of 23
mm, without thrombus or calcification. The patient was treated with a Talent endoprosthesis, with a main body diameter of 28 mm, which oversized the outer neck diameter by
22% (Figure 5.4A). The first postoperative CTA scan showed a reasonably good position of
the endograft relative to the renal arteries (SFD 4 mm, CFD 5 mm), with 70% of the aortic
neck surface covered, resulting in an apposition length of 12 mm (Figure 5.4B). The endograft was expanded to 82% of its original diameter. On the second follow-up scan, 15
months after the procedure, the endograft had displaced 8 mm caudally compared to the
initial position, with an apposition reduction of 10% (Figure 5.4C). After 27 months, the
caudal displacement had continued, further reducing the apposition, and the endograft
was almost fully expanded to 27 mm (Figure 5.4D). After 51 months, the endograft was
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Figure 5.4: Case example – Caudal displacement. (A) Neck morphology on the preoperative CTA
scan, showing a non-challenging neck with sufficient oversizing. (B) First postoperative CTA scan
showing reasonably good position, apposition and expansion of the endograft in the aortic neck.
(C – E) Progressive caudal displacement, and expansion of the endograft were observed, eventually
resulting in loss of apposition and a type IA endoleak.

fully migrated, resulting in a type IA endoleak (Figure 5.4E).

Discussion
A new methodology was validated that enables semi-automatic quantification and visualization of the 3D endograft position, apposition, and expansion in the aortic neck, based
on regular post-EVAR CTA scans. These are the parameters that are involved in sealing
in the infrarenal aortic neck. The in vitro validation showed that the surface calculations
were accurate for CTA scans with 0.625 and 1.0 mm slice thicknesses. For increasing slice
thicknesses, the surface is underestimated due to triangulation of the mesh by fewer face
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triangles. More complex shapes of the aorta may result in larger underestimation of the
true surface, but correcting for this error is only relevant when comparing absolute surfaces between scans. The percentage of aortic neck coverage by the endograft, which may
be more intuitive and important than the absolute surface area, is not affected by this underestimation.
High agreement was found for calculation of the endograft dimensions and measurement of the anatomical neck characteristics. The agreements for measuring neck diameter
and neck length were slightly better than presented in the literature, which may result from
the use of a dedicated vascular workstation and a strict measurement protocol. 10–12 Calculation of the endograft dimensions from the mesh of the aortic lumen, centerline and
coordinates, was reproducible with variability margins that were comparable to those of
measuring the anatomical neck characteristics on a stretched vessel CTA reconstruction.

5

Variability of tilt calculations could not be compared to the literature, since this parameter
has not been described previously.
The 3D dimensions of the endograft within the aortic neck should be assessed on the
first postoperative CTA scan of every EVAR patient, as a quality check of the procedure, and
to serve as a baseline for further follow-up. Currently, technical success of the procedure
is defined as successful deployment of a patent, unobstructed endograft, with secure fixation, and absence of type I or III endoleak, which is based on the completion angiogram. 15
These requirements may be achieved, yet deployment of the endograft may be suboptimal, or the neck may not tolerate the expanding endograft. Adaptive neck enlargement
has recently been described in detail by Tassiopoulos and coworkers, who found > 3 mm
neck enlargement within one month in 12.5% of the patients. 16 With the presented software, neck enlargement can also be appreciated at the level of the proximal edge of the
fabric, in addition to measurements in the orthogonal plane at certain distances from the
renal artery baseline.
Practice guidelines advice a second CTA scan one year after the procedure, which is
mainly used to check for endoleaks and obstruction of the endograft. 17,18 Again, over the
course of one year, the actual complication may not have occurred yet, while signs of a
progressive process can be detected by analysis of the position, apposition and expansion of the endograft, compared to the first follow-up CTA scan. The effects of radiation
and contrast exposure urges physicians to reduce the number of post-EVAR CT scans, and
replace the 1-year CT scan with duplex ultrasound and X-ray. As a result, accurate 3D information on the endograft position and apposition are unavailable during further followup. Therefore, accurate analysis of the endograft dimensions on the 1-month CTA scan is
essential, to identify high-risk patients who may require further CT follow-up.
Time-dependent surface coverage and endograft expansion during the cardiac cycle
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can only be appreciated with dynamic CT imaging. 4D analysis also appreciates the dynamic properties of different stent designs during the cardiac cycle. The software was not
optimized for 4D analysis, and current analyses were only done on static CTA series, which
is a major limitation of this study. 4D analysis of the endograft dimensions is feasible with
the current software, by analyzing dynamic scans as a series of 3D volumes, but this is yet
time consuming. Automatic analysis of dynamic CTA scans is currently work in progress.
The variability analysis is limited by the retrospective study design. Accuracy and precision of the measurements that are used to calculate the endograft dimensions may vary
between observers and with the quality of the CTA scan, which is also the case with measuring regular anatomical characteristics. Accuracy of localizing the proximal fabric edge
may further depend on the implanted endograft. Devices like the Endurant, Excluder and
Zenith endografts are equipped with three or four radiopaque markers, which are easily
localized in 3D from the reconstructed CTA scan. Devices with two or fewer radiopaque
markers at the proximal edge of the fabric, like the Talent or AFX endografts, require localization of the fabric edge based on the stent frame design, which may be more susceptible
to error. The variability analysis includes patients who are treated with different types of
devices.

Conclusion
A new methodology was validated to quantify and visualize position, apposition and expansion of the endograft within the aortic neck after EVAR. Accurate post-EVAR analysis of
these endograft dimensions is feasible and reproducible. The manuscript is accompanied
by a large clinical validation that emphasizes the added value of each of the postoperative
endograft dimensions to predict failure of seal and fixation in the proximal neck. 19
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CHAPTER 6. ENDOGRAFT DIMENSIONS – INTERPRETATION

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 > 10 mm 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

6

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 threedimensional (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, CA, USA), two with a Talent endograft (Medtronic) and one with an Excluder endograft (WL Gore & Associates Inc,
Flagstaff, AZ, USA). These patients had late (> 1 year) type IA endoleak or significant endograft migration (> 10 mm). 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) 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 120 kV, 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 to #4,
respectively. Postoperative slice thickness was 1.5 mm for all postoperative CT scans. PreEVAR, 100 mL Xenetix300 contrast was administered intravenously in the arterial phase
with 4 mL per second. After 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
postoperative CT scan of each patient. With use of the new software, the position and

6

apposition of the endograft within the aortic neck were determined for each patient at the
postoperative 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, MA, 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
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CHAPTER 6. ENDOGRAFT DIMENSIONS – INTERPRETATION

Figure 6.1: 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).

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 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 (Figure 6.1A, B).

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 6.1C).
The fabric distances are the Euclidean straight-line distances from the PEF to the coordinates of the lower margins of both renal arteries (Figure 6.2A). The shortest fabric distance (SFD) and contralateral fabric distance (CFD) are independent of which renal artery
is the highest on CLL measurements. Increase in either SFD or CFD during follow-up will
be indicative for endograft migration.
Tilt of the endograft in the aorta was defined as the angle between the centerline of the
95
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Figure 6.2: 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 CFD (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).

6

Table 6.1: Relationship between endograft oversizing and endograft expansion. This relationship is
independent of the endograft diameter

Oversizing of endograft

10%

15%

20%

25%

Endograft expansion (compared to

91%

87%

83%

80%

original endograft diameter)

aortic neck and the centerline of the PEF (Figure 6.2B). 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 6.1.
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.

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
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Figure 6.3: The shortest apposition length (SAL, black line) is the shortest length between the proximal end of the endograft fabric (PEF, yellow line) and the DAB (red line).

EAS was calculated as the surface over the mesh of the aortic lumen between the PEF and
the DAB (Figure 6.1C). 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 6.3).

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 6.2). 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 6.3,
seven warning signs that indicate change in endograft position during follow-up are described. We have analyzed these warning signs on the CT scans of five patients, in order to
illustrate the added value over regular (and current standard) follow-up.
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Table 6.2: Baseline parameters at first postoperative CT scan, calculated by the software
Baseline parameters
Aortic neck surface (ANS)
Fabric distances (SFD, CFD)
Tilt of the endograft
Endograft expansion (% of the original endograft diameter)
Endograft apposition surface (EAS, % of ANS)
Shortest apposition length (SAL)
Table 6.3: Warning signs that indicate change in endograft position during follow-up, potentially
predicting migration and type IA endoleak
Warning signs
Increase of ANS (neck dilatation)
Decrease of ANS (loss of apposition at distal apposition zone)
Increase of fabric distance (SFD, CFD)
Increase of endograft tilt

6

Increase of endograft expansion (% of the original endograft diameter)
Decrease of EAS (% of ANS)
Decrease of shortest apposition length (SAL)

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 (> 10 mm) migration (patients #3 and #4, diagnosed 1197 and
1659 days after the primary EVAR procedure, respectively).

Patient #1 Figure 6.4A – C and Table 6.4 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 6.4B): 1) fabric distance to the lowest renal artery is 10 mm; 2) shortest
apposition length is only 3 mm; 3) endograft expansion is 98% of the original diameter
(only 2% oversizing); 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
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Figure 6.4: 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 6.4: Aortic neck characteristics and endograft position and apposition for patient #1
Variable

Pre-EVAR

Post-EVAR

Post-EVAR

(21 days)

(59 days)

(493 days)

Neck diameter (mm)

23

25

23

Original endograft diameter (mm, type)

26 (Talent)

Neck length (mm)

11

SFD (mm)

10a

13a

CFD (mm)

15

17

Tilt (◦ )

3

2

Endograft expansion (mm, % of endograft)

26 (98%)a

26 (100%)a

Shortest apposition length (mm)

3a

0a

ANS, (mm2 , % of the first post-EVAR CT scan)

1465

1298 (89%)

EAS, (mm2 , % of the ANS)

355 (24%)a

45 (3%)a

6

SFD, shortest fabric distance; CFD, contralateral fabric distance; ANS, aortic neck surface; EAS,
endograft apposition surface;
a Warning sign.

and the first post-EVAR CT scan. The radiologist scored the position of the endograft 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 6.4C).

Patient #2 Figure 6.5A – F and Table 6.5 show a patient diagnosed with a type IA endoleak 1273 days post-EVAR. The preoperative neck is of sufficient length and not angu99

CHAPTER 6. ENDOGRAFT DIMENSIONS – INTERPRETATION

6

Figure 6.5: 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.

lated (Figure 6.5A). On the 251 days post-EVAR CT scan, two important warning signs are
present (Figure 6.5B): 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 6.5E), the endograft oversizing was further reduced to 9%. The radiologist
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 6.5F).

Patient #3 Figure 6.6A – C and Table 6.6 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 6.6B). On the second post-EVAR CT scan (Figure 6.6C), 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 followup. Four months later, a type IA endoleak was diagnosed with duplex ultrasound.
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Table 6.5: Aortic neck characteristics and endograft position and apposition for patient #2
Variable

Pre-EVAR

Post-EVAR

Post-EVAR

(28 days)

(61 days)

(251 days)

Neck diameter (mm)

21

21

21

Original endograft diameter (mm, type)

28 (Endurant)

Neck length (mm)

14

SFD (mm)

6

6

CFD (mm)

9

7

Tilt (◦ )

17

18

Endograft expansion (mm, % of endograft)

21 (75%)

24 (87%)a

Shortest apposition length (mm)

22

29

ANS, (mm2 , % of the first post-EVAR CT scan)

2578

3444 (134%)a

EAS, (mm2 , % of the ANS)

2051 (80%)

2855 (83%)

Post-EVAR

Post-EVAR

Post-EVAR

(541 days)

(911 days)

(1273 days)

Neck diameter (mm)

21

22

22

SFD (mm)

6

6

6

CFD (mm)

9

7

13a

Tilt (◦ )

13

16

15

Endograft expansion (mm, % of endograft)

24 (87%)a

26 (92%)a

27 (95%)a

Shortest apposition length (mm)

28

28

0a

ANS, (mm2 , % of the first post-EVAR CT scan)

3638 (141%)a

3594(139%)a

1026 (40%)a

EAS, (mm2 , % of the ANS)

3006 (83%)

2955 (82%)

231 (23%)a

6

SFD, shortest fabric distance; CFD, contralateral fabric distance; ANS, aortic neck surface; EAS,
endograft apposition surface;
a Warning sign.

Patient #4 Figure 6.7A – E and Table 6.7 show a case of endograft migration, tilt, and
aortic neck dilatation. On the 369 days follow-up CT scan (Figure 6.7C), three warning
signs were observed: 1) increased tilt of the endograft; 2) migration of 3 mm at the level
of the lowest renal artery; 3) increased expansion of the endograft. After 890 days (Figure 6.7D), all warning signs were present. The aortic 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 6.7E), complete loss of apposition and
subsequent type IA endoleak was observed.
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Figure 6.6: 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.

Table 6.6: Aortic neck characteristics and endograft position and apposition for patient #3
Variable

6

Pre-EVAR

Post-EVAR

Post-EVAR

(57 days)

(32 days)

(1659 days)

Neck diameter (mm)

27

27

28

Original endograft diameter (mm, type)

29 (Excluder)

Neck length (mm)

33

SFD (mm)

2

4

CFD (mm)

19

24a

Tilt (◦ )

20a

29a

Endograft expansion (mm, % of endograft)

25 (87%)

28 (99%)a

Shortest apposition length (mm)

20

15a

ANS, (mm2 , % of the first post-EVAR CT scan)

2425

2680 (110%)

EAS, (mm2 , % of the ANS)

1658 (68%)

1492 (56%)a

SFD, shortest fabric distance; CFD, contralateral fabric distance; ANS, aortic neck surface; EAS,
endograft apposition surface;
a Warning sign.

Control cohort
Table 6.8 shows baseline characteristics of endograft position and apposition of the control cohort of 20 patients. The ANS and shortest apposition length slightly increased (from
2095 [559] mm2 to 2597 [914] mm2 and 15.8 [9.3] mm to 19.2 [10.0] mm, one month and
one year post-EVAR, respectively. Other parameters were constant during follow-up.
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Figure 6.7: 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.

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.
The currently described new sizing method allows detection of small changes in aortic
neck morphology and endograft position and apposition. The four cases described 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 preopera103
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Table 6.7: Aortic neck characteristics and endograft position and apposition for patient #4
Variable

Pre-EVAR

Post-EVAR

(159 days)

(86 days)

(369 days)

Neck diameter (mm)

20

20

21

Original endograft diameter (mm, type)

30 (Talent)

Neck length (mm)

9

SFD (mm)

6

3

CFD (mm)

7

10

Tilt (◦ )

0

7a

Endograft expansion (mm, % of endograft)

22 (73%)

25 (84%)a
38

Shortest apposition length (mm)

38

ANS, (mm2 , % of the first post-EVAR CT scan)

4057

4030 (99%)

EAS, (mm2 , % of the ANS)

3566 (88%)

3523 (89%)

Post-EVAR

6

Post-EVAR

Post-EVAR

(890 days)

(1197 days)

Neck diameter (mm)

26a

24a

SFD (mm)

10a

31a

CFD (mm)

20a

38a

Tilt (◦ )

9a

4a

Endograft expansion (mm, % of endograft)

26 (88%)a

28 (95%)a

Shortest apposition length (mm)

13a

0a

ANS, (mm2 , % of the first post-EVAR CT scan)

2537 (63%)a

2834(70%)a

EAS, (mm2 , % of the ANS)

1217 (48%)a

45 (2%)a

SFD, shortest fabric distance; CFD, contralateral fabric distance; ANS, aortic neck surface; EAS,
endograft apposition surface;
a Warning sign.

tive 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 10 mm, 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
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Table 6.8: Endograft position and apposition characteristics for 20 patients without late (> 1 year)
type IA endoleak or migrationa
Variable

First follow-up

Late follow-up

Days post-EVAR

31 [2]

418 [52]

Neck diameter (mm)

25 [2]

25 [2]

SFD (mm)

3 [3]

3 [1]

CFD (mm)

11 [2]

12 [1]

Tilt (◦ )

14 [4]

15 [4]

Endograft expansion (mm)

25 [3]

27 [4]

% of endograft diameter

89 [7]

92 [3]

Shortest apposition length (mm)

16 [9]

19 [10]

ANS (mm2 )

2095 [559]

2567 [914]

–

107 [10]

% of first post-EVAR CT scan
EAS (mm2 )
% of the ANS

1734 [580]

2019 [892]

78 [12]

77 [15]

SFD, shortest fabric distance; CFD, contralateral fabric distance; ANS, aortic neck surface; EAS
endograft apposition surface;
a Data shown as median [interquartile range].
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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 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 6.8). 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. Fur105

CHAPTER 6. ENDOGRAFT DIMENSIONS – INTERPRETATION

thermore, 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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CHAPTER 7. DEPLOYMENT ACCURACY

Abstract
Objective: To report a methodology for 3-dimensional (3D) assessment of the stent-graft
deployment accuracy after endovascular aneurysm repair (EVAR).
Methods: A methodology was developed and validated to calculate the 3D distances between the endograft fabric and the renal arteries over the curve of the aorta. The shortest
distance between one of the renal arteries and the fabric (SFD) and the distance from the
contralateral renal artery to the fabric (CFD) were determined on the first postoperative
computed tomography (CT) scan of 81 elective EVAR patients. The SFDs were subdivided
into a target position (0 – 3 mm distal to the renal artery), high position (partially covering
the renal artery), and low position (> 3 mm distal to the renal artery). Data are reported as
the median (interquartile range, IQR).
Results: Intra- and interobserver agreements for automatic and manual calculation of the
SFD and CFD were excellent (ICC > .892, p < .001). The median SFD was 1.4 mm (IQR -0.9,
3.0) and the median CFD was 8.0 mm (IQR 3.9, 14.2). The target position was achieved in
44%, high position in 30%, and low position in 26% of the patients. The median slope of
the endograft toward the higher renal artery was 2.5◦ (IQR -5.5◦ , 13.9◦ ).
Conclusion: The novel methodology using 3D CT reconstructions enables accurate evaluation of endograft position and slope within the proximal aortic neck. In this series, only
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44% of endografts were placed within the target position with regard to the lowermost renal artery.
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Introduction
Endovascular aneurysm repair (EVAR) is being used more frequently to treat patients with
challenging aortic neck morphology, such as short or significantly angulated necks. 1–3 Debates on this subject assume full coverage of the available neck, but accuracy of endograft
deployment in a regular EVAR case is largely unknown because sophisticated post-EVAR
computed tomography (CT) analysis is not performed on a regular basis. Many studies
have associated pre-EVAR challenging neck morphology with complications, such as type
IA endoleak and migration, 4–9 but accuracy of the post-EVAR endograft position is not included in these studies. Initial suboptimal deployment of the endograft will reduce the
apposition surface in the neck, leading to an increased risk for proximal neck complications.
A methodology for accurate determination of the 3-dimensional (3D) endograft position in the aortic neck with regard to the renal arteries is lacking. The objective of this
study was to validate a semi-automated method for determining the accuracy of endograft positioning in the aortic neck after EVAR. The methodology was used to measure the
shortest 3D distances between the proximal end of the fabric and both renal arteries in
a series of EVAR procedures, with the target position of the endograft fabric close to the
lower renal artery. The outcome of this methodology was compared with the current gold
standard, which is the manual distance along the centerline at the aortic wall, below each
renal artery.

Methods
Study design
The shortest distances between both renal arteries and the endograft fabric, further referred to as fabric distances, were automatically calculated as the minimal Euclidean distances between the distal boundaries of the orifices of the respective renal arteries and
the proximal boundary circumference of the endograft fabric (Figure 7.1). The Euclidean
distance describes the straight-line distance between two coordinates in a 3D space. If the
Euclidean fabric distance was > 10 mm, the fabric distance was calculated over the outer
contours of the aortic lumen to account for curved morphology of the aortic segment. The
fabric distances were calculated for both left and right renal arteries and a preserved accessory renal artery if applicable. The shortest distance between the fabric and one of the
renal arteries is referred to as the shortest fabric distance (SFD) and the distance to the
111
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7
Figure 7.1: Step-by-step explanation of the methodology of calculating the shortest fabric distance
(SFD) and contralateral fabric distance (CFD): (1) obtain the coordinates, centerline, and mesh from
a vascular workstation; (2) calculate Euclidean fabric distances; and (3) if a Euclidean distance is >
10 mm, the fabric distance is calculated over the curve of the aorta.

contralateral renal artery is referred to as the contralateral fabric distance (CFD). These
distances are independent of which renal artery is defined as the lower renal artery on the
reoperative CT scan. The coordinates of the renal arteries and the proximal graft boundary (Figure 7.2) were obtained from the first postoperative 3D CT volumes on the 3mensio
vascular workstation (version 8.1 research edition; Pie Medical Imaging BV, Bilthoven, the
Netherlands).
Endografts involved in the study included the Endurant (Medtronic, Minneapolis, MN,
USA), Zenith and Zenith Low Profile (Cook, Bloomington, IN, USA), Excluder (WL Gore &
Associates, Flagstaff, AZ, USA), and Talent (Medtronic) endografts, which have radiopaque
markers at fixed distances from the edge of the graft fabric. The exact distance between the
center of these markers and the fabric edge were provided by the manufacturers (Endurant
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Figure 7.2: Postoperative CT measurements on the 3mensio workstation displayed in (A) a 3dimensional, (B) perpendicular to the centerline, and (C) stretched vessel views. Coordinates of
the renal arteries, the four proximal fabric markers, and distal end of the seal are displayed, as well
as the centerline distances between the renal artery orifices (DR A ) and the fabric distances below
the lower (FDL ) and higher (FDH ) renal arteries.

1.3 mm, Zenith 1.3 mm, Excluder 1.5 mm, and Talent 1.3 mm). The fabric distances were
calculated from the coordinates of the renal arteries and the coordinates of the proximal
fabric edge, corrected for the given distances between the radiopaque markers and the
actual edge of the fabric. The fabric edge of the Gore Excluder endograft with diameters
< 31 mm has a sinusoidal shape. For this type of endograft, the proximal graft boundary
was defined by the peaks of the graft edge. Calculations were performed with proprietary
custom software in Matlab 2013b (The MathWorks, Natick, MA, USA). Distances for the
entire cohort are presented as the median (interquartile range, IQR).
The slope of the fabric relative to the higher renal artery was calculated as the angle
of the fabric in each renal artery plane. With the lower renal artery orifice as a baseline,
positive slope equals orientation of the top of the fabric toward the higher renal artery
(increasing the apposition surface below the higher renal artery), while a negative slope
describes an orientation away from the higher renal artery (decreasing the apposition sur113

7

CHAPTER 7. DEPLOYMENT ACCURACY

face). The slope was calculated with Equation 7.1:
Sl ope = t an −1

(F D L + D R A ) − F D H
Di am

(7.1)

where FDL = fabric distance to lower renal artery (mm), FDH = fabric distance to higher
renal artery (mm), DR A = centerline distance between the higher and lower renal artery
(mm), and Diam = aortic neck diameter (mm).
Automatic calculations of fabric distances over the contour of the aorta were compared
with manual measurements of the fabric distances over the centerline on the stretched
vessel reconstructions. For highly curved aortic segments, the distance measurements
over the centerline may underestimate the distance over the outer curve. Therefore, the
location of the CFD on the inner or outer curve of the aorta was reported for patients with
a CFD > 5 mm and average curvature over the suprarenal and/or juxtarenal aorta > 10 m−1 .

Study population
A database containing 150 elective EVAR patients who served as a matched control cohort for the Aortic Securement System Global Registry (ANCHOR) was available from three
high-volume institutions. Of these 150 patients, 145 had a preoperative and early (< 60
days) postoperative CT scan. Twenty-three patients were excluded because one of these
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scans was a noncontrast CT scan. Another six were excluded because the scanned trajectory was too short or the trajectory was not sufficiently enhanced with contrast agent.
Nineteen patients treated with additional materials, such as giant bare metal stents, extension cuffs, and chimneys, were excluded. Five patients were excluded because the
endograft was deliberately positioned lower than directly below the level of the lower renal artery. Eleven patients were excluded because the endografts had no clear proximal
boundary of the graft fabric (5 Trivascular Ovation, 2 Lombard Aorfix, 2 Endologix AFX,
and 2 Endologix Powerlink). The remaining 81 patients were included in the study. Institutional review board approval was obtained, with exemption from patient consent for
review of anonymized CT scans.

CT measurement protocol
The CT scan parameters (available for 53 patients) were tube voltage 120 kV, tube current
180 mAs preoperative and 200 mAs postoperative, distance between slices 0.75 mm, pitch
0.9, and collimation 128×0.63 mm preoperative and 16×0.75 mm postoperative. Iodinated
contrast agent was administered intravenously in the arterial phase. The CT scan acquisition was bolus triggered when arterial Hounsfield units were > 100. Median slice thickness
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for all included patients was 2.0 mm (IQR 1.5, 3.0) for the preoperative scan and 1.5 mm
(IQR 1.5, 2.5) for the postoperative scan, which was acquired at a median 33 days (IQR 29,
42) post EVAR.
All measurements were performed by two experienced observers. A 3D centerline was
drawn semi-automatically through the center of the aortic lumen. A mesh of the outer
contours of the aortic lumen was automatically created with the mesh export tool provided by the 3mensio vascular workstation. The measurements were performed on 1-mm
reconstructed slices perpendicular to the centerline. Anatomical neck characteristics were
determined on the preoperative CT scan, while the endograft position was determined on
the first postoperative CT scan. Aortic neck diameter was defined as the average diameter,
derived from the outer wall circumference at the level of the lower renal artery. The aortic
neck length was measured as the centerline distance between the distal boundary of the
lower renal artery orifice and the distal end of the aortic neck (10% increase in average
aortic diameter compared with the average aortic diameter at the level of the lower renal
artery). The distance between the higher and lower renal arteries was measured over the
centerline from the caudal levels of both renal artery orifices (Figure7.2; DR A ).
Neck thrombus thickness was defined as the average thickness of mural thrombus over
the circumference on the orthogonal slice 5 mm distal to the lower renal artery. This level
includes the target zone for deployment of the endograft in most patients. Thrombus circumference was the total degree of circumference covered by > 1-mm-thick thrombus.
Neck calcification was calculated in a similar way as the average thickness and total circumference of > 1-mm-thick calcification on the orthogonal slice 5 mm distal to the lower
renal artery.
Suprarenal and infrarenal angulations were measured as the angles between the flow
direction of the suprarenal aorta to the aortic neck and the aortic neck to the aneurysm sac
over the centerline based on the 2D methodology described by van Keulen and coworkers 10 and adapted for measuring along the centerline in 3D.
Aortic curvature has been described previously as a significant predictor of intraoperative and late (> 1 year) type IA endoleak. 11–13 The average curvature was calculated over
six predefined regions: the aortic neck (between the lower renal artery and the start of the
aneurysm), the aneurysm sac (between the end of the infrarenal neck and 20 mm proximal to the aortic bifurcation), and the terminal aorta (between 20 mm proximal to the
aortic bifurcation and the aortic bifurcation). The aortic region surrounding the lower renal artery was further subdivided into suprarenal aortic neck (30 to 10 mm proximal to
lower renal artery), juxtarenal aortic neck (10 mm proximal and to 10 mm distal to lower
renal artery), and infrarenal aortic neck (10 to 30 mm distal to the lower renal artery).
Manual measurements of the fabric distances were performed by two experienced ob115
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servers on the stretched vessel reconstructions. The centerline distances were measured
from the distal boundary of the orifices of the renal arteries to the proximal boundary of
the endograft fabric at the same clock positions as the renal arteries (Figure 7.2; FDL , FDH ).

Statistical analysis
Interobserver variability in measuring neck length and intra- and interobserver variability
in manual measurement vs automatic calculation of the fabric distances were assessed in
24 patients with the repeatability coefficient (RC) and the intraclass correlation coefficient
(ICC). The RC is defined as 1.96 times the standard deviation of the difference between two
repeated measurements covering 95% of the expected variation. 14 The ICC was tested with
a two-way mixed model by absolute agreement. All measurements, including defining
the centerline, the mesh of the aortic lumen, and measurements of the coordinates and
distances, were independently performed by the two observers. One observer repeated
the measurements with a three-week interval.
The shortest fabric distances were subdivided into three categories: target position
(SFD 0 to 3 mm from one of the renal arteries), high position (SFD < 0 mm; partial coverage
of one of the renal arteries), and low position (SFD > 3 mm from the renal arteries). Differences in morphological characteristics between high and low position cohorts compared
to the target position cohort were calculated with a one-way analysis of variance. Differ-
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ences in the nominal variable endograft type were calculated using cross tabulation and
Pearson’s χ2 test. The Shapiro-Wilk test was used to test for normality of the anatomical
baseline characteristics. All measurements are described as the median and IQR (quartiles
1 and 3). The differences between the repeated measurements were normally distributed
and denoted as means ± standard deviation. The threshold of statistical significance was p
< .05. Statistical analysis was performed with SPSS software (version 23; IBM Corporation,
Armonk, NY, USA).

Results
Endograft position
The median fabric distances calculated by the software were 1.4 mm (IQR -0.9, 3.0) for the
SFD (Figure 7.3A) and 8.0 mm (IQR 3.9, 14.2) for the CFD (Figure 7.3B). The target position
(SFD 0 – 3 mm) was reached in 36 (44%) patients, with a median SFD of 1.5 mm (IQR 0.5,
2.3) and a CFD of 8.8 (IQR 3.8, 15.6). High endograft position (partial coverage of a renal
artery orifice) was observed in 24 (30%) patients with a median SFD of -1.9 (IQR -2.5, -1.1)
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Figure 7.3: Distribution of (A) shortest fabric distance and (B) contralateral fabric distance on the
first postoperative computed tomography scan of 81 endovascular aneurysm repair patients.

and a CFD of 4.7 (IQR 1.1, 9.0). In none of these patients was the renal artery occluded by
full fabric coverage. Low position was observed in 21 (26%) patients with a median SFD of
5.0 (IQR 3.7, 6.3) and a CFD of 13.5 (IQR 6.6, 18.2).
The median slope of the endograft relative to the higher renal artery (Figure 7.4) was
◦

2.5 (IQR -5.5◦ , 13.9◦ ). A positive slope was seen in 49 (61%) patients, indicating that the
endograft was oriented toward the higher renal artery, thus increasing the apposition surface in the aortic neck.
The preoperative morphological (neck) characteristics are displayed in Table 7.1. A
significantly higher calcification burden was observed in the cohort with high endograft
position. Low position was associated with significantly higher infrarenal angulation.

Intra- and interobserver variability
The intra- and interobserver variability were determined for manual measurement of the
fabric distances over the centerline and automatic calculation of the fabric distances over
the contour of the aorta in 24 patients (Table 7.2). The average time for the observers to
measure the characteristics and collect the coordinates for further processing was 8.0 ± 1.5
117
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7
Figure 7.4: (A) Endograft position and orientation in the aortic neck relative to the renal artery with
the shortest fabric distance in 81 endovascular aneurysm repair cases. The median slope toward
the higher renal artery was 2.5◦ (IQR -5.5◦ , 13.9◦ ). (B) Example 1: High endograft position partially
overstenting the lower renal artery, with positive slope (16.6◦ ) optimizing the apposition surface. (C)
Example 2: Low endograft position with positive slope (47.9◦ ). lower renal artery (LRA), higher renal
artery (HRA), shortest fabric distance (SFD), and contralateral fabric distance (CFD) are displayed.

minutes per CT angiography scan. All measurements and calculations showed excellent
agreement (ICC > .892, p < .001). The mean difference between repeated manual measurements of neck length and fabric distances was 0.0 to 1.0 mm, with 95% of the variance
within 4.3 and 5.2 mm. The mean difference between repeated automated calculations of
the fabric distances was 0.1 to 0.8 mm with 95% of the variance within 2.6 and 3.4 mm.
Manual measurements of the CFD over the centerline were ± 20% lower than the auto118
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Table 7.1: Preoperative anatomical neck characteristics and postoperative endograft position of
three subgroups of shortest fabric distancea
Variable

High position

P

(n = 24)

Target position

Low position

(n = 36)

(n = 21)

P

SFD (mm)

-1.9 (-2.5 – -1.1)

1.5 (0.5 – 2.3)

5.0 (3.7 – 6.3)

CFD (mm)

4.7 (1.1 – 9.0)

8.8 (3.8 – 15.6)

13.5 (6.6 – 18.2)

Neck diameter (mm)

23.7 (22.4 – 26.3)

.703

24.4 (20.9 – 26.8)

23.1 (20.9 – 24.8)

.338

Neck length (mm)

24.0 (16.0 – 40.0)

.206

20.0 (10.0 – 31.8)

26.0 (15.0 – 38.0)

.833

Thrombus
Thickness (mm)

0.0 (0.0 – 1.9)

.388

0.0 (0.0 – 1.5)

0.0 (0.0 – 0.0)

.569

Circumference (◦ )

0.0 (0.0 – 104.5)

.595

0.0 (0.0 – 78.8)

0.0 (0.0 – 0.0)

.232

Calcification
Thickness (mm)

1.8 (1.1 – 2.4)

.034

1.1 (0.0 – 2.0)

0.0 (0.0 – 1.6)

.075

Circumference (◦ )

34.5 (10.8 – 61.5)

.020

7.0 (0.0 – 41.3)

0.0 (0.0 – 23.2)

.448

Suprarenal

24.0 (17.2 – 32.0)

.525

22.3 (12.4 – 31.1)

25.6 (10.5 – 37.9)

.390

Infrarenal

53.5 (36.4 – 65.0)

.360

48.7 (35.8 – 59.5)

57.1 (38.3 – 90.1)

.005

Angulation (◦ )

Curvature (m−1 )
Aortic neck

24.9 (15.9 – 33.6)

.134

28.5 (16.1 – 41.3)

21.9 (16.8 – 39.6)

.973

Suprarenal

12.7 (3.4 – 16.2)

.506

10.7 (0.6 – 18.5)

12.5 (3.1 – 20.5)

.433

Juxtarenal

21.1 (15.6 – 27.6)

.976

22.1 (13.2 – 31.7)

18.5 (9.6 – 25.1)

.340

Infrarenal

25.2 (15.2 – 39.2)

.533

31.0 (13.6 – 37.9)

33.4 (22.6 – 50.2)

.269

24.0 (17.8 – 27.2)

.216

23.0 (20.0 – 30.6)

22.1 (18.7 – 28.3)

.272

13.5 (8.3 – 22.7)

.481

14.9 (8.5 – 24.6)

14.6 (4.3 – 24.0)

.381

55.9 (55.4 – 62.7)

.471

53.7 (47.7 – 60.7)

55.3 (50.1 – 68.2)

.281

Aneurysm sac
Terminal aorta
Max. aneurysm (mm)
Endografts (No.)

.437

.871

Endurant

17

25

14

Zenith

5

3

3

Excluder

2

6

2

Otherb

0

2

2

SFD, shortest fabric distance; CFD, contralateral fabric distance;
a Data shown as the median (interquartile range).
b Talent and Zenith Low Profile.

matic calculations of the CFD over the aortic contour. Twelve patients had a CFD > 5 mm
and suprarenal and/or juxtarenal curvature > 10 mm−1 . Of these patients, the CFD was
located in the outer curve of the aorta in 11 (92%) patients and in the inner curve in 1
(8%).
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Table 7.2: Interobserver variability for preoperative neck length and intra- and interobserver variability for postoperative shortest fabric distance and cntralateral fabric distance, automatically calculated over the aortic contour by the software and manually measured as the centerline distancea
Variable
Neck length (mm)

Observer 1

Observer 1

Session 1

Session 2

21.5 (10.5 – 31.3)

Observer 2
21.5 (10.8 – 27.0)
0.0 ± 2.3

RC (mm)

4.6

ICC (95% CI)

.994 (.986 – .997)
1.8 (-0.1 – 3.6)

MD (mm)

0.6 (-1.8 – 3.4)

1.8 (-1.0 – 4.9)

-0.8 ± 1.5

0.2 ± 1.7

RC (mm)

2.9

ICC (95% CI)

.909 (.784 – .961)

Manual SFD (mm)

2.2 (-1.1 – 5.4)

1.7 (-1.5 – 3.7)
-0.4 ± 2.6

-0.2 ± 2.6

5.2

5.2

ICC (95% CI)

.934 (.848 – .971)
10.1 (3.9 – 15.9)

9.9 (4.4 – 16.4)

10.3 (4.3 – 15.6)
-0.3 ± 1.7

2.6

ICC (95% CI)

.990 (.978 – .996)

Manual CFD (mm)

8.2 (4.7 – 12.5)

<.001 .892 (.750 – .953)

0.1 ± 1.3

RC (mm)

8.2 (5.0 – 11.7)

<.001

0.7 (-1.3 – 5.5)

RC (mm)

MD (mm)

<.001

3.2
<.001 .906 ( .782 – .959)

MD (mm)

Automatic CFD (mm)

P

Session 1

MD (mm)

Automatic SFD (mm)

7

P

<.001

3.4
<.001 .984 (.962 – .993)

<.001

8.1 (3.7 – 10.9)

MD (mm)

0.5 ± 2.2

-1.0 ± 2.0

RC (mm)

4.3

3.9

ICC (95% CI)

.973 (.938 – .988)

<.001 .957 (.885 – .982)

<.001

SFD, shortest fabric distance; CFD, contralateral fabric distance; MD, mean difference; RC,
repeatability coefficient; ICC, intraclass correlation coefficient; CI, confidence interval;
a Data shown as the median (interquartile range) or mean ± standard deviation, unless otherwise
noted.

Discussion
This study introduces a new methodology to accurately determine the endograft position
within the aortic neck relative to both renal arteries. Both manual measurements and
automated calculations showed excellent intra- and interobserver agreement. The mean
differences between repeated manual measurements, as well as automated calculations
of the fabric distances, were low and comparable with the mean difference between repeated neck length measurements presented in a large variability study by Ghatwary and
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coworkers. 15 The RC for the manual measurements was slightly higher compared with the
findings of Ghatwary et al 15 (4.3 to 5.2 mm vs 3.1 to 4.1 mm, respectively), which may be
the result of a lower number of inclusions. The variance of the automated calculations
was lower than that of the manual measurements, indicating better reproducibility of the
automated methodology. In most cases, the CFD was located in the outer curve of the
aortic neck, which resulted in a 20% underestimation of the manual centerline measurements compared to the automatic calculations. This effect has also been described for
neck length measurements by van Keulen et al. 16
The automated methodology allows for distance calculations within 3 mm accuracy in
95% of the cases, including the orientation of the endograft (slope) relative to the higher
renal artery. The SFD indicates the accuracy of the endograft placement on the first postoperative CT scan, independent of which renal artery is lower. Both SFD and CFD reflect
the neck length that is not used for apposition. During follow-up, increase in both SFD
and CFD indicate endograft migration.
Currently, discussions in the international EVAR community are about (short) neck
length and the instructions for use, while deployment accuracy influencing effective seal
in these necks is underreported in the literature. This study describes the accuracy of endograft deployment at the first follow-up CT scan, and it appears that the available neck
length is not optimally utilized in a substantial proportion of the patients. In other words,
treating a patient with a certain neck length does not guarantee obtaining the same length
of seal postoperatively. Even for experienced endovascular teams in state-of-the-art endovascular environments, the target position within 0 to 3 mm below one of the renal
artery orifices was achieved in only 44% of the cases. While assessing the effective seal
length, Bastos Gonçalves and coworkers 17 looked at the deployment accuracy for the Gore
Excluder and found low deployment (> 5 mm centerline distance between the renal artery
and the full circumference of the fabric) in 29% of the cases, which is in line with our findings. Benharash and coworkers 18 measured the centerline distance between the superior
mesenteric artery and the proximal end of the stent and showed that increased distance
was associated with a higher risk of migration after 1 year. Since accuracy of endograft
deployment may be associated with failure of seal and fixation, this information should
be used during procedure planning and should be considered in studies that describe
anatomical predictors of sealing failure. The current study cohort is underpowered to analyze the association between suboptimal deployment and post-EVAR complications and
seal failure.
Low deployment was associated with increased infrarenal angulation, suggesting that
accurate deployment is more challenging in severely angulated necks. Previous findings
by our group showed that aortic curvature is a better predictor than angulation for acute
121
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and late failure of proximal seal, but it seems that deployment accuracy is associated with
the total angle, rather than with the intensity of the curve.
High endograft position, which was seen in 30% of the cases, might be associated with
renal malperfusion, since the renal artery is partially overstented by the endograft. In this
study, no renal arteries were fully occluded by overstenting. New onset permanent dialysis
after EVAR was observed in one of the high position patients, with partial obstruction of
the renal artery orifice. This patient had a history of type II diabetes and decreased renal
function prior to the EVAR procedure.
The median distance between the lower and higher renal artery was 5.0 mm, and a
positive slope of the fabric of the endograft toward the higher renal artery (observed in
61% of the cases) would be beneficial to optimize apposition. Repositionable devices or
delivery systems with a deflectable tip may be of help to better align the main body with
the centerline of the aortic neck and to minimize the tilt of the endograft relative to the
aortic neck.

Limitations
The small sample size of the position subgroups prohibited analysis of renal function,
device-specific position, and complication rates. While the slope of the endograft in the
renal artery plane indicates the orientation of the top of the fabric toward or away from the
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higher renal artery, the slope does not necessarily designate endograft alignment with the
aortic neck but rather the benefit or loss of apposition on the aortic neck. Tilted alignment
of the endograft toward the axis of the aortic neck may result in the salami slice effect,
causing unintended undersizing of the endograft. This effect may occur not only in the
renal artery plane but also in the anterior-posterior direction. Therefore, appreciation of
the tilt requires complex 3D analysis, which is beyond the scope of this article.
Successful automated wall detection requires sufficient contrast agent in the lumen of
the aortic neck. Application of the software is therefore limited by inadequate or noncontrast CT scans. For the latter, manual measurement of the fabric distances is required.

Conclusion
The novel methodology enables precise evaluation of endograft deployment within the
proximal aortic neck on post-EVAR CT scans, facilitating accurate assessment of endograft
position relative to the renal arteries. Variability of automated calculation of the fabric
distances was lower than that of manual measurements, and the automatic calculations
accounted for curved aortic neck morphology. In this series only 44% of endografts were
122
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placed within 3 mm of the lowermost renal artery orifice during EVAR. Hence, treating a
patient with a certain calculated pre-EVAR neck length does not guarantee achieving the
same length of seal post-EVAR.
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CHAPTER 8. ENDOGRAFT DIMENSIONS – LATE TYPE IA ENDOLEAK & MIGRATION

Abstract
Objective: Failure of seal and fixation of an endograft in the infrarenal aortic neck may be
the result of progressive changes in apposition, position, expansion of the endograft, as
well as changes in aortic neck morphology. This study describes the added value of determining (changes in) position and apposition post-endovascular aortic aneurysm repair
(EVAR) on computed tomography angiography (CTA) with new software to early detect
caudal displacement of the device, and to prevent type IA endoleak.
Methods: A dataset by purpose enriched with type IA endoleak and migration (>10 mm)
was used. Four groups of elective EVAR patients were selected, including patients who had
developed a late type IA endoleak (n = 36), migration (> 10 mm; n = 9), a type II endoleak
(n = 16) and controls without post-EVAR complications (n = 37). Apposition of the fabric
with the aortic neck, shortest distance between the fabric and the renal arteries, expansion of the main body (or dilatation of the aorta in the sealing part of the infrarenal neck),
and tilt of the endograft towards the axis of the aorta were determined on the first postoperative and a late CTA scan – the last available scan without reported type IA endoleak
or migration. Significant differences between the groups in endograft dimensions on the
first postoperative scan as well as the late scan were determined with the Mann-Whitney U
test. Changes of these dimensions between the two follow-up moments were determined
with the one-sample T-test.
Results: No significant differences in endograft configurations were observed between the
groups on the first postoperative CTA scan. On the last CTA scan without complications,
the position of the fabric relative to the renal arteries, expansion of the main body, and

8

apposition of the fabric with the aortic neck were significantly different between the type
IA endoleak (median follow-up 15 months) and migration groups (median follow-up 23
months), compared to the control group (median follow-up 19 months). Most endograft
dimensions had changed significantly compared to the first postoperative CTA scan for all
groups. Apposition had increased in the control group, but had decreased significantly in
the type IA endoleak and migration groups.
Conclusion: Progressive changes in dimensions of the endograft within the infrarenal
neck could be detected on regular CTA scans, before the complication became urgent in
many patients.
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Introduction
Endoleaks (Type IA, IB, and III) and endograft migration are the leading causes of rupture
after endovascular aneurysm repair (EVAR). 1,2 New onset endoleaks and migration may
occur up to seven years post-EVAR, calling for life-long surveillance. 3
Migration (> 10 mm) and type IA endoleaks may develop progressively, which results
in continuous change of position and decreasing apposition of the endograft fabric within
the infrarenal aortic neck. Diagnosis of these – often subtle – changes on regular computed
tomography angiography (CTA) images is difficult, even with centerline reconstructions
on a vascular workstation. Therefore, the focus of current EVAR surveillance is on the detection of aneurysm growth, evident endoleaks and migration, and less on the prediction
and prevention of such complications. 4,5 Plain X-rays may be determinants of endograft
migration, but subtle changes can be overlooked.
A novel methodology that enables precise and accurate determination of (ap)position
and expansion of the endograft in the aortic neck, as well as aortic neck morphology, has
been validated in previous publications. 6,7 This study associates the endograft dimensions
in the aortic neck, and changes herein during follow-up, with the development of later
failure of seal and fixation in a retrospective cohort study.

Methods
Five dimensions of endograft deployment within the infrarenal aortic neck have been described and validated in previous publications. 6,7 In summary, these dimensions include:
1) Shortest fabric distance (SFD) – shortest distance between the proximal edge of the fabric and the orifice of the renal artery closest to the fabric; 2) Tilt – angle between the axis of
the proximal end of the fabric and the aortic neck 3) Endograft expansion – percentage of
the average proximal endograft main body diameter that is expanded in the aortic neck; 4)
Shortest apposition length – shortest distance between the proximal boundary of the fabric and the distal edge of the apposition (first slice where circumferential apposition of the
fabric with the neck is lost); 5) Endograft apposition – contact surface of the fabric with
the aortic neck, calculated as the percentage of the entire infrarenal aortic neck surface.
Additionally, change in maximum aneurysm diameter was determined, as compared to
the preoperative diameter. An example of analysis of the preoperative aortic (neck) morphology and post-EVAR endograft dimensions in a patient with a late type IA endoleak is
seen in Figure 8.1A – D.
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Figure 8.1: Example CTA scan analysis of an elective EVAR patient with a type IA endoleak after 75
months: (A) Preoperative anatomical characteristics, measured in 3mensio. Large thrombus burden
was measured in the aortic neck. (B) Endograft deployment on the first postoperative CTA scan, one
month post-EVAR. Low deployment (10 mm below the renal artery) resulted in a small percentage
of neck coverage (61%), with sufficient apposition length (14 mm). (C) Second follow-up CTA scan,
showing no change of the neck characteristics. Caudal displacement of the device (4 mm), resulted
in reduction of the neck coverage (43%) and apposition length (10 mm). The endograft main body
of 26 mm was fully expanded (99%). The maximum aneurysm diameter remained unchanged (72
mm). (D) CTA scan with evident type IA endoleak. The neck diameter expanded, apposition was
lost, and the endograft was migrated into the aneurysm. The maximum aneurysm diameter had
shrunk to 42 mm.

Study protocol
To determine the value of each of these endograft dimensions for the early detection of
failure of seal and fixation in the proximal seal zone, a retrospective cohort study was per130
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formed. Four groups of patients were selected, including elective EVAR patients who suffered a type IA endoleak or migration (> 10 mm) during follow-up, patients diagnosed with
an early or late type II endoleak during follow-up, and a control group of patients without
complications post-EVAR on follow-up CTA.
Differences in preoperative anatomy between the groups were determined on the preoperative CTA scans. Accuracy of the deployment, short-term migration and adaptive
neck enlargement were determined on the first postoperative CTA scan (within 100 days
post-EVAR) in all patients. The groups of patients with type IA endoleak and migration
both represent the population with failure of seal and fixation in the infrarenal aortic neck.
For these patients, changes in aortic neck morphology and endograft dimensions were determined on the follow-up CTA scan that was performed previous to the CTA were diagnosis of the type IA endoleak or migration was reported, in order to determine the predictive
value of the software. The group of patients with a type II endoleak was included to verify
if type II endoleak affects changes in aneurysm size and possibly reduction of apposition
in the neck from the distal end. For patients with a type II endoleak and the control group,
all aortic and endograft measurements were done on the last available CTA scan during
follow-up. Eventual changes in endograft dimensions were compared to the first postoperative CTA scan.

Patient selection
Figure 8.2 shows an overview of the patient selection. A database of 150 electively treated
patients was available from three high-volume EVAR centers – Yale School of Medicine
(New Haven, Connecticut, USA), University of Alabama, (Birmingham, Alabama, USA)
and St. Antonius Hospital (Nieuwegein, The Netherlands) –, which were part of a matched
control cohort for the Aortic Securement System Global Registry (ANCHOR; NCT01534819). Part of this cohort has been used in previous studies to determine preoperative
anatomical predictors of seal failure. 8–10 Of these 150 patients, 85 patients had a pre-EVAR
CTA scan, an early postoperative CTA scan (< 100 days after the procedure) and a late postoperative CTA scan available. Eight patients were excluded because additional materials
were used, such as giant bare metal stents, extension cuffs, and chimneys. Five patients
were excluded because the endograft was deliberately deployed lower than directly distal
to the level of the lowest renal artery. Eight patients were treated with devices without a
clear proximal planar edge of the fabric (Trivascular Ovation: 6, Lombard Aorfix: 2), and
were excluded. Corelab analysis (Syntactx, New York, NY, USA) identified seven patients
with a type IA endoleak, of which four were identified on the first postoperative CTA scan,
two patients with migration (> 10 mm), sixteen patients with a type II endoleak, one pa131
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Figure 8.2: Criteria for patient selection.

tient with a type IB endoleak and one patient with a type III endoleak. The patients with
a type IA endoleak on the first postoperative CTA scan, and the patients with type IB and
type III endoleaks were excluded from the current analysis.
The dataset was enriched with forty patients from six Dutch high-volume EVAR centers, who had undergone a reintervention for failure of seal or fixation. Only patients with
the availability of at least one postoperative CTA scan without type IA endoleak or migration were selected. Type IA endoleak was the reason for reintervention for thirty-three
patients, migration (> 10 mm) for seven patients. In total, thirty-six patients were included
in the study with a type IA endoleak, nine with migration without an endoleak, sixteen
with a type II endoleak, and thirty-seven controls without endoleak and failure of seal or
fixation. The groups were not matched, but the goal was to include a substantial number of patients within the selection criteria. Figure 8.3 shows the median duration of CTA
132
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Figure 8.3: Median (IQR) follow-up duration of the preoperative, first postoperative and late CTA
scans for the four groups of patients. The procedure is marked by a dotted line. For the type IA endoleak and migration groups, the additional follow-up duration is also given for the CTA that showed
the complication.

follow-up of each of the groups.
Missing data: A preoperative CTA scan was not available for seven patients of the type
IA endoleak group and two patients of the migration group. A postoperative CTA scan
within 100 days after the procedure was not available for twelve patients of the type IA
endoleak group and three patients of the migration group.

Measurement protocol
Measurements were performed by three experienced observers on a 3mensio vascular
workstation V8.1 research edition (Pie Medical Imaging BV, Maastricht, The Netherlands).
A single centerline was constructed semi-automatically through the center of the aortic
lumen, covering the trajectory 20 mm proximal of the highest renal artery to the aortic
bifurcation. On postoperative CTA scans, the distal end of the centerline was constructed
between the limbs of the endograft to the level of the native aortic bifurcation.
Preoperative anatomical characteristics included neck diameter, neck length, and maximum aneurysm diameter. Neck diameter was measured as the average of two orthogonal
diameters, measured from adventitia to adventitia, at the most caudal level of the lowest
renal artery orifice. In necks with substantial thrombus load, the inner-to-inner neck di133
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ameter was measured instead of the outer diameter. Neck length was measured as the centerline distance between the lowest renal artery baseline and the first slice perpendicular
to the centerline where the average aortic diameter exceeded 10% of the diameter at level
of the lowest renal artery baseline. The maximum aneurysm sac diameter was located
on the slices perpendicular to the centerline over the length of the aneurysm. On three
scans, the centerline reconstruction was distorted due to large angulation. In these cases,
the maximum aneurysm diameter was determined on the axial slices of the preoperative,
as well as the postoperative scans of these patients. The diameter was measured as the
average of two orthogonal diameters, measured from adventitia to adventitia. The maximum aneurysm sac diameter was measured similarly on the postoperative CTA scans.
Sac growth or regression was determined as the change in maximum aneurysm diameter
compared to the preoperative aneurysm diameter.
The diameter of the endograft main body was obtained from the procedure reports.
This information was not available for thirteen patients. For these patients, the device diameter was measured perpendicular to the centerline on the postoperative CTA scans at
level of the aneurysm sac, where full expansion of the endograft could be expected. Intended oversizing was defined as the percentage of the main body diameter that exceeded
the diameter of the aortic neck at level of the lowest renal artery on the preoperative CTA
scan.
A previous publication described and validated a methodology to define endograft dimensions on postoperative CTA scans, including shortest fabric distance, expanded endograft diameter, tilt, neck surface, apposition surface and shortest apposition length. 10 In
the current study, endograft expansion was additionally calculated as expanded endograft

8

diameter / original main body diameter * 100%, and endograft apposition was calculated
as apposition surface / neck surface * 100%. Three-dimensional (3D) coordinates of the
renal artery orifices, the proximal edge of the fabric and the distal end of the seal were
obtained from the 3mensio workstation. The distal end of the seal was defined as the
first slice perpendicular to the centerline where circumferential apposition of the fabric to
the aortic wall was interrupted. Centerline coordinates, a mesh of the contrast-rich aortic
lumen, and the coordinates of the renal arteries, proximal fabric boundary and distal apposition boundary were imported into dedicated software, to calculate the shortest fabric
distance, tilt, endograft expansion, neck coverage and apposition length.

Statistics
Statistical analysis was performed with SPSS V23 (IBM, Armonk, NY, USA). P-values were
considered significant when two-tailed alpha was < .05. Normality could not be assumed
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for a large part of the data, because of boundaries and small numbers. The data are therefore displayed as medians with interquartile ranges (IQR; [Q1 – Q3]). The type IA endoleak
group, the migration group and the type II endoleak group were compared with the control
group. Statistical differences in anatomical baseline characteristics, the change in sac diameter, and endograft dimensions were assessed with the nonparametric Mann-Whitney
U test. Differences in implanted devices were tested with cross tabulation and the Pearson χ2 test. Significance of changes of the endograft dimensions during follow-up was
assessed with the one-sample T-test, against the null hypothesis of 0 change.

Results
Preoperative characteristics
The preoperative anatomical characteristics of the four groups are displayed in Table 8.1.
The median time between the preoperative CTA scan and the EVAR procedure was not significantly different between groups. The neck length of the patients in the complication
groups was shorter compared to the control group, although not statistically significant.
The aneurysm size was significantly larger at baseline for the type IA endoleak and migration groups. The percentage of intended oversizing of the endograft main bodies was
the same for all groups. The implanted devices were significantly different in the type IA
endoleak and migration groups compared to the control group. These groups included
more former generation devices compared to the controls, with more Talent endografts
(Medtronic, Minneapolis, Minn) in the type IA endoleak and migration groups.

8

First postoperative CTA scan
Sac enlargement and endograft dimensions at the first postoperative CTA scan are displayed in Table 8.2 and Figure 8.4. The time interval between the EVAR procedure and the
first postoperative CTA scan was longer for the type IA endoleak group compared to the
control group (1.3 [1.1 – 1.8] vs 1.1 [1.0 – 1.3] months, respectively). The endografts were
positioned lower in the migration group compared to the controls, although the difference
was not statistically significant (3.7 [1.9 – 4.6] mm vs 1.4 [-0.4 – 3.3] mm). The endograft
expansion was not statistically different between the patients with late seal failures and
the control group. A similar part of the neck was covered by fabric in all groups, resulting
in comparable lengths of apposition.
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Table 8.1: Preoperative (anatomical) characteristicsa
Type IA endoleak

Migration

Type II endoleak

Controls

Variable

(n = 29)

P

(n = 7)

P

(n = 16)

P

Months to procedure

1 [0 – 2]

.605

1 [1 – 2]

.553

2 [0 – 2]

.201

1 [1 – 2]

Neck diameter (mm)

24 [22 – 27]

.132

27 [23 – 29]

.875

23 [20 – 27]

.649

23 [21 – 26]

28 [26 – 32]

.082

30 [28 – 36]

.049

28 [25 – 28]

.937

26 [25 – 32]

20 [10 – 27]

.964

20 [3 – 26]

.925

19 [10 – 25]

.931

20 [10 – 26]

Graft diameter (mm)
Oversizing (%)

(n = 37)

Neck length (mm)

14 [7 – 29]

.065

15 [9 – 39]

.683

33 [17 – 38]

.114

21 [15 – 31]

Max. aneurysm (mm)

62 [58 – 73]

<.001

60 [55 – 72]

.024

51 [44 – 62]

.300

54 [51 – 57]

Endografts (No.)

.003

<.001

.528

Endurant

12

1

8

24

Talent

14

6

1

1

Zenith

6

1

3

6

Excluder

2

0

4

4

Otherb

2

Within IFU (%)

1

48

.259

0

43

.341

63

2
.981

62

a Data shown as the median [interquartile range].
b AFX/Powerlink.

Table 8.2: Aneurysm and endograft dimensions from first postoperative CTA scana
Type IA endoleak

8

Migration

Type II endoleak

Controls

Variable

(n = 24)

P

(n = 6)

P

(n = 16)

P

(n = 37)

Follow-up
(months)

1 [1 – 2]

.041

2 [1 – 3]

.122

1 [1 – 2]

.676

1 [1 – 1]

Max. aneurysm
change (mm)

1 [0 – 2]

.119

1 [0 – 3]

.206

0 [-2 – 1]

.831

0 [-1 – 1]

SFD (mm)

2 [-1 – 5]

.647

4 [2 – 5]

.060

3 [1 – 5]

.261

1 [0 – 3]

Endograft expansion (%)

89 [82 – 96]

.069

91 [80 – 98]

.262

87 [80 – 95]

.328

83 [77 – 90]

Tilt (◦ )

14 [7 – 21]

.745

9 [7 – 22]

.572

18 [10 – 23]

.085

13 [9 – 18]

Apposition
% of neck

75 [67 – 84]

.976

71 [49 – 81]

.694

75 [62 – 83]

.907

75 [61 – 86]

SAL (mm)

15 [9 – 23]

.965

10 [8 – 26]

.986

18 [9 – 24]

.771

18 [6 – 21]

SFD, shortest fabric distance; SAL, shortest apposition length;
a Data shown as the median [interquartile range].

Late follow-up CTA scan
Sac enlargement and the endograft dimensions at the late CTA scan are displayed in Table 8.3 and Figure 8.5. Table 8.4 shows the change in dimensions compared to the first
postoperative CTA scan. The time interval between the procedure and the late CTA scan
was not significantly different between the groups (15.1 [2.6 – 47.1], 22.8 [13.8 – 60.1], 19.6
136
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Table 8.3: Aneurysm and endograft dimensions from late follow-up CTA scana,b
Type IA endoleak

Migration

Type II endoleak

Controls

Variable

(n = 36)

P

(n = 9)

P

(n = 16)

P

(n = 37)

Follow-up
(months)

15 [3 – 47]

.153

23 [14 – 60]

.628

20 [14 – 28]

.691

19 [14 – 38]

Max. aneurysm
change (mm)

0 [-2 – 4]

<.001

4 [0 – 8]

<.001

-1 [-7 – 2]

<.001

-10 [-14 – -6]

SFD (mm)

5 [1 – 14]

.042

8 [7 – 14]

<.001

4 [1 – 7]

.175

2 [1 – 4]

Endograft expansion (%)

94 [88 – 100]

.050

99 [93 – 100]

.022

92 [87 – 97]

.461

90 [83 – 97]

Tilt (◦ )

12 [5 – 19]

.627

9 [7 – 15]

.935

16 [8 – 21]

.085

10 [6 – 16]

Apposition
% of neck

65 [22 – 82]

.055

42 [29 – 57]

.002

68 [53 – 87]

.684

75 [61 – 85]

SAL (mm)

9 [0 – 27]

.033

10 [4 – 14]

.040

16 [8 – 24]

.548

19 [12 – 28]

SFD, shortest fabric distance; SAL, shortest apposition length;
a Last scan before diagnosis of type IA endoleak or migration (> 10 mm); last available CTA scan for the type II
endoleak and control groups.
b Data shown as the median [interquartile range].

Table 8.4: Change of aneurysm and endograft dimensions from late follow-up CTA scan compared
to first postoperative CTA scana,b
Type IA endoleak

Migration

Type II endoleak

Controls

Variable

(n = 36)

P

(n = 9)

P

(n = 16)

P

(n = 37)

P

Max. aneurysm
change (mm)

0 [-5 – 10]

.991

2 [-3 – 8]

.327

-1 [-5 – 2]

.491

-10 [-15 – -6]

<.001

SFD (mm)

2 [1 – 5]

.018

7 [3 – 11]

.012

2 [-1 – 5]

.007

1 [0 – 2]

.004

Endograft expansion (%)

7 [0 – 17]

.002

1 [-2 – 19]

.224

6 [0 – 10]

.036

4 [-1 – 12]

.001

Tilt (◦ )

-3 [-5 – 1]

.212

-1 [-7 – 4]

.606

-2 [-5 – 1]

.123

-2 [-7 – 3]

.041

% of neck

-7 [-55 – 3]

.016

-29 [-45 – -9]

.026

-3 [-14 – 4]

.178

0 [-6 – 3]

.830

SAL (mm)

-3 [-14 – 3]

.213

-2 [-15 – 3]

.368

1 [-4 – 4]

.379

2 [-1 – 6]

.019

Apposition

SFD, shortest fabric distance; SAL, shortest apposition length;
a Last scan before diagnosis of type IA endoleak or migration (> 10 mm); last available CTA scan for the type II
endoleak and control groups.
b Data shown as the median [interquartile range].

[13.5 – 27.6], and 19.1 [13.9 – 37.6] months for the type IA endoleak, migration, type II
endoleak and control groups, respectively. The median time interval between the precomplication scan and the next CTA scan on which the type IA endoleak or migration was
reported, was 24.6 [12.2 – 36.3] months.
Sac regression (> 0 mm) was observed for 13 (36%), 2 (22%), 12 (75%) and 34 (92%)
patients of the type IA endoleak, migration, type II endoleak and control groups, respec137
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tively. Aneurysm growth (> 5 mm) was observed for 7 (19%), 4 (44%), 3 (19%) and 0 (0%)
patients of the type IA endoleak, migration, type II endoleak and control groups, respectively. The type IA endoleak, migration and type II endoleak groups showed large variation
in change of the maximum aneurysm diameter, and the median diameter of these groups
had not changed significantly compared to the first postoperative CTA scan. Further duplex ultrasound follow-up after the last CTA scan was available for six patients of the type
II endoleak cohort and seven patients of the control cohort, with an additional follow-up
duration of 15 [12 – 38] and 32 [25 – 49] months, respectively. These duplex images showed
no endoleaks and no increase in maximum aneurysm diameter in both groups.
Significant caudal displacement was seen in all groups, including the type II endoleak
and control groups, but the final position of the fabric on the late CTA scan (before diagnosis of type IA endoleak or migration) was significantly lower for the type IA endoleak
and migration groups. Significant expansion of the endograft, or dilatation of the aorta
in the sealing part of the infrarenal neck, was seen in all patients except the migration
group, where the endograft had already expanded substantially at the first postoperative
CTA scan. The final expansion of the endograft was significantly larger in the type IA endoleak and migration groups. There was no difference between the groups in tilted position of the top of the fabric towards the axis of the aortic neck. The neck coverage remained
stable in the type II endoleak and control groups, and the control group gained significant
length of apposition. In the type IA endoleak and migration groups, the neck coverage had
been reduced significantly, resulting in significantly lower apposition length compared to
the controls at the late CTA scan.

8

Discussion
The software allows detailed surveillance of endograft deployment and apposition on the
first postoperative CTA scan, and changes herein during further CTA follow-up. Deployment accuracy and adaptive neck enlargement at the first postoperative CTA scan are important parameters and should be carefully determined. Low position of the endograft
may be the result of either low initial deployment or early caudal displacement. When low
position is observed on the first postoperative CTA scan, comparison with intraoperative
imaging is required.
Changes in anatomy and endograft dimensions during further follow-up were clearly
amplified in the type IA endoleak and migration groups on the CTA scan before actual seal
failure was detected. Aneurysm growth has often been described as an important predictor of failure, which has also been verified in this study. 11–13 However, only few patients of
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the type IA endoleak and migration groups showed > 5 mm aneurysm growth on the last
scan before diagnosis of the complication (19% and 44%, respectively), and some patients
even showed regression of the maximum aneurysm diameter (36% and 22%, respectively).
Also, aneurysm growth alone does not differentiate between potential causes of sac repressurization. Both type IA and type II endoleak groups showed similar changes in aneurysm
diameter after similar duration of follow-up. Duplex ultrasound will not be able to appreciate the exact cause of repressurization of the aneurysm sac, so CTA surveillance with
focus on (change of) the endograft dimensions is required.
Caudal displacement occurs to some extent in most patients, including the controls
(Table 8.3). This suggests that treating patients with short necks (10 – 15 mm) should be
performed with caution. Proximal extension, the use of additional anti-migration measures or repositionable devices may be required to counteract or compensate caudal displacement in short necks. Moreover, as caudal displacement continues to occur in the
majority of patients, long-term follow-up seems mandatory post-EVAR.
Radial forces of the oversized, self-expanding endograft onto the aortic neck and disease progression may cause adaptive neck enlargement after implantation and neck dilatation during follow-up, which is seen in various degrees in most patients. 14,15 Endografts expanded more in the type IA endoleak and migration groups, suggesting this is a
prominent risk factor. Radial forces of a fully expanded endograft are reduced significantly,
so migration resistance will only depend on active fixation provided by hooks or pins. 16,17
The degree of tilt was similar for the patients in all groups, and slightly reduced at the
late follow-up scan, indicating alignment of the endograft with the aortic wall. It seems
that tilt is not a major contributor to the risk of failure of seal and fixation.
Progressive reduction of the endograft’s apposition with the aortic neck may be the
most important predictor of failure. Reduction of the apposition during follow-up was
seen in both type IA endoleak and migration groups, and may be the result of caudal displacement of the endograft or distal effacement of the neck. 17 Contrary to the proximal
failure groups, increase in apposition length was observed in the majority of the controls,
as a result of aneurysm sac shrinkage. Gonçalves and coworkers showed that short length
of apposition (< 10 mm) on the first postoperative CTA scan was associated with AAArelated adverse events. 18 In this study, reduced apposition was not observed on the first
postoperative scan, but during later follow-up, which is explained by a difference in patient selection. Gonçalves and coworkers included patients with evident complications
on the first postoperative CTA scan, while this study included only patients with at least
one postoperative CTA scan without complications.
CTA surveillance is advised one and twelve months after EVAR, followed by annual
Color Doppler Ultrasound (CDU) surveillance if endoleaks and significant aneurysm gro139
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wth are not detected. 4,5,19,20 CDU has the benefit of being cheaper and less harmful in
terms of nephrotoxic contrast and radiation exposure. However, CDU is less sensitive in
detecting endoleaks than CTA, and the position, expansion and apposition of the endograft in the proximal neck cannot be investigated. 21 X-ray is used to detect migration, but
this technique is limited in detecting subtle 3D positional changes. Therefore, 3D analysis
of the endograft dimensions should be performed on CTA scans, which is possible with
high accuracy and precision with the presented methodology. When the (ap)position is
minimal or declining, CTA follow-up may be advised instead of CDU to monitor eventual
progression of this process.
When failure of seal and fixation can be predicted by accurate follow-up of the endograft dimensions, reintervention may be indicated before a type IA endoleak is evident.
This would prevent a hazardous situation for the patient and improve treatment options
with less complex solutions – for example treatment with an extension cuff and EndoAnchors, instead of a chimney or fenestrated procedure. This may, however, result in an overshoot in reinterventions, as not all patients with caudal displacement or 100% expansion
of the endograft will eventually develop an endoleak. A large prospective study is required
to identify relevant cutoff values for the need for reintervention.
The type IA endoleak and migration groups included more patients with hostile (neck)
anatomy and patients treated with Talent endografts than the other groups, which may
imply that the Talent endoprosthesis is more prone to migrate. The data, however, is not
consecutive, and different groups of patients were treated at different centers over different periods of time. Most important is that the software enables better measurement of
endograft (ap)position and expansion than standard CT scan evaluation, and that changes
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in endograft dimensions may predict failure of seal for the individual patient, irrespective
of the preprocedural anatomy and implanted device.

Limitations
The ability of different endografts to conform to the curve of the aortic neck differs, 22
which may impact the endograft dimensions. Also, expansion and apposition of the endograft may vary during the cardiac cycle, which can only be appreciated with dynamic CT
imaging. The software is currently not optimized for analysis of dynamic CT scans, and
this study is limited to the analysis of static CTA scans.
Position, expansion and apposition of the endograft are measured from the proximal
boundary of the fabric. Therefore, this analysis is limited to devices with a clear proximal
planar fabric edge.
This is a retrospective study, and despite efforts to include as many patients as pos140
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sible, the number of patients is relatively low. Second, no long-term CDU follow-up was
available for a large part of the control patients, so some of these patients may develop
endoleaks during later follow-up. Therefore, the data is too limited to establish relevant
cutoff values for each of the endograft dimensions. Future research, preferably a prospective study, should identify the predictive value of each individual endograft dimension on
postoperative CTA scans.
Dedicated, proprietary software was developed and used to calculate each of the dimensions of the endograft within the proximal neck. The software is not yet licensed for
medical use, and therefore repeated analyses by other groups may be difficult. While the
software is being developed further and commercialized, standardized length and diameter measurements along the centerline in current workstations approximate the calculations of the fabric distance, apposition length and neck diameter at level of the proximal
edge of the fabric.

Conclusion
Detailed determination of the position, expansion and apposition of the endograft within
the infrarenal aortic neck on regular postoperative CTA scans is feasible with the presented
methodology. Changes of these dimensions during follow-up are predictive of later failure
of seal, before urgent reintervention is required. A large prospective study is required to
verify the predictive value of each of the endograft dimensions and to determine relevant
cutoffs for clinical practice.
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Figure 8.4: Aneurysm and endograft dimensions at the first postoperative CTA scan.
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Figure 8.5: Aneurysm and endograft dimensions at the late CTA scan.
* Significantly different from Controls.
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CHAPTER 9. GENERAL DISCUSSION, FUTURE PERSPECTIVES & FINAL CONCLUSIONS

Part I – Preoperative imaging
Chapter 2 – How to define the 3D trajectory of the abdominal aorta?
A methodology was developed and validated for calculating curvature over the centerline
through the aortic lumen. Aortic curvature describes the entire trajectory of the relevant
aorta in three dimensions, not only the supra- and infrarenal angles, which are measured
by triangular simplification and subjective eyeballing. This allows objective analysis of
the true aorto-iliac trajectory, including localization of maximum curvature, calculating
average curvature over regions of interest, and visualization and quantification of vessel
curves and tortuosity.
Both maximum and average curvature calculations have benefits and disadvantages.
Average curvature is less sensitive to discrepancies of the centerline which can cause local
peaks (see Appendix A). It provides information on the average deviation from a straight
trajectory, which is especially valuable for detecting and quantifying tortuous segments.
However, average curvature cannot differentiate a long straight segment with a sharp curve
from a long tortuous segment with low bending rate. Maximum curvature does appreciate both size and location of a local curve, that could – for example – exceed the maximum
bending capacities of a stent-graft.
Chapter 3 – Is the risk for intraoperative type IA endoleaks predicted more accurately
by defining the aortic trajectory with curvature than with angulation?
Maximum and average curvature were calculated over different segments of the relevant
preprocedural aortic trajectory of a patient group with intraoperative type IA endoleak,
compared to controls without acute or late failure of seal in the infrarenal neck. Curvature, as opposed to angulation and the tortuosity index, was identified as an important
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independent predictor of intraoperative seal failure.
Both average and maximum values of curvature over all segments of the infrarenal trajectory were significantly different between the complication and control groups. Over
the infrarenal trajectory, average curvature differed slightly more than maximum curvature, while a difference of maximum curvature was more pronounced in the suprarenal
aorta.
Chapter 4 – What preoperative anatomical characteristics are predictive for late type
IA endoleak and endograft migration?
Aortic curvature over the aneurysm sac, maximum aneurysm diameter and aortic neck
thrombus were identified as independent predictors of late type IA endoleak and migra150

CHAPTER 9. GENERAL DISCUSSION, FUTURE PERSPECTIVES & FINAL CONCLUSIONS

tion. The univariate analysis suggests that sufficient neck length is also important, which is
supported by the literature. 1–9 Maximum curvature over the juxtarenal neck and aneurysm
sac differed significantly between the late complication and control groups, while the average curvature over the same trajectories did not. This suggests that the late complication
group included relatively straight anatomies with high bending rate over a short distance.

Part I – General discussion
A comparison is included of the anatomical characteristics of the intraoperative type IA
endoleak group (Chapter 3), the late type IA endoleak and migration group (Chapter 4),
and control group:
• Neck diameter was similar in all groups.
• Neck length was shorter in both acute and late complication groups compared to
the controls.
• Maximum aneurysm diameter was larger in the late complication group compared
to the acute complication and control groups.
• Angulation (both suprarenal and infrarenal) was similar in all groups.
• Neck thrombus was significantly more severe in the late complication group, compared to the intraoperative complication and control groups.
• Neck calcification was significantly more severe in the acute complication group
compared to the late complication and control groups.
• Maximum aortic curvature was larger in both acute and late complication groups
over most aortic trajectories.
• Average aortic curvature was larger in the acute complication group compared to
the late complication and control groups.
This suggests that acute seal failure in the infrarenal neck is associated with factors
that counteract effective fixation (neck calcification and suprarenal curvature), and increase the difficulty of the procedure (tortuosity of the access trajectory). Late failure of
seal or fixation seems associated with factors that cause instability or change over time
(large aneurysm diameter, severe neck thrombus and high bending rate of the infrarenal
aorta). Neck length was shorter in both acute and late complication groups, but was no
independent predictor in both studies.
151
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Figure 9.1: Bending capacity of an endograft is limited by curvature (κl i mi t ), which is constant for
every bending angle.

The maximum curvature describes the inverse radius of a circle that can be fitted
within the segmented trajectory. Within the non-dilated aorta, this value is the endograft’s true limiting factor, as each device has a maximum bending capacity after which
the graft will kink, or will stretch the anatomy. Kinking has been described in literature,
yet in relationship with angulation. 10–12 Figure 9.1 shows the limiting curvature κl i mi t of
an endograft, which is constant for every bending angle. The cutoff value for maximum
curvature, associated with late type IA endoleak and migration was 47m−1 . This describes
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a circle with 2-cm radius, which may correspond to the limiting bending capacity of the
used devices. Manufacturers of endografts should thus consider mentioning maximum
aortic curvature in the instructions for use, instead of angulation.
Accurate endograft positioning in highly-curved aortas is challenging since the deploying device and guidewire are in elastic equilibrium with the aorta. This equilibrium
changes when the applied forces change, for example when the stiff guidewire is being
removed, which could result in undesired device repositioning. Presence of other hostile
neck characteristics, like short neck length, mural neck thrombus or calcification, may
further increase the risk of suboptimal deployment. The guidelines for preoperative EVAR
planning should include these hostile neck characteristics, including the calculation of
maximum curvature over the relevant aortic trajectory. Vascular workstations should im152
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plement the required tools for these calculations.
Since these challenging neck characteristics may hamper proper deployment and may
result in device repositioning, accurate analysis of the position, apposition and expansion
of the endograft on the 1-month CTA scan is vital. A second postoperative CTA scan should
be made of high-risk patients, to verify stability of the endograft dimensions during the
first year post-EVAR. Further CTA follow-up may be required instead of duplex ultrasound
when this cannot be verified.

Part I – Future perspectives
Future studies should research the bending capacities of different endovascular devices,
to determine the maximum curvature limit, and verify if this corresponds to cutoff values
for increased risk of seal failure in the infrarenal neck.
In this thesis, preprocedural curvature was calculated over the suprarenal and infrarenal aorta of elective EVAR patients. Curvature can also be used to define the tortuous
trajectories of smaller vessels, like the common iliac arteries. Also, analysis of renal artery
curvature in patients treated with chimneys or fenestrated devices, and curvature of the
thoracic aorta in thoracic endovascular aortic repair (TEVAR) patients, are interesting subjects for future studies. Future studies researching changes in the aorto-iliac trajectory after EVAR, like aortic straightening, should also use curvature rather than angulation. Since
curvature describes the entire trajectory, changes in size and location of the maximum
curvature will be appreciated.

Part II – Postprocedural imaging
Chapter 5 – How to define the 3D (ap)position and expansion of the endograft in the
complex morphology of the infrarenal aortic neck?
A methodology has been introduced for determining the dimensions of the endograft
within the complex 3D morphology of the aortic neck on standard postoperative CTA
imaging. These dimensions include the fabric-to-renal artery distances, tilt of the endograft with the axis of the aorta, expansion of the main body, apposition surface of the fabric
with the infrarenal neck and the shortest apposition length. Dedicated, proprietary software was developed to calculate these dimensions from 3D coordinates of the aortic neck
morphology, proximal edge of the fabric and distal end of the apposition. The calculations
were deemed accurate and the variability was low, similar to 3D measurements of the aortic neck anatomy along the centerline.

153
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Chapter 6 – How should (changes in) endograft dimensions in the infrarenal aortic neck
be interpreted?
Large fabric-to-renal artery distance indicates suboptimal deployment and increasing distance indicates caudal displacement of the endograft. Large tilt may reduce the expected
apposition with the neck, and result in full expansion of the endograft that was oversized
towards the aortic neck diameter perpendicular to the centerline. Large tilt may also
weaken the active fixation mechanism when the hooks are not in contact with the aortic wall. Rapid expansion of the endograft indicates adaptive neck enlargement, and full
expansion of the endograft reduces the passive fixation and sealing mechanisms that result from the stent oversizing. A combination of these factors, combined with distal neck
effacement, decrease the apposition of the fabric with the aortic neck, which in time may
diminish effective seal and result in type IA endoleak.
The presented methodology visualizes and quantifies these early ’warning signs’. Comparison of consecutive CTA scans allows the detection of changes in the dimensions during follow-up, that indicate – possible hazardous – instability of the deployed endograft.
Chapter 7 – How accurately are endografts deployed in the infrarenal aortic neck relative to the renal arteries?
The fabric-to-renal artery distance was calculated over the curve of the aortic neck in 81
elective EVAR patients, using the methodology described in chapter 5. The median fabricto-renal artery distance of a regular elective EVAR patient was 1.4 [-0.9 – 3.0] mm, but >
3 mm neck length was not used in a quarter of these patients, and partial coverage of the
renal artery orifice occurred in another quarter of the patients. The deployment accuracy should be mentioned in the radiology reports of post-EVAR CT scans and should be
included in debates about treating short necks with EVAR, as the risk of unintended low
positioning is substantial.
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Chapter 8 – Are (changes in) endograft dimensions predictive for later failure of fixation and seal in the infrarenal aortic neck?
No significant differences in endograft dimensions were observed between the complicated and uncomplicated groups on the first postoperative (1-month) CTA scan. However,
substantially larger fabric-to-renal artery distance and more endograft expansion were observed in the complicated groups, and the study may be underpowered to detect significance.
On the follow-up scan before actual failure was diagnosed, significantly lower position,
more expansion towards 100%, and less apposition were observed for the complicated
groups compared to the uncomplicated group. The aneurysm diameter also changed sig154
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nificantly compared to the controls, but this was also the case for patients with a type II
endoleak.
Significant caudal displacement and endograft expansion on the late CTA scan compared to the first postoperative CTA scan were detected in all groups. However, this resulted in decreased apposition only in the complicated groups, while the uncomplicated
patients gained significant length of apposition due to aneurysm shrinkage.

Part II – General discussion
Currently, most patients receive a CTA scan at 1-month and 1-year post-EVAR, which includes detailed 3D information of the anatomy and the implanted endograft. For this, patients are exposed to radiation and nephrotoxic contrast. The scans, however, are mostly
used to detect complications, such as endoleaks and significant (> 10 mm) migration.
This thesis shows that much more information can be gained from the postoperative CTA
scans, that can predict later failure. To increase the chance of early detection of seal failure in the infrarenal neck, a proposal for tailor-made, patients-specific EVAR surveillance
is suggested:
• Careful analysis of successful deployment, obtained apposition and adaptive neck
behavior should be performed on the first postoperative (1-month) CTA scan, especially in patients with high-risk anatomy.
• A second CTA scan should be made at 1-year follow-up, from which the endograft
dimensions should be compared to the first postoperative CTA scan, enabling detection of instability. Earlier acquisition of a second postoperative CTA scan may be
required for patients with warning signs at the first postoperative CTA scan.
• Further follow-up in patients with stable endograft dimensions can be performed
with duplex ultrasound, which reduces costs and eliminates exposure to radiation
and contrast agent. If previously detected warning signs remain critical, or new
warning signs are detected, further surveillance with CTA is advised to analyze progression. Serious warning signs may call for reintervention, even before a type IA
endoleak or > 10 mm migration is detected.
Amongst the serious warning signs that may need early reintervention are continuous distal displacement of the endograft, 100% expansion of the endograft, and minimal,
or continuously declining apposition. Early reintervention may benefit from less invasive
treatment options, such as proximal elongation and the use of EndoAnchors. Also, the
155

9

CHAPTER 9. GENERAL DISCUSSION, FUTURE PERSPECTIVES & FINAL CONCLUSIONS

risk of rupture from a type IA endoleak between follow-up moments, or from an undetected endoleak, will be reduced. Exact cutoff values for which patients benefit from early
reintervention should be investigated in future studies, to minimize over-treatment.

Part II – Future perspectives
In part II of this thesis, the endograft dimensions were analyzed in the infrarenal neck of
elective EVAR patients, treated with a modular endograft that consists of a main body and
limbs. It would be interesting to compare the endograft dimensions with other cohorts of
endovascularly treated aortic aneurysms, like TEVAR, CH-EVAR and F-EVAR. Also, analysis
of distal (ap)position in the common iliac artery is interesting subject of future research.
Endovascular aneurysm sealing (EVAS) is a relatively new treatment option for AAA, which
aims at sealing the entire aneurysm sac with polymer filling. The deployment accuracy of
these devices, and stability during long-term follow-up are yet unknown, so determining
the endograft dimensions for EVAS is also important subject of future research. Finally,
it would be of interest to investigate the effects of EndoAnchors on caudal displacement,
endograft expansion and apposition.
The software used to calculate the endograft dimensions is in the development phase,
and not yet available for public use. Steps will be taken to further develop and commercialize the software, to make sure that other institutions have access to the methodology
as well.
A large prospective study is needed to verify the findings in this thesis, and to identify
relevant cutoff values for the endograft dimensions. After that, suggestions for patientspecific follow-up, based on warning signs of the endograft dimensions, may be included
in the EVAR follow-up protocol.

9

Final conclusions
Aortic curvature predicts type IA endoleak and migration better than angulation and the
tortuosity index. Intraoperative type IA endoleak was associated with larger maximum
and average curvature, expressed over the entire infrarenal trajectory. Late type IA endoleak and migration were associated with larger maximum curvature, expressed over the
aneurysm sac.
Preoperative anatomical characteristics that were associated with intraoperative type
IA endoleak were different from those associated with late type IA endoleak and migration.
During the procedure, factors that impair endograft insertion, deployment and fixation are
important, while during late follow-up, unstable, changing anatomy is more at risk.
156

CHAPTER 9. GENERAL DISCUSSION, FUTURE PERSPECTIVES & FINAL CONCLUSIONS

Postoperative determination of the endograft dimensions in complex aortic neck morphology with the proprietary software is accurate and precise. The deployment accuracy
below the renal artery of an average elective EVAR procedure was 1.4 [-0.9 – 3.0] mm. More
than 3 mm of neck length was not used in a quarter of the patients, so caution is advised
and adequate surveillance is required when short necks (> 15 mm) are treated.
Analysis of endograft (ap)position and expansion on post-EVAR CTA scans reveals early
warning signs for failure of effective seal in the infrarenal aortic neck. On the 1-month CTA
scan, low deployment, adaptive neck behavior, and acquired apposition can be detected.
Changes of these dimensions during follow-up indicate instability of the deployed device,
which may proceed and require re-intervention. Low position, expansion towards 100%,
and decreasing apposition were associated with type IA endoleak and migration. Relevant
cutoff values for the endograft dimensions are to be identified in future studies, enabling
personalized post-EVAR surveillance, based on the risk for later seal failure.
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Een nieuwe methodologie voor verbeterde
analyse van de beeldvorming pre- en postEVAR
Een veelvoorkomende complicatie na Endovascular Aortic Repair (EVAR) van het abdominale aorta aneurysma (AAA) is lekkage bovenlangs de stent in de infrarenale aorta nek
(type IA endoleak). Deze lekkage geeft druk op het aneurysma, wat kan leiden tot een potentieel levensbedreigende ruptuur. Het is dus belangrijk om deze complicatie vroegtijdig
te herkennen, en zo nodig te behandelen.
Het behandelplan kan worden aangepast aan een voorafgaand aan de operatie gemaakte inschatting van het risico op een type IA endoleak. Zo kunnen patiënten met
een hoog risico eerder in aanmerking komen voor een open in plaats van een endovasculaire procedure. Wanneer een endovasculaire procedure toch de voorkeur heeft, kunnen
maatregelen genomen worden om het risico op een type IA endoleak te verkleinen, bijvoorbeeld door proximaal te verlengen of door EndoAnchors te plaatsen. Daarnaast geeft
kennis van het risico de mogelijkheid om tijdens de postoperatieve follow-up genoeg aandacht te vestigen op effectieve seal in de infrarenale nek.
Ook tijdens de EVAR follow-up is het belangrijk om het risico op een type IA endoleak
vroegtijdig vast te stellen, zodat verdere beeldvorming en eventuele herbehandeling hierop kan worden aangepast. Voorspellen van een type IA endoleak en migratie van de
endoprothese (wat kan leiden tot type IA endoleak) is echter lastig met de huidige diagnostiek, waardoor de focus nu met name ligt op het diagnosticeren van deze complicaties
nadat deze zijn opgetreden.
Dit proefschrift bevat twee delen waarin mogelijkheden worden beschreven om het
risico op een type IA endoleak te voorspellen. Het eerste deel beschrijft welke preoperatieve anatomische kenmerken van de aorta een risico vormen voor effectieve seal en
fixatie van de endoprothese in de aorta nek. Het tweede deel beschrijft hoe de positie, appositie en expansie van de endoprothese in de nek postoperatief kunnen worden bepaald
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op reguliere computed tomography angiography (CTA) scans, en hoe met deze bepaling
het risico op complicaties vroegtijdig kan worden voorspeld.

Deel I – Preoperatieve beeldvorming
Hoofdstuk 2 beschrijft een nieuwe methode om nauwkeurig het tracé van de aorta te
kwantificeren en te visualiseren. Het wiskundige begrip curvatuur beschrijft de bochten
en tortuositeit van de aorta, over het gehele traject waarover de endoprothese wordt opge162
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voerd en ontplooid. Maximale en gemiddelde waarden van curvatuur kunnen semiautomatisch bepaald worden over vooraf gedefinieerde relevante delen van de aorta: de
suprarenale, juxtarenale en infrarenale aorta nek, aneurysma zak, en het distale deel van
de aorta. Daarnaast is een alternatieve methode beschreven om de maximale curvatuur
te meten met een tool die in het vasculaire werkstation 3mensio aanwezig is.
In hoofdstuk 3 zijn de gemiddelde en maximale curvatuur bepaald over bovengenoemde segmenten van de aorta in een groep van 64 patiënten met een intra-operatief type IA
endoleak, en een groep van 79 controle patiënten zonder complicaties. Naast curvatuur
zijn de overige anatomische karakteristieken van de aorta – nek lengte, diameter, angulatie, tortuositeit, trombus en calcificatie, en maximale aneurysma diameter – bepaald.
Nek calcificatie en curvatuur, bepaald over de juxtarenale aorta nek, aneurysma zak en
distale aorta, werden geïdentificeerd als onafhankelijke voorspellers voor het ontstaan van
een intra-operatief type IA endoleak, terwijl supra- en infrarenale angulatie geen voorspellende waarde hebben. Relevante cutoff waardes voor gemiddelde curvatuur, geassocieerd
met intra-operatief type IA endoleak, lagen rond de 21 – 28 m−1 .
Hoofdstuk 4 beschrijft de voorspellende waarde van eerder genoemde anatomische
kenmerken, inclusief curvatuur, voor het ontstaan van een laat (> 1 jaar) type IA endoleak
of significante migratie (> 10 mm). 36 patiënten met deze late complicaties werden geïncludeerd uit acht hoog-volume EVAR centra, en deze groep is vergeleken met 80 controle patiënten zonder complicaties. Maximale curvatuur over het aneurysma segment
(> 47 m−1 ), maximale aneurysma diameter (> 56 mm) en trombus in de infrarenale nek
(> 11◦ circumferentie) werden geïdentificeerd als onafhankelijke voorspellers voor late
type IA endoleak en migratie. Supra- en infrarenale angulatie werden opnieuw niet geassocieerd met deze complicaties.
Curvatuur, bepaald over verschillende segmenten van de aorta, is dus een goede voorspeller voor zowel intra-operatief als laat ontstaan type IA endoleak, en zou dus moeten
worden toegevoegd aan de gevaarlijke nek karakteristieken waarmee rekening gehouden
moet worden bij EVAR planning, operatie en follow-up.

Deel II – Postoperatieve beeldvorming
Omdat er nog geen methode beschikbaar was voor nauwkeurige bepaling van de positie,
appositie en expansie van de endoprothese in de infrarenale aorta nek, is deze methode
ontwikkeld en beschreven in hoofdstuk 5 . Positie van de endoprothese is gedefinieerd
als de afstand over de wand van de aorta van de bovenrand van de fabric tot de nierarteriën, en de kanteling ten opzichte van de as van de aorta. Appositie is het contactoppervlak tussen de fabric van de endoprothese en de aorta nek, welke wordt uitge163
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drukt als absoluut contactoppervlak, percentage van de nek dat is gecoverd, en de minimale lengte waarover contact is. Expansie is gemeten over de proximale rand van de fabric, gedefinieerd als het percentage van de endoprothese diameter, welke 10 – 20% oversized wordt ten opzichte van de nek diameter, dat ontplooid is in de nek. Berekening van
het oppervlak was accuraat (< 3% afwijking van werkelijk oppervlak) en variabiliteit van
de berekeningen van bovengenoemde endograft dimensies was laag (intraclass correlatie
coëfficiënt .909 – .996), gelijk aan de variabiliteit bij het meten van aorta nek karakteristieken op een 3D werkstation.
Hoofdstuk 6 beschrijft hoe de nieuwe endograft dimensies – positie, appositie en expansie – in de infrarenale aorta nek moeten worden geïnterpreteerd. De endograft dimensies zijn beschreven voor vier patiënten waarbij late (> 1 jaar) type IA endoleak of migratie
(> 10 mm) waren gediagnosticeerd. Verschillende ’warning signs’ zijn geïdentificeerd die
wijzen op suboptimale plaatsing, of acute adaptatie van de nek aan de endoprothese op
de 1-maand CTA scan. Verandering van deze karakteristieken over de tijd wijzen op verzakking of expansie van de endoprothese, en afname van appositie. Dit kan een voorbode
zijn voor het ontstaan van een endoleak, nog voordat contrast in het aneurysma wordt
waargenomen.
In hoofdstuk 7 is de methode voor het meten van de afstand tussen de fabric en de
nierarteriën over de wand van de aorta toegepast, om te bepalen hoe nauwkeurig een
endoprothese geplaatst wordt tijdens een standaard electieve EVAR. In een groep van 81
electieve EVAR patiënten was de mediane kortste afstand tussen de fabric en een van de
nierarteriën 1.4 [-0.9 – 3.0] mm. In een kwart van de patiënten was de endoprothese lager
dan 3 mm onder de nierarterie geplaatst, waardoor een substantieel deel van de nek niet is
gebruikt voor sealing. In 30% van de patiënten was de fabric van de endoprothese gedeeltelijk over de origo van de nierarterie geplaatst.
Ten slotte wordt in hoofdstuk 8 de vraag beantwoord of we met het bepalen van de
endograft dimensies ook daadwerkelijk latere complicaties kunnen zien aankomen. Positie, appositie en expansie van de endoprothese zijn bepaald op de 1-maand CTA scan en
een late CTA scan waarop nog geen endoleak of migratie te zien was, bij vier groepen electieve EVAR patiënten: 1) met een later type IA endoleak; 2) met latere significante mi-
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gratie (> 10 mm); 3) met een type II endoleak en 4) zonder complicaties. De 1-maand CTA
scan liet geen verschillen zien tussen de gecompliceerde groepen (type IA endoleak en
migratie) en de controle groep, maar op de late CTA scan werd bij de complicatie groepen
een significant lagere positie, meer expansie, en significant afgenomen appositie van de
endoprothese in de aorta nek gemeten. In de controle groep was de appositie significant
toegenomen, door krimp van het aneurysma.
Het subtiele, progressieve verloop van verplaatsing en expansie van de endoprothese,
164
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wat kan leiden tot afname van de appositie, kan dus worden gedetecteerd op reguliere CTA
scans, al vóór het optreden van urgente complicaties.
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Appendix A : In Vitro Validation of Curvature
Calculation over the Center Luminal Line
Supplementary file to the manuscript: ”Aortic Curvature Instead of Angulation Allows Improved Estimation of the True Aorto-iliac Trajectory.”
http://ars.els-cdn.com/content/image/1-s2.0-S1078588415006838-mmc1.docx

Method
The method for curvature calculation over the center luminal line (CLL), using proprietary custom software, was validated in an in vitro study. Curvature is calculated over a
computed tomography angiography (CTA) reconstruction of a phantom helix structure
(Figures 11.1,11.2). The helix model dimensions were:
• Radius r = 33 mm
• Spacing s = 8 mm
The theoretical curvature was mathematically calculated with Equation 11.1:
κt heor et i c al =

r
33e −3
=
= 28.62m −1
r 2 + s 2 33e − 32 + 8e − 32

(11.1)

11
Figure 11.1: Phantom model of a helix structure. Two tubes were winded parallel around a cylinder,
one tube was filled with contrast agent, the other with air.
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Figure 11.2: 3D reconstruction of the CTA scan. Only the tube filled with contrast was segmented.

Figure 11.3: Center luminal line (CLL) plotted in the CTA reconstruction, similar to EVAR planning.

The CLL was placed within the segmented helix volume using 3mensio, similar to EVAR
planning (Figure 11.3), and exported into Matlab. Curvature was calculated over the CLL
(Figure 11.4,11.5).
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Figure 11.4: 3D visualization of curvature over the CLL, calculated with the custom software.

Figure 11.5: Plot of the calculated curvature (blue) and the theoretical curvature (red).

Results
Curvature calculated by the custom software was close to the theoretical curvature (29.66

11

± 3.83 m−1 vs 28.62 m−1 ; Figure 11.5), resulting in small systematic error of 1.04 m−1
(3.6%).
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Discussion
This study shows that curvature can be calculated accurately over the CLL. The systematic
overestimation of curvature by the software was likely caused by the interpolation algorithm of the CLL coordinates by 3mensio. CLL coordinates that were fitted between the
assigned anchor points were located in the inner curve, resulting in a rounded polygon,
rather than a perfect helix. Because of a smaller radius, this resulted in overestimation of
the curvature. This also explains the relatively large standard deviation, since curvature
fluctuates around the anchor points. In the clinical practice, this issue is of less importance as less anchor points are placed within the aortic lumen.

11
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Appendix B : Conversion from CDC (◦) to
Curvature (m−1)
Supplementary file to the manuscript: ”Aortic Curvature Instead of Angulation Allows Improved Estimation of the True Aorto-iliac Trajectory.”
http://ars.els-cdn.com/content/image/1-s2.0-S1078588415006838-mmc2.docx

Method
See Figure 11.6: Given three succeeding coordinates P1, P2 and P3 on the CLL at a distance
of 15 mm apart (A = 15). A circle was fitted through these coordinates with radius R. The
curvature by digital calipers (CDC) was defined as 180◦ minus the angle between the three
coordinates (α). The curvature was defined as the inverse of the radius of the circle fitting
the coordinates (1/R)
Conversion from CDC to curvature was calculated with Equation 11.2:
Cur v at ur e =

α
1 si n( 2 )
=
A
R

(11.2)

2

We would expect the CDC with arm length of 1 mm, converted to curvature using
Equation 11.2, to be similar to the actual curvature, with the exception that the circle of
actual curvature was defined by the normal vectors of two succeeding points, while the
circle of the CDC was defined as a fitting circle through three succeeding points. If the arm
length of the CDC is increased to 15 mm, we would expect a smoothing effect. Both the

11
Figure 11.6: Curvature (1/R) and CDC (α) over three succeeding coordinates P1, P2 and P3.
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Figure 11.7: Blue: actual curvature (m−1 ), purple: CDC with caliper arm length of 1 mm (◦ ) and
green: actual curvature calculated from the CDC (m−1 ).

relation between actual curvature and CDC with arm length of 1 mm and arm length of 15
mm were visualized in a plot.

Results
Conversion of CDC with caliper arms of 1 mm to actual curvature via Equation 11.2 resulted in a good approximation of the actual curvature (Figure 11.7). Small errors were
seen at the peaks, possibly due to change in direction of the curvature. For this example,
as a rule of thumb, CDC with arm length of 1 mm were scaled to curvature with factor 1:16.
Conversion of CDC with caliper arms of 15 mm to actual curvature via Equation 11.2
resulted in a smoothing effect of the actual curvature (Figure 11.8), decreasing the peaks.
As expected form Equation 11.2, and observed from Figure 11.8, the relation between curvature and CDC is non-linear. For this example, as a rule of thumb, CDC with arm length
of 15 mm was scaled to curvature with factor 1:1.6.
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Figure 11.8: Blue: actual curvature (m−1 ), purple: CDC with caliper arm length of 15 mm (◦ ) and
green: actual curvature calculated from the CDC (m−1 ).

Discussion
Figure 11.8 shows how the 15-mm arm length of the digital caliper resulted in lower peak
curvature when converted to actual curvature. Though the relation between actual curvature and CDC is non-linear, a linear conversion compensates for the smoothing effect, so
as a rule of thumb, we suggest to linearly scale CDC with caliper length of 15 mm to actual
curvature.
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List of Abbreviations and Definitions
2D

Two-dimensional

3D

Three-dimensional

95% CI

95% Confidence Interval

AAA

Abdominal Aortic Aneurysm

aCDC
Angulation

CDC measurements
Localized triangulation of a part of the aortic trajectory

ANOVA

Analysis Of Variance

ANS

Aortic Neck Surface; area between renal arteries and DAB

Aortic segments

Regions of the aorta relevant for EVAR

Neck

Lowest renal artery baseline – distal end of neck

Suprarenal

Baseline +30 mm – baseline +10 mm

Juxtarenal

Baseline +10 mm – baseline -10 mm

Infrarenal

Baseline -10 mm – baseline -30 mm

Aneurysm sac

Distal end of neck – aortic bifurcation +30 mm

Terminal aorta

Aortic bifurcation +30 mm – aortic bifurcation

AUC

Area Under the Curve

CDC

Curvature by Digital Calipers; measurement tool in 3mensio

CDU

Color Doppler Ultrasound

CFD/LFD

Contralateral (/Longest) Fabric-to-renal artery Distance

CLL

Center Luminal Line; also centerline

CT(A)

Computed Tomography (Angiography)

Curvature (κ)

Aortic bending rate (deviation from a straight line)

D/Diam
DAB

Diameter
Distal Apposition Boundary; > 10% increased aortic diameter (preoperative), or end of fabric-neck contact (postoperative)

DICOM

Digital Imaging and Communications in Medicine

DR A

Distance between Renal Arteries; measured over centerline

EAS

Endograft Apposition Surface; area between PEF and DAB

Endograft diameter

Average diameter of the PEF within the aortic neck

Endograft dimensions
Endograft position

12

Automatic Curvature by Digital Calipers; automatic simulation of

Set of variables describing endograft position, apposition and expansion in the aortic neck
Classification of the SFD

High

Above renal artery orifice; partial coverage

Target

0 – 3 mm below renal artery orifice

Low

> 3 mm below renal artery orifice
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Euclidean distance

Straight-line distance between two coordinates

EVAR

Endovascular Aneurysm Repair

FDAM

Flow Direction Angulation Method; measuring method by eyeballing largest angles

FDH

Fabric Distance to Highest Renal Artery; over curve of aorta

FDL

Fabric Distance to Lowest Renal Artery; over curve of aorta

ICC

Intraclass Correlation Coefficient

IFU

Instructions For Use

IQR

Inter Quartile Range

Matlab

Programming language for mathematical computing

MD

Mean Difference

Mesh

Set of 3D coordinates, describing the aortic lumen volume

Migration

Caudal endograft displacement > 10 mm)

Neck length
OR
PEF

Centerline length between lowest renal artery and > 10% increased
aortic diameter
Odds Ratio
Proximal end of Endograft Fabric; proximal inflow plane of the endograft fabric

p-value

Probability value

RC

Repeatability Coefficient

ROC
SAL

Receiver Operating Characteristic (curve)
Shortest Apposition Length; minimum length of contact between
fabric and aortic neck

SD

Standard Deviation

SE

Standard Error

SFD

Shortest Fabric-to-renal artery Distance

Tilt

Angle of the PEF towards axis of the aorta

Type IA endoleak

Seal failure in proximal landing zone

Type IB endoleak

Seal failure in distal landing zone

Type II endoleak

Aneurysm sac filling via branch vessel

Type III endoleak

Fabric defect or separation of modular components
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