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Summary

An endovascular aneurysm repair (EVAR) is currently preferred as treatment for an infrarenal abdominal
aortic aneurysm (AAA). Despite good short-term results, major drawbacks of the EVAR treatment are the
long-term complications. Recent research has shown that examining the aortic remodeling after EVAR can
give new insights into the underlying causes of these complications. Aortic remodeling can be expressed
in static measurements such as the postoperative change in aortic diameters, lengths, angles and
curvatures measured on computed tomography angiography (CTA) scans, but also as the postoperative
change in aortic motion measured on electrocardiogram (ECG)-gated CTA scans. The first chapters of this
thesis focused on the aortic remodeling base on static measurements while the last chapter focused on
aortic remodeling based on motions.

Anaconda vs Endurant - intra- and interobserver variability

In this thesis measurements on CTA-scans of two types of EVAR endografts were compared: the Anaconda
and Endurant. The Endurant cohort had been measured previously by a different observer. In order to
compare the Anaconda cohort with the Endurant cohort, an intra- and inter observer variability was
determined.

Out of 106 Endurant patients measured by observer 1, 20 patients were measured by observer 2.
Measurements were performed twice to obtain the intra observer variability. The pre-EVAR CTA and the
first post-EVAR CTA scan was included for each patient. Per scan an aortic and an iliac center luminal line
(CLL) was drawn which served as base for curvature calculations. Curvature was defined over the following
segments: suprarenal aorta, infrarenal aorta, aneurysm, right common iliac artery and left common iliac
artery. Moreover, the following dimensional measurements were performed: baseline diameter, end of
neck diameter, neck length, maximal aneurysm diameter alpha angle and beta angle.

Moderate intra- as well as interobserver agreement was observed for aortic curvature measurements.
The limitations of this study prohibit a fair statement about the reliability of curvature as a whole.
Nonetheless, this observer study does imply that the CLLs, the basis for curvature calculations, should be
constructed with great care, which requires an adequate training. Excellent intra- and interobserver
agreement was found for the dimensional measurements which is in line with the results in previous
literature.

Anaconda vs Endurant — Aortic remodeling

Different types of endograft can cause aortic remodeling to more or lesser extent. Therefore, in this study
aortic remodeling was assessed of endografts that easily conform to the curvature of the aorta (Anaconda)
and relatively stiff endografts (Endurant). These endografts do not only differ in stiffness but also contain
different types of proximal sealing and fixation. The initial aim of this thesis was to compare the aortic
remodeling of the Anaconda endograft with the de Endurant endograft, based on curvature and aortic
neck diameters measured on pre- and postoperative CTA scans. However, the intra- and inter observer
study showed moderate agreement between the observers for aortic curvature. Therefore, aortic
remodeling was determined based on aortic neck diameters alone.

The CTA scans of 63 Anaconda patients were compared to the CTA scans of 106 Endurant patients. The
same measurement protocol as used for the intra and interobserver variability was used. Aortic diameters
were measured at 30 mm above the baseline, 15 mm above the baseline, baseline, 5 mm below baseline
and 10 mm below baseline.




The diameters of the Anaconda cohort remained stable, while the diameters in the Endurant cohort
increased at all levels except at 30 mm above the baseline. These results imply that the Anaconda rings
exert less forces on the aortic wall than the Endurant anchor pins with M-shaped design, resulting in less
aortic remodeling. Future research should include post-EVAR follow-up scans to remodeling over time.
Moreover, future research should include patient outcome to examine relations between the remodeling
and the possible complications.

The influence on motion detection of 8 versus 10 phases ECG-gated CT scans

A study within the present research line compares two types of iliac branched devices (IBDs). The
patient cohort with the first device was scanned with an ECG-gated CT scan protocol reconstructing 8
cardiac phases, while the patient cohort with the other device was scanned with an ECG-gated CT scan
protocol reconstructing 10 cardiac phases. An in vitro experiment was performed to assess to what
extent this phase difference can induce a difference in detected motions. Moreover, an explorative
patient study was performed to assess the results in clinical setting.

An in-house developed linear actuator device was used to obtain a controlled motion in one direction to
assess a series of ECG-gated CT scans of a moving endograft at different virtual heartrates. An aortic
pressure profile was used as movement input. All ECG-gated CT scans were reconstructed to 8 and 10
phases cardiac volumes. Specialized algorithms were used to assess the motion amplitudes and
pathlengths of the endograft. The methodology was further tested on the clinical data of a patient.

The in vitro experiment of this study did not reveal a clinical significant difference between the motions
amplitudes and the pathlengths of the 8 and 10 phased reconstructions. Also, the patient study did not
show any difference both reconstructions. A potential limitation of the in vitro experiment could be that
the linear actuator was not synchronized with the CT scanner. A computer simulation showed possible
outcomes for the pathlengths of 8 and 10 phases reconstructions. The pathlenghts of the 10 phases
reconstructions could be, at maximum, 0.56 mm higher than the pathlengths of the 8 phases
reconstructions, depending on the starting point of the CT scanner. Therefore, when comparing ECG-
gated CTA scans using 8 phases cardiac cycles with 10 phases cardiac cycles, a difference of maximum
0.56 mm could be explained by the difference in phases. A future study using a synchronized set-up
should reduce this value.
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1 Background

1.1 Abdominal Aortic Aneurysm

When the abdominal aorta is dilated to a diameter of about 1.5 times the diameter of a non-dilated aorta
(¥30mm), it is called an abdominal aortic aneurysm (AAA) (1). In Europe, the prevalence among males
aged 65 years and older is 1-2%, while the prevalence among females is significantly lower (0.5%) (2). In
addition to the male gender, risk factors for AAA include smoking, age 60 years and older, hypertension,
atherosclerosis, obesity, Caucasian race and positive family history (1,3). Most AAAs are asymptomatic
and are found coincidentally on medical imaging for other purposes (1). Symptomatic AAAs, expressed as
abdominal pain or back pain, have an increased risk of rupture.

Depending on the location of the AAA, an AAA can be classified into different types (See Figure 1-1). The
most common type is the infrarenal AAA, which occurs below the aortic neck. The aortic neck is defined
as the non-dilated aorta segment distal to the lowest renal artery. A juxtarenal AAA is defined as an
aneurysm starting immediately distally from the lowest renal artery. It includes the infrarenal neck, but
does not include the renal arteries (4,5). A pararenal AAA includes at least one of the renal arteries but
does not extent suprarenal. A suprarenal AAA extends up to the superior mesenteric artery (5). AAAs can
extend to the iliac arteries. This thesis mainly focuses on infrarenal AAAs.

Suprarenal AAA Pararenal AAA Juxtarenal AAA Infrarenal AAA

Figure 1-1 Schematic presentation of different types of abdominal aortic aneurysms (6)

An AAA can grow slowly with an average growth of 2.2 mm per year (7). An extensive growth of >5 mm
per year increases the risk of rupture (1). Additional risks for aneurysm rupture and/or growth are a
symptomatic AAA, persistent smoking, female gender and severe chronic obstructive pulmonary disease
(COPD) (3,4). Rupture of an AAA is associated with a mortality rate of 80% (5,8). When an aneurysm
reaches a diameter of 55 mm in males or 50 mm in females, the risk of rupture increases to 3-15% (1).
Surgical repair has a mortality rate of 0.7-4.0% for males, and 1.8-6.9% for females, open and endovascular
treatments combined. Therefore, elective surgery is recommended, when the AAA diameter exceeds the
threshold of 55 mm in males and 50 mm in females. Moreover, surgery is recommended when the AAA is
symptomatic and/or when the aneurysm grows more than 10 mm per year (5).




1.2 Endovascular Aneurysm Repair

Elective treatment of an AAA can be performed via an open approach or via an Endovascular Aneurysm
Repair (EVAR). An open repair is the conventional surgical technique for treating an AAA. It was first
performed in the 1950s (9). The procedure is as follows; A median laparotomy through the linea alba from
the xiphoid to the pubis is needed to approach the AAA (5). The intestines need to be pulled aside
carefully. Cross clamping of the abdominal aorta above and below the AAA is required to be able to open
the aneurysm sac. Consecutively, the blood cloths inside the aneurysm sac are removed after which a
prosthetic graft is anastomosed proximally and distally to the nondilated aortic wall to exclude the
aneurysm sac from the blood flow. The aneurysm sac is then placed over the graft and stitched together
again. Next, the intestines are released and the abdomen is closed up. This procedure is highly invasive
and has a 30-day mortality rate of 3.0% — 4.7% (10,11). The open procedure is therefore not suitable for
old or vulnerable patients (5,12). A laparoscopic approach is not a favorable alternative as previous
research has shown that it involves more risks than the conventional technique, even with a well-trained
surgical team (13).

A less invasive alternative would be the EVAR procedure. It was first performed in 1987 by Volodos et
al.(14). Instead of making a large incision in the abdomen, the EVAR method requires only two bilateral
small incisions in the groin area to reveal the common femoral arteries (CFAs). Even total percutaneous
access is achievable (15). The procedure is executed as follows: guided by fluoroscopy, the endograft is
introduced through the CFA using guide wires. After the correct location is determined, the endograft is
deployed in the aneurysm and therewith, it excludes the aneurysm from the circulation (5). Radial forces
and small hooks at the proximal end of the endograft provide a seal and fixation of the graft (5). Currently,
EVAR is preferred in almost 75% of the surgical AAA treatments because of the lower short-term morbidity
and mortality (0.7% - 1.5%) compared to open surgery (10,11,16-18). However, this benefit is
compensated by the long-term mortality rate of the EVAR procedure. On a long-term base, the mortality
rate for the EVAR approach is similar to that of an open repair or even worse, since EVAR is associated
with a higher reintervention rate than an open procedure (11,16-20).

Reinterventions after EVAR procedures are often caused by EVAR-specific complications, such as stent-
graft migration, limb occlusion and endoleaks (21). Endoleaks occur in 20-25% of the EVAR patients (22).
Endoleaks are defined as the post-EVAR leakage of blood back into the aneurysm sac. There are different
causes for endoleaks which result in different endoleak types (See Figure 1-2). In type | endoleaks, blood
flows into the aneurysm sac via the proximal (type la) or distal (type Ib) fixation zone. During 5-year follow-
up the occurrence of type | endoleaks is about 5%. Urgent endovascular reintervention is required at type
| endoleaks, as the leakage into the aneurysm sac increases the risk of rupture (21,22). These endoleaks
are the main cause of secondary aneurysm ruptures (5). In type Il endoleaks, blood leakage into the
aneurysm sac is caused by retrograde flow of branch vessels such as the inferior mesenteric artery or the
lumbar arteries (23). Type lla includes one vessel while type Ilb includes two or more vessels. These type
Il endoleaks are the most common endoleaks (20-40%) (5). They can thrombose spontaneously, which is
followed by a conservative observational treatment (23). Persistent or recurrent type Il endoleaks that
result in significant increase in size of the aneurysm sac can be treated by coil embolization of the leaking
arteries (5,23). Type lll endoleaks include leakage through an endograft caused by a gap between two
components (Type lIlla) or a defect in the graft material (Type IlIb). Type Ill endoleaks occur in 1-3% of the
EVAR patients during 5-year follow-up and require immediate reintervention (5). Type IV endoleaks occur
in only 1% of the cases. These endoleaks result from blood flow through the pores of the endograft and




are therefore typically resolved postoperative, once the blood clotting has normalized (21,22). Lastly, if
the aneurysm sac grows without an identifiable cause, the endoleak is classified as type V, which is also
known as endotension. The occurrence of endotension is about 1-5% (24). In case of persistent growth of
the aneurysm sac open conversion may be required (25).

Typl Typ i Typ i Typ v TypV

Figure 1-2 Schematic presentation of different types of endoleak (26)

EVAR is not an option for patients with an unsuitable anatomy. For example, the infrarenal neck must be
long and wide enough, but not too wide, or too angulated, in order to the maintain an adequate proximal
landing zone for the graft (27). The same applies to the iliac vessels for a distal fixation. In addition,
calcification and thrombus may also cause inadequate sealing and should therefore be avoided in the
landing zones (27). The precise cut-off values for the lengths and angles of each segment differ per type
of endograft. The details for the two graft-types used in this thesis can be found in section 1.2.4.
Unfortunately, patients with unsuitable anatomy for EVAR often have more comorbidities and are
therefore not a candidate for open repair as well (27). Off-label use of the endografts is related to worse
outcomes (28). It is therefore important to understand the changes occurring in the aorta after placement
of an endograft, and how these changes may contribute to possible complications. With this knowledge
we can improve endografts and consequently broaden the inclusion criteria to treat patients with more
challenging anatomies.

Several types of endograft have been designed for EVAR procedures by different manufacturers, for
example: Excluder (W.L. Gore, Flagstaff, Ariz, USA), Zenith (Cook, Bloomington, Ind, USA), Anaconda
(Terumo-Aortic, Inchinnan, Scotland) and Endurant (Medtronic Inc, Minneapolis, USA). This study mainly
focuses on the Anaconda and Endurant Endografts, which are further explained in this section.
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Anaconda (Terumo-Aortic, Inchinnan, Scotland)

The Anaconda endograft has been on the market since 2005 and is designed for patients with a more
angulated and tortuous anatomy with angulations up to 90 degrees (29,30). Other indication details on
the Anaconda are shown in Table 1-1. The graft contains a self-expanding flexible body with two saddle-
shaped nitinol rings located proximally. These contain four pairs of hooks, with one hook-pair on each
peak and valley of the proximal sealing ring. The endograft limbs contain multiple self-expandable rings
which maintain the flexibility of the endograft and prevent the graft from kinking as shown in figure Figure
1-3(29,30). Furthermore, the fixation and sealing properties prove their value as low rates of migration
and type 1 endoleaks were reported for this endograft (31). However, the main drawback of the Anaconda
endograft is the relatively high rate of limb occlusion which is at the upper threshold of the acceptable
range (32). One study showed that this relatively high limb occlusion rate might be related to the infolding
of graft fabric over time, also called the concertina effect (33).

o \

-~
WA

Figure 1-3 Anaconda Endograft (left) and Endurant
endograft (right) (34) (35)

Endurant (Medtronic Inc, Minneapolis, USA)

The Endurant endograft has been on the market since 2008 and is designed to overcome several anatomic
limitations usually seen in EVAR procedures (34). The Endurant allows for inclusion of patients with a
shorter aortic neck and patients with severe neck angulation up to 75 degrees for the infrarenal neck (See
Table 1-1) (35). The Endurant has a sinusoidal M-shape design, preventing the infolding of the fabric when
bending the graft, while maintaining radial forces, see Figure 1-3 (36). The suprarenal anchor pins provide
secure proximal fixation. Although durable clinical results are observed, one study including 156 Endurant
patients showed a reintervention rate of 22.1%, with a median clinical follow-up of 5.9 years (37).

Table 1-1 Anatomical inclusion criteria Anaconda and Endurant

Aortic neck diameter, mm 17.5-31 19-32

Aortic neck length, mm >15 >10or 215
Aortic neck angulation <90° <60° or <75°
Distal fixation length, mm =20 =15

lliac diameter, mm 8.5-21 8-25

Access artery diameter®, Fr >20-22 >18-20

Source: Anaconda: instructions for use (38), Endurant: Instructions for use (39).
*Based on outer diameter sheath for delivering the main body
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Although the results of various newly designed endografts seem promising, long-term complications still
remain a problem. The geometry of the AAA is likely to change after insertion of an endograft. Detailed
information about these changes could help explain the causes of the long-term complications. Previous
studies have already linked some aortic characteristics to EVAR related complications. Recent research
showed that aortic curvature seems to have a promising predictive value of treatment outcome (33,40—
43). This curvature methodology proved to be more accurate for measuring the aortic neck angulation
than the golden standard (41). The total curvature as measured over the aortic neck, aneurysm sac and
terminal aorta was found to be an accurate predictor of intraoperative type la endoleaks (42).
Furthermore, the maximum curvature over the aneurysm sac was found to be a strong predictor of late
type la endoleak and endograft migration (40). Moreover, curvature in endograft limbs can be used to
assess the changes in geometry over time, leading to new predictors of limb occlusion (33,43). Curvature
has not been implemented in clinical practice yet. Nonetheless, it is beneficial to investigate the aortic
remodeling after EVAR based on curvature, by looking into the postoperative aortic curvature changes.
This is because when a relatively stiff endograft is placed in an aorta with large curvature, it may straighten
the aorta, which induces forces on the aortic wall. These tensions may result in displacement of the
endograft and consequently stent graft migration and possibly ineffective sealing resulting in type la
endoleaks (44). Curvature can be determined over the whole aortic trajectory and therefore provide
insight in if and where this aortic straightening occurs.

To determine the curvature a center luminal line (CLL) is used. Curvature is defined as the inverse of the
radius of the spherical shape. This sphere is fitted on the curve at each coordinate along the CLL (See
Figure 1-5). The three dimensional curvature can be calculated using the formula of extrinsic linear
curvature k as shown in equation 1.1.

_ \/(znyl—ynzl)z + (xr1z1—z11x0)2 + (yrixr—xryr)?

K (x,2+y,2+2,2)3/2

[1.1]

Where x, y, and z are the Cartesian coordinates for points along a CLL, ' is the first derivative and " is the
second derivative.

Curvature = .

Figure 1-4 Example of curvature approach (33)
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Other current research focuses on analyzing dynamic changes of the aorta after insertion of an endograft.
The aorta is under constant influence of the pulsatile blood flow. The pressure changes of the pulsatile
blood flow may challenge the fixation and sealing of the endograft. High preoperative pulsality in the
aneurysm neck has been associated with postoperative stent graft migration already (35). Moreover,
examining the change dynamic behavior in the aorta caused by endografts can help improve the future
generation endograft designs and predict endograft failure in individual patients (45,46).

The aortic motion patterns can be analyzed using retrospective electrocardiogram (ECG)-gated computed
tomography angiography (CTA) scans. This technique provides a three dimensional CTA volume at
different phases of the cardiac cycle. ECG-gated CTA scans use the patients ECG signal as trigger to create
a CT scan of a full cardiac cycle. The raw data is reconstructed into a predefined number of CT volumes
corresponding to phases of the cardiac cycle. Klein et al.(47,48) and Koenrades et al.(49) developed an
image registration and segmentation algorithm that allows quantitatively and qualitatively analysis of in
vivo motions of the endograft. A current study within the present research line, uses this algorithm to
guantitatively characterize and compare the motion and geometry of two types of iliac branched devices
(IBDs). The study data was obtained from different hospitals using a different number of cardiac phases
to reconstruct the CT volumes. As a result, the patient cohort that was treated with the first device was
scanned with an ECG-gated CT scan protocol that reconstructed 8 cardiac phases, while the patient cohort
that was treated with the other device was scanned with an ECG-gated CT scan protocol that
reconstructed 10 cardiac phases. It is not known to what extent such a difference in phases can lead to a
difference in detected motion patterns. Therefore, a study must be conducted to determine the
difference between 8 phases reconstructions and 10 phases reconstructions of ECG-gated CTA scans.

1.3 Thesis objectives

This thesis is divided into two main studies divided into 3 chapters. Since relatively little is known about
the aortic remodeling after EVAR, the first main study of thesis aims to describe the aortic remodeling
based on aortic diameters and curvatures. Aortic remodeling of endografts that can easily conform to the
curvature of the aorta, like the Anaconda was compared to aortic remodeling of relatively stiff endografts,
like the Endurant. The second main study in this thesis aims to determine the difference between 8 and
10 phases reconstructions of ECG-gated CTA scans, in order to compare motions of IBDs that were
scanned with protocol using 8 and 10 phases reconstructions.

Chapter 2: Intra- and interobserver variability on abdominal aortic aneurysm geometries in computer
tomography scans.

The measurements that were used to assess the aortic remodeling of the Endurant and Anaconda patients
were performed by two observers. Therefore, these measurements were subject to interobserver
variability. The aim of this study was to determine the intra- and interobserver variability on the aortic
geometries in pre- and post-EVAR CTA scans when measured by two non-experienced observers.

Chapter 3: Aortic remodeling after EVAR: Anaconda vs Endurant

In this study, the aortic remodeling of the Anaconda endograft was compared with the aortic remodeling
of the Endurant endograft. Due to moderate observer agreement on curvature, remodeling based on
curvature could not be assessed. Therefore, aortic modeling was examined only for the postoperative
change in supra, juxta and infrarenal diameters.

13



Chapter 4: The influence on cardiac-pulsatility-induced motion detection calculation
electrocardiographically-gated computed tomography angiography scans reconstructed into 8 or 10
cardiac phases

This study focused on dynamic remodeling by comparing two different types of ECG-gated scanning
protocols. This research is part of a study within the present research line that compares two types of iliac
branched devices (IBDs). The patient cohort that was treated with the first device was scanned with an
electrocardiogram (ECG)-gated computed tomography (CT) scan protocol that reconstructed 8 cardiac
phases, while the patient cohort that was treated with the other device was scanned with an ECG-gated
CT scan protocol that reconstructed 10 cardiac phases. In order to compare the motion patterns and
dynamic geometrical properties of the IBDs, the extent to which the phase difference induces differences
in calculated motion should be determined, which was the aim of this thesis. An in vitro-experiment was
designed to determine the differences.
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2 Intra- and interobserver variability on abdominal aortic
aneurysm geometries in computer tomography scans

2.1 Introduction

Endovascular aneurysm repair (EVAR) is currently preferred as treatment for an infrarenal abdominal
aortic aneurysm (AAA) (10,11,16-18). It prevents the AAA from rupturing by excluding it from the blood
flow. Despite good short and mid-term results, major drawbacks of the EVAR treatment are the long-term
complications, which include stent-graft migration, limb occlusion and the occurrence of endoleaks (21).
Research has been conducted in order to explore the cause of these complications, with the aim of
improving the EVAR treatment. Studies have linked some anatomical characteristics to complications,
such as a hostile infrarenal neck (50). Specifically, recent research shows that curvature of the infrarenal
aortic neck has a promising predictive value for intraoperative as well as late type 1a endoleaks and
migration (40,42). Moreover, one study showed that curvature can be used to assess the aortic
remodeling after EVAR (51). They found that the aorta straightens after implantation of an endograft
which can affect the risk at late type 1a endoleak and migration. However, this research only focused on
the influence of the curvature at the supra- and infrarenal neck and did not include more flexible
endografts which are able to conform to severe curvature, like the Anaconda endograft. Therefore, this
thesis aimed to compare the aortic remodeling based on curvature over the whole trajectory from the
suprarenal aorta up to and including the common iliac arteries. Moreover, the influence of the endograft
type on the aortic remodeling was examined by including patients with a relatively stiff endograft
(Endurant) and an endograft that easily conforms to the curvature of the aorta (Anaconda). Furthermore,
aortic remodeling is not only expressed by a change in curvature, but by a combination of several
geometric properties. In this thesis, remodeling was defined as the postoperative change in aortic
diameters and curvatures measured on computed tomography angiography (CTA) scans.

The measurements of the Endurant and the Anaconda patients were performed by different observers,
making the measurements subject to interobserver variability. The intra- and interobserver variability in
AAA dimension measurements on CTA scans has been examined before (52-54). Yet, there is no
information available of the intra- and interobserver variability on the aortic curvature. Moreover,
curvatures in previous studies were assessed by experienced observers, while the measurements in this
study were performed by students (41,55). Thus, the aim of this study was to determine the intra- and
interobserver variability on the aortic geometries in pre- and post-EVAR CTA scans when measured by two
less experienced observers.

2.2 Methods

In this retrospective study, the interobserver variability was determined between two Technical Medicine
Master’s students. Observer 1 performed the measurements on CTA scans of 106 patients who were
treated with an Endurant endograft (Endurant Il(s) , Medtronic Inc., Santa Rosa, CA, USA), according to a
predefined standardized protocol. Patients were selected from a database of EVAR patients between
January 2014 and December 2017 in St. Antonius Hospital (AZN), Nieuwegein, The Netherlands or in the
Royal Oldham Hospital (ROH), Oldham, United Kingdom. Inclusion and exclusion have been described
previously (56). Out of these 106 patients, 20 patients were measured by observer 2. The pre-EVAR CTA
and the first post-EVAR CTA scan were included for each patient. To compensate for the learning curve of
both observers, the first and the last 10 patients measured by observer 1 were selected. Moreover, 5 test-
scans were selected from another database to use as training material to familiarize observer 2 with
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3mensio. In order to obtain an intraobserver variability as well, all 20 patients were measured twice by
observer 2. These second measurements were performed at least three weeks after the first
measurements. Additionally, the measurement order of patients was randomized to avoid recall bias.

The scan protocol has been described previously (56). The scan parameters included: tube potentials 120
kV, tube current 180 mAs, collimation 128x0.625 mm, pitch factor 0.9. The slice thicknesses were 1.0 mm
(interquartile range 1.0, 2.0) and 2.0 mm (interquartile range 1.0, 2.0) for the pre- and post-EVAR CTA
scans, respectively. CT scans were acquired in the arterial phase, using bolus triggering with a threshold
of 100 Hounsfield units.

The measurement protocol is included in Appendix A. A summary of the protocol is given below. Figure
2-1illustrates the measurement workflow.

Center luminal line (CLL)

The measurements were conducted with the 3mensio workstation (3mensio Vascular 10.1, Pie Medical
Imaging BV, Maastricht, The Netherlands). The aortoiliac trajectory was segmented by selecting the aortic
lumen. Missing arteries were added manually. For each scan aorta CLL and an iliac CLL was created, see
Figure 2-2. The aorta CLL was obtained by placing a marker above the celiac trunk (~5 cm above the origin
of the lowest renal artery) and a second marker below the aortic bifurcation. As was not possible to place
the second marker outside the lumen, the marker was placed in either one of the common iliac arteries
and corrected after the CLL was automatically drawn between the two markers by the software. The
second marker was then moved from the iliac artery to center between both iliac arteries and the CLL
points above were manually adjusted in the extension of the aortic bifurcation as shown in Figure 2-2A.
The aorta CLL in the post-EVAR scans cannot be positioned in the center of the lumen as the limbs of the
endograft were bifurcated in the infrarenal aorta. Therefore, the aorta CLL in post-EVAR scans was placed
in the middle between the endograft limbs, see Figure 2-2B. The iliac CLL was created by placing a marker
above the celiac trunk, above the native aorta bifurcation (pre-EVAR) or graft bifurcation (post-EVAR) and
just below the origin of the profunda femoris artery, see Figure 2-2C and Figure 2-2D.

The CLL pathway points were manually repositioned or added to ensure equal distance to the vessel wall
in all planes, as shown in Figure 2-3. In case of an asymmetrical aorta, the expected position of the
endograft should be taken into account. For example, in case of a protrusion, the CLL should be in the
middle of the expected aorta and not moved to the center of the protrusion, to avoid high curvatures in
a straight aorta, as depicted in Figure 2-4. The presence of infrarenal calcification or thrombus was defined
according to the Chaikof criteria (57): Absent; calcification or thrombus <25% of circumference; mild;
calcification or thrombus 25% to 50% of circumference; moderate; calcification or thrombus >50% of
circumference. In the presence of mild thrombus and/or calcification it was assumed that the endograft
will adapt to the walls of the vessel. The thrombus and/or calcification is therefore determined as luminal
area. In the presence of moderate or severe thrombus and/or calcification, the remaining luminal area
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should be used to draw the CLL, as it is assumed that the endograft cannot adapt to the vessel wall in
those cases.

Diameters
Aorta Reference .
: lengths &
Segmentation markers
angles

Figure 2-1 Workflow of measurements CLL, Center luminal line

Reference markers

After creating the CLL, reference markers were placed as shown in Figure 2-5. The coordinates of these
markers were used for analysis of the dimension measurements and curvature segments. In the aortic
CLL, a marker was placed at the caudal edge of the lowest renal artery (LRA) origin, indicated as baseline.
If an accessory renal artery was present, the post-EVAR scan was examined to see if the endograft
placement was targeted at the accessory renal artery. If so, the caudal edge of the accessory renal artery
was defined as baseline. Furthermore, markers were placed at the caudal edges of the origins of the
highest renal artery (HRA), superior mesenteric artery (SMA) and celiac trunk (CTR). Moreover, a marker
was placed at the end of the infrarenal neck (EIN), defined as a diameter increase of 10% with regard to
the baseline.
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Figure 2-2 Types of center luminal lines (CLL) A, Preoperative aorta CLL drawn from above the celiac trunk
to below the aorta bifurcation; B, postoperative aorta CLL drawn from above the celiac trunk to below the
native aorta bifurcation through the middle of the endograft limbs; C, preoperative iliac CLLs drawn from

above the celiac trunk to below the origin of the profunda femoris artery; D, postoperative iliac CLLs drawn

from above the celiac trunk to below the origin of the profunda femoris artery, bifurcating above the
endograft main body flow splitter.
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Snake View - Preview 3

a2l (MeR Dimmed background 3

3
!

to add a control point.

Figure 2-3 Example of the creation of a iliac center luminal line (CLL). The CLL pathway points were
manually repositioned or added to ensure equal distances to the vessel wall in all planes.

Figure 2-4 Example of center luminal line in case of an aortic protrusion.
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Finally, a marker was placed at the aortic bifurcation (BIF). In the iliac CLL, markers were placed at the
aortic bifurcation, at the cranial edges of the origins of the right and left internal iliac artery (RIl and LII)
and the cranial edges of the right and left profunda femoris artery (RFP and LFP). In the post-EVAR scans
a reference marker was placed in the aortic CLL at the most proximal radiopaque endomarker of the
endograft main body fabric (PF) and in the iliac CLL at the most distal radiopaque endomarker at the end
of the endograft limb fabric right and left (DRF and DLF), in addition to the pre-EVAR reference markers.

Diameters, neck length and angulations

Diameters were measured in the plane orthogonal to the CLL from adventitia to adventitia at the baseline,
end of aortic neck and maximum aneurysm. At each level the diameter was defined as the average value
of the minimum and maximum diameter. In presence of moderate calcification or thrombus, as defined
in the CLL section above, the inner diameter was measured for the baseline and end of neck diameter.
The maximum aneurysm diameter was measured at the plane perpendicular to the CLL with the largest
diameter of the aneurysm sac. This plane was determined by visual inspection. The infrarenal neck length
was measured as the length of the CLL between the baseline and the end of the aortic neck, as defined in
the reference markers section above. Furthermore, the angulation of the aortic neck was measured with
an alpha angle, defined as the maximum angle between the luminal axis of the suprarenal aorta and the
infrarenal neck, and a beta angle, defined as the maximum angle between the luminal axis of the
infrarenal neck and the aneurysmal sac(58). The angles were measured in degrees.

Curvatures

The coordinates of the CLLs and reference markers were used to calculate curvatures by numerical
computation, using the mathematical definition of extrinsic linear curvature given in equation 1.1. For
more details on the curvature definitions, see section 1.3. The CLL and marker coordinates were exported
from 3mensio, and processed using specialized Matlab software (The MathWorks, Natick Massachusetts,
USA), which has been used previously for AAA segment curvature calculations (33,42). The software
includes an algorithm that computes the maximum and average curvature for each of the following
predefined segments, see also Figure 2-5:

Suprarenal aorta. From 50 mm above the baseline to the baseline.

Infrarenal aorta. From the baseline to the end of the aortic neck.

Aneurysm. From the end of the infrarenal neck to the aortic bifurcation.

Right common iliac artery. From the aortic bifurcation to the cranial edge of the origin of the
internal iliac artery.

5. Left common iliac artery. From the aortic bifurcation to the cranial edge of the origin of the
internal iliac artery.

PwnNPE

The suprarenal aorta, infrarenal aorta and aneurysm segments were derived from the aortic CLL while,
the common iliac artery segments were calculated from the iliac CLL.
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Figure 2-5 Example of marker placement and curvature segments pre-EVAR (left) and post-EVAR
(right) Aorta center luminal line (CLL) markers and iliac CLL markers are presented in one image.
Curvature was defined for the following segments: 1, suprarenal; 2 ,infrarenal; 3, aneurysm; 4, right
common iliac artery; 5, left common iliac artery. CTR, celiac trunk; BIF, Bifurcation; DRF, distal end of
endograft fabric right; DLF, distal end of endograft fabric left; HRA, highest renal artery; LRA, lowest
renal artery, LFP; left femoral profunda; Lll, left internal iliac artery; EIN, end of infrarenal neck; PF,
proximal end of endograft fabric; RFP, right femoral profunda; Rll, right internal iliac artery; SMA,
superior mesenteric artery;

The intraclass correlation coefficient (ICC) was used to quantify the degree of agreement between the
measurements for the intra- and interobserver variability. The ICCs were reported as ICC [interquartile
range, IQR] and an ICC of >0.75 was considered as sufficient (59). Geometric measurements and
curvatures were reported as median [IQR] All statistical analyses were performed using IBM SPSS Statistics
for Windows (version 25.0; IBM Corporation, Armonk, NY, USA).
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2.3 Results

Table 2-1 shows the baseline patient characteristics. Of two patients the curvature could not be compared
because the curvatures determined by observer 1 were not retrievable.

Table 2-1 Baseline patient characteristics

. n=20
75 [70.5 82.5]
18 (90%)

5 (25%)

3 (15%)
REEUERE 2 (10%)

6 (30%)

Data shown as median [interquartile range] or number (%).
COPD, Chronic obstructive pulmonary disease;

Diameters, neck length and angulations

Excellent agreement was observed for all structures (ICC 0.83 - 0.99) of the 20 included patients, see Table
2-2. The absolute differences between observer 1 and observer 2 of the diameters and lengths are <1.0
mm.

Table 2-2 Interobserver variability geometric measurements

Difference
e o | o O L

Baseline CIEIGEES 24.1[22.225.7] | 23.0[21.324.2] | 0.9[0.21.8] | 0.91[0.330.97] @ <.001
(mm)

LS S 26.7[23.928.4]  25.2[23.527.0] 0.5[0.22.3] 0.83[0.580.93] <.001
(mm)

59.8[56.465.3] 58.9[55.865.0] 0.6[-0.21.8] 0.99[0.961.00]  <.001
diameter (mm)

Neck length (mm) 16.5[10.033.0] 17.1[10.532.6] 0.0[-1.53.0] | 0.99[0.981.00] @ <.001

Alpha angle (°) 32.0[22.050.5] | 33.0[24.054.0] | 2.0[-8.05.5] | 0.94[0.840.97] @ <.001
Beta angle (°) 62.5[45.071.5] | 60.5[44.569.0] | 4.5[-2.08.5] 0.89[0.730.96] @<.001

Measurements and measurement differences are presented as median [Q1 Q3]. ICC is presented with 95% confidence interval.
ICC, intraclass correlation coefficient; O1, observer 1; 02, observer 2.

Curvatures

Table 2-3 shows that that preoperative ICCs of the maximum suprarenal curvature, average and maximum
aneurysm curvature, average right iliac curvature and maximum left iliac curvature were all below the
threshold value of 0.75. Three of these ICCs crossed the threshold value of 0.75 postoperatively, namely
the average suprarenal curvature, of which the ICC went from 0.84 preoperatively to 0.66 postoperatively,
the maximum aneurysm curvature, which went from 0.63 preoperatively to 0.84 postoperatively and the
maximum left iliac curvature, which went from 0.58 preoperatively to 0.81 postoperatively. The absolute
differences between both observers was less than 16.5 m™. Only the pre-EVAR maximum left iliac
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curvature had a high variability, namely 28.5 m™* with an IQR of -5 m™ to 66 m™. The other curvature

differences were <16.5 m™.

Table 2-3 Interobserver variability curvatures pre-EVAR and post-EVAR

Suprarenal
curvature
(m™)

Infrarenal
curvature
(m?)

Aneurysm
curvature
(m™)

Right iliac
curvature
(m™)

Left iliac
curvature
(m?)

Suprarenal
curvature
(m™)

Infrarenal
curvature
(m?)

Aneurysm
curvature

(m*)

Right iliac
curvature
(m™)

Left iliac
curvature

(m?)

Values are presented as median [Q1 Q3]. ICCis presented with 95% confidence interval boundaries. ICC’s below the threshold

Pre-EVAR
13.0 [6 24]
26.0[12 47]

20.0[15 35]
36.5[2557]

23.5[20 27]
53.0 [37 69]

29.0[24 33]

85.0[58 111]

37.5[28 46]

100.0 [77 124]

Post-EVAR
11.5[9 20]
29.0[18 43]

22.5[18 30]
42.5[24 47]

15.0[13 22]
46.5[30 62]

32.5[29 39]
66.5 [53 76]

33.0[19 45]
75.0 [26 97]

7.5 [5 20]
18.5 [9 44]

17.0[11 23]
29.0[23 38]

18.0[16 22]
44.5 [30 50]

37.5[28 46]
79.0 [54 96]

30.0 [22 39]
68.5 [50 122]

9.0[7 12]
21.5[16 31]

18.0 [7 28]
28.0[15 40]

13.5[10 16]
47.5 [33 59]

30.0[19 39]
59.5 [44 69]

30.0[20 38]
50.5[38 79]

2.0[-17]
-0.5 [-9 15]

3.5[-114]
4.0 [-7 20]

5.0 [3 10]
11.5[-1 21]

5.0[09]
7.0 [1 14]

5.0 [3 11]
28.5 [-5 66]

2.0[17]
2.0[-29]

3.5[011]
7.0 [-4 18]

3.5[15]
7.5 [-14 14]

5.5[-111]
8.0 [-8 27]

1.0[-1 8]
16.5 [-9 24]

0.84 [0.58 0.94]
0.68 [0.12 0.88]

0.77 [0.37 0.91]
0.80 [0.46 0.92]

0.55[-0.18 0.84]
0.63 [0.59 0.86]

0.75[0.20 0.91]
0.76 [0.37 0.91]

0.85 [0.07 0.96]
0.58 [-0.03 0.84]

0.66 [0.06 0.88]
0.74 [0.32 0.90]

0.81[0.510.93]
0.78[0.410.92]

0.55[-0.11 0.83]
0.84 [0.58 0.94]

0.79[0.45 0.92]
0.64 [0.11 0.86]

0.89[0.72 0.96]
0.81[0.510.93]

Difference

<.001
.02

<.001
<.001

.01
.01

<.001
<.001

<.001
.02

<.001
<.001

<.001
<.001

.02
<.001

<.001
.01

<.001
<.001

value of 0.75 are bold. Av, Average; ICC, intraclass correlation coefficient; Max, maximum; O1, observer 1; 02, observer 2.
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The ICCs below the threshold value were further investigated by reviewing the curvature visualization of
the individual outliers. Three findings are explained and shown with examples. Figure 2-6 shows the aorta
of a patient with a severely angulated infrarenal neck, with protrusions. Observer 1 followed the curves
of the neck while observer 2 drew a rather straight line resulting in higher maximum curvatures in the
infrarenal neck for observer 1 when compared to observer 2 (123 m™ and 74 m?, respectively).
Furthermore, the renal arteries are at about the same height in the curve of the aorta. Observer 1 chose
the left renal artery as baseline while observer 2 chose the right renal artery, resulting in a different level
of the baseline. Therefore, the curve falls in the infrarenal segment for observer 1, but in the suprarenal
and infrarenal segment for observer 2. This results in a maximum suprarenal curvature of 28 m™ for
observer 1 and 82 m™ for observer 2.

Figure 2-7 shows an example of a patient in which the average curvature in the aneurysm segment
differed between observer 1 and observer 2. Observer 1 chose to follow the curves of the asymmetry
while observer 2 drew a more straight line. Observer 1 measured an average curvature of 35 m™? in the
aneurysm segment while observer 2 measured an average curvature of 18 m™™. The curve of the proximal
part in the aneurysm segment causes a rather small difference in the maximum curvatures, namely 74 m-
! for observer 1 and 67 m™ for observer 2.

Figure 2-8 shows an example of a patient in which the maximal curvature in the left common iliac artery
segment showed a big difference between observer 1 and observer 2 (64 vs 19 m7, respectively). From
the figure it cannot be explained why observer 1 measured a larger curvature in the common iliac artery,
but examining the 3D measurement in 3mensio revealed that the curvature difference arose in the
bifurcation of the internal iliac artery. Figure 2-9 shows a schematic representation of the situation.
Observer 1 induces an abrupt change in curvature while observer 2 induces a smooth transition from
common iliac artery to the external iliac artery.

100 1
I — — m
I 90
I |
.-. 80
R I
.L _ —_— J e
~ ',_‘ - 60
\ | - 50
"’; 440
N |
30
\ -.:
4 20
= 4 e
10
Observer 1 Observer 2 0

Figure 2-6 Example of difference between observer 1 (left) and observer 2 (right) in maximum curvature
calculations on a pre-EVAR aortic center luminal line (CLL) The colors of the CLL correspond to the curvature in m
indicated in the color bar. The box emphasizes a difference in curvature between the two observers in the infrarenal and
suprarenal segment. The blue dots represent the reference markers. The circled dot represents the lowest renal artery marker.
The red dot represents the end of the infrarenal neck.
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Observer 1 Observer 2

Figure 2-7 Example of difference between observer 1 (left) and observer 2 (right) in average curvature
calculations on a pre-EVAR aortic center luminal line (CLL) The colors of the CLL correspond to the curvature in m-1
indicated in the color bar. The box emphasizes a difference in curvature between the two observers in the aneurysm segment.
The blue dots represent the reference markers. The circled dot represents the lowest renal artery marker. The red dot
represents the end of the infrarenal neck.

10

Observer 1 Observer 2

Figure 2-8 Example of difference between observer 1 (left) and observer 2 (right) in maximum curvature
calculations on a pre-EVAR iliac center luminal line (CLL) The colors of the CLL correspond to the curvature in
mLindicated in the color bar. The box emphasizes a difference in curvature between the two observers in the left iliac
segment. The blue dots represent the reference markers. The circled dot represents the lowest renal artery marker.
The red dot represents the end of the infrarenal neck.
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Figure 2-9 Schematic drawing of an example of different interpretation of the center
luminal line (CLL) between observer 1 and observer 2 at the iliac bifurcation. Curvature is
calculated over the left iliac segment defined as the segment between the aortic bifurcation (BIF) and
the left internal iliac artery (LII).

2.3.3 Intraobserver variability
Diameters, neck length and angulations

Excellent agreement was observed for all dimensional measurements (ICC 0.89 - 0.99). The median
differences between both measurements were <1.9 mm for the diameters, 0.4 mm for the neck length
and < 1° for the angles.

Table 2-4 Intraobserver variability geometric measurements

Measurement 1 | Measurement 2 Difference
M1-M2

Baseline diameter 23.0[21.324.2] § 23.9[22.025.4]  -0.9[-1.8-0.7] ' 0.91[0.400.98] | <.001
(mm)

End neck diameter 25.2[23.527.0] 26.224.328.2 -1.0[-2.2-0.5] 0.89[0.340.97] @ <.001
(mm)

\EVAO T e e 58.9 [55.8 65.0] | 58.8 [56.466.3] | -0.6[-1.5-0.3] | 0.99[0.960.10] | <.001
diameter (mm) ‘

Neck Iength (mm) 17.1[10.532.6] 16.6[10.034.6] -0.4[-3.61.5] @ 0.97[0.930.99] @ <.001

Alpha angle (°) ‘ 33.0[24.054.0] § 38.5[26.058.0] -1.0[-7.02.5] | 0.97[0.930.99] | <.001
Beta angle (°) ‘ 60.5[44.569.0] @ [55.0[47.570.5] 0.5[-5.06.5] 0.93[0.830.97] @ <.001

Measurements and measurement differences are presented as median [Q1 Q3]. ICC is presented with 95% confidence interval.
ICC, intraclass correlation coefficient; M1, Measurement 1; M2, Measurement 2.




Curvatures

Figure 2-10 shows that the preoperative ICCs of the average suprarenal curvature and the average and
maximum aneurysm curvature were below the threshold value of 0.75. The same segments were below
threshold value postoperatively with addition of the maximum suprarenal curvature. The median
differences between measurement 1 and measurement 2 were all below 14 m™.

Table 2-5 Intraobserver variability curvatures pre-EVAR and post-EVAR

Measurement | Measurement | Difference ICC
1 2 01-02

Pre-EVAR

Suprarenal
curvature (m)

7.5 [5 20]

18.0[15 23]

-8.0 [-13 -5]

0.70 [-0.20 0.92]

<.001

18.5 [9 44] 27.5[2350]  -11.0[-16-3] 0.92[0.650.97] .02
Infrarenal 17.0[1123]  265[1632]  -7.5[-11-5] 0.76[0.250.92]  <.001
LREGIE (' 29.0[2338]  41.5[2454] -80[187] 0.82[0510.93] <001
Aneurysm 18.0[1627]  24.0[1927] -65[8-2]  0.69[-0.180.91] .01
LN 445[3050]  45.0[3266] -55[-150] 0.67[0.170.87] .01
Right iliac 29.0[2433]  39.5[2744]  -7.0[-12-2] 0.76[-0.090.93] <.001
cuzatueliny} 79.0[(5496]  77.0(5891]  -45[-1510] 0.87[0.650.95]  <.001
Left iliac 30.0(2239]  39.0(3148]  -85[16-3] 0.81[-0.080.95] <.001
AT 68.5[50122] 87.0(54114] -14.0[-21-2] 0.92[0.760.97] .02

ST 9.0 [7 12] 16.0 [14 20] 7.0[-12-5] 0.41[-0.200.78] <.001
curvature (m™) 21.5 [16 31] 26.5 [23 43] 75[-12-3] 0.69[0.190.88] <.001
Infrarenal 18.0[7 28] 23.5[17 31] 75[12-2] 0.75[0.330.91]  <.001
curvature (m™) 28.0 [15 40] 38.0 [24 56] -10.5[-163] 0.75[0.350.90]  <.001
J— 13.5[10 16] 20.5 [18 22] 70[-8-5]  0.37[-0.130.76] .02

curvature (m™) 47.5 [33 59] 44.5 [30 56] 5.5[-1 19] 0.55[-0.24 0.83] <.001
Right iliac 30.0 [19 39] 36.0 [29 41] 7.0[-8-1]  0.88[0.370.97] <.001
curvature (m™) 59.5 [44 69] 58.0 [47 70] 2.0[-1513] 0.84[0.590.94] .01

Left liac 30.0 [20 38] 34.5 [31 38] 3.5[-91] 0.88[0.530.96]  <.001
curvature (m™) 50.5 [38 79] 68.5 [34 80] 10.0[-164] 0.83[0.540.93] <.001

Values are presented as median [Q1 Q3]. ICC is presented with 95% confidence interval boundaries. ICC’s below the threshold
value of 0.75 are bold. Av, Average; ICC, intraclass correlation coefficient; Max, maximum; M1, Measurement 1; M2,

Measurement 2.
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The ICCs below threshold were further investigated by analyzing the curvature visualization of the
individual outliers. Figure 2-10 shows an example of a post-EVAR scan in which the average and maximum
aneurysm curvature was higher for the second measurement. In the first measurement, the observer did
not follow the sharp bend of the aorta but chose for a smooth transition. In the second measurement the
center of the lumen was followed more accurately resulting in a sharper bend and thus a higher maximum
curvature namely, 36 m™ for measurement 1 and 85 m™.

100

Measurement 1 Measurement 2

0
Figure 2-10 Example of difference between measurement 1 (left) and measurement 2 (right) in maximum
calculations on a post-EVAR aortic center luminal line (CLL) The colors of the CLL correspond to the curvature in m
indicated in the color bar. The box emphasizes a difference in curvature between the two observers in the aneurysm

segment. The blue dots represent the reference markers. The circled dot represents the lowest renal artery marker. The red
dot represents the end of the infrarenal neck
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2.4 Discussion

This study revealed that the intra- and interobserver variability for curvature was moderate. Hence,
curvature cannot be measured accurately by non-experienced observers. However, the intra- and
interobserver variability of dimensional measurements was excellent. Diameters could be measured with
a median variability of <1 mm for intra and inter observer variability. Median neck length difference was
found 0.0 for interobserver variability and 0.4 mm for intra observer variability. Alpha and beta angulation
differed on average 2.0° and 4.5° for interobserver variability and 1.0° and 0.5° for intra observer
variability, respectively.

To the best of our knowledge, this is the first study reporting the observer variability in curvature
calculations. A study by Schuurmann et al.(41) compared aortic neck curvature by automatic curvature
calculation, semi-automatic curvature calculation by digital calipers, and aortic neck angulation. These
methods were based on a CLL in 3Mensio drawn by two experienced observers. Although the variability
between the methods was determined, the variability between both observers was not assessed. It is
therefore not known if these observers agree on the creation of the CLL. Curvature is calculated at every
point along the CLL. Therefore, the centerline must be drawn with great accuracy. Although there is no
literature available yet on the intra- and interobserver variability of the aortic curvature, studies have
reported intra- and interobserver variabilities of other parameters that were based on a CLL as well (60,61)
Although the observer agreement was high in these studies, these results do not give a definite answer
about the accuracy of the CLL because the measurements only represent a small part of the CLL. Curvature
is calculated along the CLL, so accuracy of the whole CLL trajectory should be assessed. The results in this
study confirm this statement as the excellent agreement in dimensional measurements was accompanied
with moderate agreement in curvature. The absolute differences of the lengths and diameters were small
and comparable with previous reported literature (55,62). Moreover, Ghatwary et al.(62) had similar
measurements performed by a first-year medical student, which were comparable to the measurements
of experts, implying that experience might not be a key factor in measuring lengths and diameters which
is consistent with our results. The intra- and interobserver variability for the alpha and beta angulation in
previous literature was 0.2° and 1.5°, respectively for alpha and 0.6° and 6.9°, respectively for beta (63).
This study showed similar variabilities, namely an intra- and interobserver variability for alpha of 1.0° and
2.0°, respectively and for beta 0.5° and 4.5°, respectively.

In this study, some ICCs of curvature calculations were found below the preset threshold value of 0.75.
An explanation may be found in outliers that were present. These could be caused in part by the
predefined protocol that was subject to interpretation of the observer. Different interpretations led to
observer variabilities, as depicted in Figure 2-6, Figure 2-7, Figure 2-8 and Figure 2-10. Furthermore, even
though the protocol was used an validated in previous studies, measurements in those studies were
performed by experienced observers (41,51,55). Therefore, the learning curve of both observers may have
played a role in the outliers in this study. The five test-scans that were used as practice material may not
have been sufficient for challenging anatomies. A training with meticulous measurement protocol, as used
by observer 2, should be set-up on how to draw an accurate CLL. This protocol is a more detailed version
of the protocol used by observer 1 to limit the observers interpretation. Furthermore, outliers in the
intraobserver variability could be caused by the feedback obtained during the interobserver variability
analysis, which preceded the intraobserver measurements. This explanation is substantiated by the
absolute differences between observer 1 and observer 2 (Table 2-3), compared to the difference between
both measurements of observer 2 ( Table 2-5). The negative differences between observer 1 and observer
2 imply that observer 1 measured higher curvature than observer 2. The same phenomena is shown in
the differences between the first and second measurement of observer 2 suggesting that observer 2
changed strategy to following the aortic wall more often, resulting in higher curvatures. Figure 2-10 shows
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an example of such case. Additionally, some outliers were caused by a difference in marker placement.
The protocol strictly described where all markers should be placed, but did not determine where the
baseline should be placed when renal arteries are at the same height. This does not necessarily lead to a
difference in marker location, as shown in Figure 2-10. However, when the renal arteries are located in
the curve of the neck, as depicted in Figure 2-6, this can lead to a significant different determination of
the surrounding segments. Depending on in which segment the maximum curvature of the curve will be,
this can result in a major curvature change. Finally, outliers may be caused by patients with a severe
asymmetrical angulated aortic anatomy. Optimal position of the CLL is hampered in an aorta with
protrusions. When the protrusions are angulated creation of the CLL is even harder. Figure 2-6 shows an
example of an aneurysm with a severely angulated and asymmetrical neck and the resulting curvature
differences between observers.

A possible limitation of this study was the missing data in the scan protocol. The voxel size was not
reported which could have placed the outcomes in better perspective. Moreover, the retrospective design
may be considered a limitation as well. Observer 1 performed 106 measurements while observer 2
measured 20 patients, leading to imbalances of the observers experience. When performing an
interobserver study, both observers should start with the same experience and the same goal of the
measurements to reduce observer differences based on experience. Despite the experience imbalances,
dimensional measurements can still be determined with excellent agreement. Furthermore, considerable
limitation may be the intraobserver variability of observer 1 that was not assessed, so the reproducibility
of this observers measurements is unknown. Another limitation in this study was the small sample size.
More patients were not included due to a limited time frame in this thesis. It is possible that the ICCs that
are just above or just below the threshold value will cross the threshold value when more patients are
included. Furthermore, the agreement between both observers was hampered by outliers which are
explained above. After elimination of these outliers the agreement between observers is expected to be
sufficient, though this would make the sample size even smaller.

Conclusion

We found moderate agreement between the curvature measurements of two unexperienced observers,
though these findings should be interpreted with caution considering the study limitations. Nevertheless,
high observer agreement was found in diameters, neck length and angulation measurements. It is
recommended to implement a training given by experts on how to draw a correct CLL, especially in
asymmetrical aortas. Furthermore, a measurement protocol should be established with specific detail to
how to draw a CLL in more complex anatomies. Appendix A can be used as basis. After such training a new
intra- and interobserver study should be performed to obtain the variability between observers for
curvature.
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3 Aortic remodeling after EVAR: Anaconda vs Endurant

3.1 Introduction

Detailed knowledge about aortic remodeling after EVAR may help understand endograft failure and
consequently improve the future generation endograft designs. Aortic remodeling can be expressed by a
combination geometric properties such as changes in aortic diameters or curvatures. However, the intra-
and interobserver variability in this thesis showed low observer agreement. Therefore, the aortic
remodeling could not be determined by curvature. Koenrades et al.(64) examined aortic remodeling in
diameters at different levels of the perirenal aortic neck. During two years of follow-up, they found no
remodeling in the suprarenal aorta, a diameter increase in the infrarenal neck at the level of the sealing
rings and a diameter decrease in the infrarenal neck at the level below the sealing rings. A decrease in
diameter in the infrarenal neck below the sealing rings may positively affect the sealing and fixation of the
endograft (56). This study was limited by its small sample size. The current study included a bigger cohort
of Anaconda patients to assess aortic remodeling in aortic neck diameters. Moreover, this study compared
the Anaconda endograft with an endograft using a different proximal sealing mechanism, namely the
Endurant endograft. The Anaconda endografts contain a flexible main body with proximal two saddle-
shaped nitinol rings, with four pairs of sealing hooks while the endurant uses a main body with nitinol M-
shape stent design and suprarenal anchor pins to provide proximal sealing (38,39). In section 1.2.4 more
details are described on the differences between the two endografts. The aim of this study was to examine
difference in remodeling after EVAR between the Anaconda and Endurant endograft by analyzing the
changes in diameters of the aortic neck.

3.2 Methods

In this retrospective study, aortic remodeling was assessed in CTA scans patients with an asymptomatic
infrarenal AAA who underwent elective EVAR. 79 patients were treated with an Anaconda endograft and
124 patients were treated with an Endurant endograft. The Anaconda patients (mean age 74 + 9 years;
male gender 55 (85.9%) ) were retrospectively enrolled between December 2014 and December 2018 in
an observational multi center cohort study: Limb Occlusion Predictive Value of postoperative Angulation
Changes on CT of Anaconda endografts (LOPVACTA). This study included patients who received an
Anaconda endograft in the Diakonessenhuis hospital in Utrecht, the Netherlands. The current study
included of each patient with an asymptomatic infrarenal AAA, the pre-EVAR and first post-EVAR CTA
scan. Patients without contrast were excluded. Patients who received a stent prior to EVAR were excluded
as well. Moreover, patients with missing CTA data or patients that could not be loaded into 3Mensio were
excluded. At last, patients who received the pre-EVAR scan >1 year before EVAR or patients who received
the post-EVAR scan >6 months after EVAR were excluded. From the Anaconda cohort, fourteen patients
scanned without contrast were excluded, one patient who received an endograft prior to EVAR and was
excluded and one patient did not have an infrarenal AAA and was therefore excluded. Details of the
Endurant patient cohort were described previously (56). Initially, the 124 EVAR patients were included.
From the Endurant cohort. Two patients were excluded because of missing data. Twelve scans could not
loaded into 3Mensio and were therefore excluded. Moreover, one patient was excluded because the pre-
EVAR scan was made 4 year for EVAR. 3 measurements were missing in the obtained data. Figure 3-1
illustrates the patient selection of the current study.
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Anaconda inclusion Endurantinclusion

) 18 Patients
. 14 patients excluded
79 Patients scanned without issi
) - 2 missing data
contrast 124 Patients - 12 scans not
suitable
3Mensio
analysis
- 1pre-EVAR
65 Patients with contrast scan 1 patient pre-EVAR scan > 4 years
stented ago
1 patient no AAA - 3 unknown

106 Patients included
63 Patientsincluded

Figure 3-1 Flowchart indicating patient selection for Anaconda and Endurant
AAA, abdominal aortic aneurysm; CTA, Computed Tomography Angiography; EVAR,
endovascular aneurysm repair

All Anaconda CTA scans were performed on a Somatom Definition AS scanner (Siemens Healthineers,
Erlangen, Germany). The scan parameters included: rotation time 0.5 seconds, tube potentials 120 kV,
tube current 60 mAs, collimation 64x0.6 mm, pitch factor 1.4, reconstruction matrix size 512x512 pixels
and slice thickness ranged between 1.0-3.0 mm, depending on scan protocol. All scans were performed
during inspiration breath hold. Data were reconstructed with a 141f\2 convolution kernel

The scan protocol of the Endurant cohort has been described in section 2.2.2.

The measurement protocol has been described in section 2.2.3. In short the following preoperative
parameters were measured: baseline diameter, end of neck diameter, aneurysm diameter, neck length,
alpha angle and beta angle. Additionally, diameters were measured to define the aortic remodeling in the
supra-, juxta- and infrarenal neck at predefined levels: (A) 30 mm above the baseline, (B) 15 mm above
the baseline, baseline, (D) 5 mm below baseline and (E) 10 mm below baseline, as shown in Figure 3-2.
Levels were located along the CLL.

Shapiro-Wilk tests were used to assess normality of the continuous data. Normally distributed data was
presented as mean * standard deviation (SD); skewed data was presented as median with interquartile
range (IQR). Mann-Whitney U tests were used to indicate significant differences between the pre- and
post-operative scans and between the Anaconda and Endurant endografts. P-values <0.05 were
considered significant. Statistical analyses were performed using IBM SPSS Statistics for Windows (version
25.0; IBM Corporation, Armonk, NY, USA).
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Figure 3-2 Schematic presentation of five aortic levels relative to the baseline
Diameters were measured orthogonal to the baseline at A; 30 mm above
baseline, B; 15 mm above baseline, C; Baseline, D; 10 mm below baseline, E; 10
mm below baseline

3.3 Results

The baseline characteristics and preoperative morphologic characteristics are shown in Table 3-1.
Thrombus and calcification was significantly different between both cohorts. The Endurant cohort had
more moderate aortic neck thrombus and mild calcification than the Anaconda cohort (P<.001).
Hyperlipidemia tobacco use and cardiac disease were unknown of the Endurant cohort. Median main
body oversizing of the Anaconda and the Endurant cohort were 17.0% [IQR 14.0 26.0], and 19.2% [IQR
12.9 26.6], respectively.

Table 3-2 presents the postoperative change in diameters at different aortic levels for the Anaconda and
Endurant patients. The preoperative diameters were not significantly different between both cohorts at
all levels. The aortic diameters of the Anaconda cohort did not significantly change from pre- to
postoperatively at all levels, while the diameters for the Endurant patients significantly increased at all
levels except at 30 mm above the baseline.
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Table 3-1 Baseline patient characteristics and preoperative morphologic characteristics

Anaconda (n=63)
Baseline patient characteristics

Endurant (n=106)

Age

Male gender
Hypertension
Hyperlipidemia
Tobacco use
Diabetes mellitus
Cardiac disease
Pulmonary disease
Renal disease

73.3+8.9
55 (87.3)
21(33.3)
41 (65.1)
24 (39.3)
12 (19.0)
27 (42.9)
19 (30.2)
10 (15.9)

P-value
74.4+7.2 A1
93 (87.7) .93
47 (69.8) .13
19 (21.7) .90
23 (21.7) .25
61 (75.3)* <.001

Neck thrombus

e Absent

e Mild

e Moderate
Neck calcification

e Absent

e Mild

e Moderate
Neck shape

e Straight

e Conical

e Reversed conical

e Dumbbell

Stenoses>50% right iliac artery
Stenoses>50% left iliac artery

*Renal disease of 25 Endurant patients was unknown.
Data shown as median [interquartile range] or number (%).

Preoperative morphologic characteristics

61 (96.8)
2(3.2)
0 (0.0)

62 (98.4)
1(1.6)
0 (0.0)

34 (55.7)

20 (29.5)
2(3.3)

7 (11.5)

3(4.9)

60.9 [54.7 68.1]
23.1[18.0 39.0]
26.0 [16 40.0]
41.0 [28.0 60.0]
11 (18.0)
9(14.3)

13 (21.3)

18 (29.5)

50 (47.2)
33(31.1)
23 (21.7)

69 (65.1)
31(29.2)
6 (5.7)

64 (60.4)

36 (34.0)
3(2.8)

3(2.8)

10 (9.4)

59.0 [55.0 67.0]
23.5[13.035.3]
30.5[19.0 43.5]
52.0 [38.5 66.3]
45 (42.5)

37 (34.9)
5(4.7)

3(2.8)

<.001
<.001
<.001

<.001
<.001
0.053

37
74
0.91
0.03

.26
.59
.26
17
.013
.001
.003
.001
<.001
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Table 3-2 Diameters changes in the aortic neck

Aortic level

Baseline

Diameter pre-EVAR (mm) 26.4+25
Diameter post-EVAR (mm) 26.4+£2.7
Diameter Change post-pre (mm) -0.1 [-0.6 0.5]
.86

Diameter pre-EVAR (mm) 26.0 [24.8 28.2]
Diameter post-EVAR (mm) 26.4 [25.2 28.6]
Diameter Change post-pre (mm) 0.2+0.5

47

Diameter pre-EVAR P-value .75

Anaconda

Endurant

Anaconda
Vs
Endurant

Diameter post-EVAR P-value .40

Diameter change post-pre P-value [Kii}]

25.6+2.3
25.7+2.4
-0.1[-0.7 0.5]
.81

25.0[23.7 27.2]
26.2 [24.5 28.0]
0.8[0.11.5]
.010

.46
.21

<.001

24.8+2.5
25.2+2.8
0.2[-0.71.1]
.38

24.0+2.3
245+25
1.3[0.7 2.3]
<.001

0.064
.35

<.001

254+2.6
25.1[22.8 28.0]
0.6+2.1

43

24125
25.7+2.4
16+1.1
<.001

0.067
.27

<.001

25.1+2.8
25.0+£3.2
0.0[-1.21.0]
.70

24.8+2.8

26.3 [24.9 27.9]
1.5[1 2.6]
<.001

0.284
.002

<.001

Data are presented as mean # standard deviation or as median [Q1, Q3] as appropriate for the distribution of the data. Aortic levels are defined with respect to

the baseline. EVAR, endovascular aneurysm repair



3.4 Discussion

This study assessed aortic remodeling in two different endograft types, the Anaconda and the
Endurant, by assessing the change in aortic neck diameters. The diameters of the Anaconda cohort
remained stable, while the diameters in the Endurant cohort increased at all levels except at 30 mm
above the baseline. No remodeling was expected at the level 30 mm above the baseline as this level
is not (directly) affected by the endograft material. At 15 mm above the baseline, the aorta is not
affected by the Anaconda endograft, as the saddle shaped sealing rings are deployed below the lowest
renal artery, but suprarenal anchor pins of the Endurant induced a significant median diameter change
of 0.8 at this level.

Progressive infrarenal aortic neck enlargement after insertion of an Endurant endograft has been
reported previously (65,66). Savlovski et al. compared the changes in aortic neck diameters between
the Endurant endograft and the Nellix endograft. Diameters were measured just below the superior
mesenteric artery, and at three infrarenal levels; level 1, just below the lowermost renal artery; level
2, at the proximal end of the endograft fabric and level 3, 5 mm below the proximal end of the
endograft fabric. The three infrarenal levels are similar to the baseline level, level at 5 mm below the
baseline and level at 10 mm below the baseline that were used in the current study. Savlovski et al.
found a statistical significant increase in the diameters of level 1 (1.80 mm) and level 2 (2.04 mm) on
the first postoperative scan. Level 3 was not statistically different. The found increases are higher than
the 1.3 and 1.6 mm in this study. A possible explanation could lie with the preoperative diameters that
were higher by Savlovski et al. than the preoperative diameters found in this study at all levels. Other
baseline characteristics are not shown and therefore the differences cannot be explained.

Previous literature showed that the Anaconda endografts induce a diameter increase in the infrarenal
neck at the level of the sealing rings (64,67). Koenrades et al.(64) evaluated if the radial forces of the
Anaconda sealing induced dilation in the aortic neck. During two years of follow-up, they found no
remodeling in the suprarenal aorta, a diameter increase in the infrarenal neck at the level of the
sealing rings and a diameter decrease in the infrarenal neck at the level below the sealing rings. This
is contrary to our finding that the Anaconda diameters do not significantly change postoperatively. A
possible explanation could be that the remodeling of the Anaconda rings is a process that occurs over
a longer period. This study included only the first postoperative scan. The period between the pre-
and post-EVAR CT scans was less than 6 months. More follow-up scans should be included to find out
of the Anaconda rings increase over time. However, the diameter increase by the study of Koenrades
et al.(64) was already detected after one month. Also, the infrarenal decrease reported by Koenrades
et al.(64) was not observed in this study. This can be explained by the fact that only 2 diameters below
the baseline were included in this study, that were near the sealing zone. To observe the decrease in
diameter, more levels should be included in the renal neck caudal the sealing zone.

Oversizing was slightly higher in the Endurant cohort than the Anaconda cohort. Statistical differences
could not be determined because the Endurant data was not available. The median value lies within
the oversizing advised 10-20% oversizing in the instructions for use of both cohorts (38,39).

Limitations

The Endurant cohort and Anaconda cohort were not preoperatively matched, which is possible
limitation. Preoperative anatomical characteristics might differ between these groups as they have a
different range for patient inclusion. The preoperative morphologic characteristics showed that the
Endurant cohort included patients with significantly larger beta angles than the Anaconda cohort.
However, the preoperative diameters of both cohorts were not significantly different.

The Endurant measurements were performed previously by a second observer for a different study
purpose. Due to time and technical limitations, measurements could not be added to these previously
measured structures.
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Moreover, only aortic diameters and curvatures were measured pre- and post-operatively by the
Endurant observer. A previous study showed that the observer agreement on aortic curvature was
low. Therefore, only the aortic diameters could be used to determine the postoperative aortic
remodeling.

Another limitation could be the limited availability of data of the Endurant cohort. The patient group
of 90 patients used by de Rooy (56) to assess adaptive neck enlargement could not be reconstructed
due to missing data. De Rooy (56) excluded patients based on long distances between the renal
arteries and the endograft fabric. This should have been included in this study as well. If the endograft
is deployed lower than 10 mm below the lowest renal artery, it does not affect the set levels of aortic
diameter measurements. The distance between the lowest renal artery and the endograft fabric was
not retrievable from the data. Therefore this exclusion was not implemented for both cohorts.
Nevertheless, although 106 patients were measured in this study instead of the 90 patients used by
De Rooy, the diameter outcomes were similar. (At the aortic levels +30, +15 baseline, -5 and -10 he
found a postoperative diameter change of 0.2 (-0.2 -0.6), 0.8 (0.1 -1.5),1.3(0.7-2.3),1.7 (0.9-2.5)
and 1.6 (1.0 — 2.7) respectively).

Conclusion

This study showed that no aortic remodeling in diameters was observed in the Anaconda cohort, on
the first post-EVAR CTA scan. Increased aortic diameters were found in the Endurant cohort at the
level of 15 mm above the baseline, at the baseline, 5 mm below the baseline and 10 mm below the
baseline. These results suggest that the Anaconda sealing and fixation complies better to the aortic
wall while the Endurant anchor pins induces advance neck enlarged. Future research should more
include follow-up scans to assess the aortic remodeling over time.
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4 The influence on cardiac-pulsatility-induced motion
detection calculation electrocardiographically-gated
computed tomography angiography scans reconstructed
into 8 or 10 cardiac phases

4.1 Introduction

In the previous chapters, several static measurements were described to investigate the geometrical
changes that occur in the aorta after the placement of an endograft. In addition to the statical
properties, it is important to examine the dynamics of the aorta, as the aorta is under constant
influence of the pulsatile blood flow. The pressure changes of the pulsatile blood flow may challenge
the fixation and sealing of the endograft. In addition, endografts generally stiffen the aortoiliac axis,
especially in the case of highly angulated vessels, putting stress and forces on the endograft frame
(69). This may lead to failure of the endograft sealing, resulting in migration and type 1 endoleak. As
described in section 1.2.2, type 1 endoleaks allow blood flow into the aneurysm sac causing aneurysm
repressurization, increasing the risk of rupture and therefore requiring reintervention. Preoperative
high aneurysm neck pulsatility has been associated with postoperative endograft migration already
(70). Moreover, examining the change dynamic behavior in the aorta caused by endografts can help
improve the future generation endograft designs and predict endograft failure in individual patients
(45,46). It is therefore important to investigate how aortic motion patterns may change after
endograft placement and to examine potential relations between these motion patterns and
complications. The motion patterns can be analyzed using retrospective electrocardiogram (ECG)-
gated computed tomography angiography (CTA) scans.

A study within the present research line, quantitatively characterizes and compares the motion and
geometry of two types of iliac branched devices (IBDs). The patient cohort with the first device was
scanned with an ECG-gated CT scan protocol reconstructing 8 cardiac phases, while the patient cohort
with the other device was scanned with an ECG-gated CT scan protocol reconstructing 10 cardiac
phases, resulting in 8 or 10 CT volumes, respectively. Because 10 volumes contain more data and thus
more detail, it is conceivable that small movements are captured in 10 phases reconstructions which
are missed in 8 phases reconstructions. In order to compare the motion patterns and dynamic
geometrical properties of the IBDs, it must be determined to what extent the phase difference
produces a difference in measured motion.

In this thesis, an in vitro experiment was performed to compare motion calculations between 10 and
8 phases reconstructions of ECG-gated scans. Moreover, an explorative patient study was performed
to evaluate the effect in clinical setting.
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4.2 Methods

For this study an in vitro experiment was performed to obtain a series of ECG-gated CT scans with a
moving endograft at different frequencies. An in-house developed linear actuator device was used to
obtain a controlled motion in one direction, see Figure 4-1. The motion is induced by a custom made
coil (BEI, linear voice coil actuator LA18-12-007Z2), with a stroke of 3 mm back and forth, so a top-top
distance of 6 mm could be created. The actuator was excited by an Agilent HP 33120A arbitrary
waveform generator (Agilent Technologies) connected to an oscilloscope for visual feedback. A GORE®
EXCLUDER® AAA Endoprosthesis (Gore Excluder W.L. Gore & associates, Flagstaff, AZ, USA) was
attached to the lever of the linear actuator. To trigger the CT scan an ECG-phantom (ProSim 8 Vital
Signs and ECG Patient Simulator, Fluke Biomedical) was used. The ECG-phantom and linear actuator
were not synchronized, due to technical limitations. To obtain an accurate ground truth for the motion
of the prothesis, a Hall sensor (A1318LUA-2-T Allegro Microsystems, Hall Effect Sensors, 3-Pin SIP) was
attached to the lever of the linear actuator. The Hall sensor was controlled by an Arduino
microcontroller (Arduino, 5V 16M Mini Leonardo Microcontroller) programmed with a specialized
Arduino C-code. Calibration of the microcontroller prior and after the measurement resulted in a
measurement error of less than 0.1 mm of the Hall sensor. The sensor used a sample frequency of 100
Hz. The data from the sensor was read and analyzed with a specialized script in Processing (Processing
3.5.4 for Windows). The obtained amplitudes were further processed in Matlab (MATLAB R2020b The
MathWorks, Natick Massachusetts, USA).

y

CT scanner

Hall sensor

Figure 4-1. Experimental set up. The coil of the linear actuator provided a linear movement in the z-direction.
CT, computed tomography

Generated motion patterns

The shape of a pressure profile in the aorta as reported by Hazer et al.(71) was programmed in the
waveform generator, see Figure 4-2. This signal was used as input signal for the linear actuator to
mimic the aortic motion. The amplitude was set at 50mV in the waveform generator, resulting in an
in a stroke of 1.4 mm of the endograft. To study the influence of the heartrate, several CT scans were
created using different frequencies, ranging from 50 to 100 beats per minute (BPM) with intervals of
10 BPM. A cardboard basin was placed under the linear actuator and it was placed diagonally to induce
movement in the x- and y-direction as well as the z-direction. This 3D movement was studied at 60
and 70 BPM. Additionally, two measurements were performed using a sinusoidal wave at 50 BPM and
75 BPM.
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Figure 4-2 lllustration of the shape of the
pressure profile in the aortic artery as
reported by Hazer et al. (64)

Image acquisition

All ECG-gated CTA scans were performed on a 256-slice CT scanner (Brilliance iCT 256; Philips
Healthcare, Best, The Netherlands) with a standardized protocol. Scan parameters were as follows:
tube voltage, 120 kV; tube current time product, 86 mA:-s; collimation, 80x0.625 mm; rotation time,
0.33 s; slice thickness, 1 mm; slice increment, 0.5 mm; reconstruction matrix, 512 x 512 pixels (voxel
size xy x matrix size= 0.5 x 512); pitch factor, 0.16. The raw data was retrospectively reconstructed
into 8 phases scans and 10 phases scans so that 8 or 10 equally sized phases of the cardiac cycle were
obtained, from 0% to 87.5% or from 0% to 90% of the RR interval respectively. Technical limitations
restricted reconstruction at 0.5%, so the 8 phases scan was reconstructed at 0%, 13%, 25%, 37%, 50%,
63%, 75% and 88% of the RR interval.

Image processing

Image processing was conducted using a specialized algorithm for image registration, which has been
used previously to study endograft motion (33,48,49). The registration includes acquiring deformation
fields for each reconstructed phase, describing the displacement of each voxel in all phases with
respect to the average of all phases, allowing assessment of the motion patterns throughout the
phases with a maximal error of 0.3 mm (49). The algorithm was created in Python programming
language (version 3.7).

Markers

A set of 5 markers was manually selected at the same locations in both reconstructions. Of each
marker the amplitudes of motion patterns in the z-direction and the total pathlength during the
cardiac cycle was obtained. For the 3D measurements, the motions patterns of the x-, y- and z-
direction were obtained. The pathlength was defined as the sum distances between subsequent
locations of each markers during cardiac cycle. All markers were placed at the most cranial point of
the M-shaped frame of the endograft, as shown in Figure 4-3. Marker 1 was selected at the top of the
longest leg of the endograft, marker 2 was selected at the top of the shortest leg, marker 3 and marker
4 were selected on the ventral and dorsal side the main body and marker 5 was selected at the end of
the endograft.
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Figure 4-3. Marker placement on the endograft All markers were placed at
the most cranial point of the M-shaped frame of the endograft. Marker 1 was
selected at the top of the longest leg of the endograft, marker 2 was selected at
the top of the shortest leg, marker 3 and marker 4 were selected on the middle
of the ventral (3) and dorsal(4) side the main body and marker 5 was selected at
the end of the endograft

Simulation

The linear actuator was not synchronized with the ECG-phantom. Since the linear actuator
continuously performed the aortic pressure movement, the scanning started at a random amplitude
of the induced pressure wave. Depending on the starting point, the top of the pressure wave could be
skipped or included by both reconstructions. To assess this effect, a simulation was performed using
the sensor output as basis signal. The samples of one cardiac cycle of the sensor signal were divided
into 8 or 10 equal parts of consecutive samples. Of each part, the average value of the corresponding
sensor output was determined, resulting in 8 or 10 averaged values representing the samples of the 8
or 10 phases reconstructions, respectively. These samples were used to construct the movement as
detected by an 8 or 10 phases ECG-gated CT reconstruction. Figure 4-4 shows two examples of such
construction for the 10 phases reconstruction.

For each possible starting point of the 8 and 10 phases reconstructions, the difference in pathlength
was assessed. For each frequency the difference between the 8 and 10 phases scan was determined.
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Figure 4-4 Two examples of the simulation of a 10 phases reconstruction The samples of the sensor
signal (dashed signal) were divided into 10 equal parts. In each part, the average value of the amplitude was
calculated. The resulting 10 average values were used as samples to draw the 10 phases reconstruction (blue line).
B shows an example that is 5 samples delayed on A.
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Statistical Analysis

Shapiro-Wilk tests were used to assess normal distribution of the continuous data. Normally
distributed data was presented as mean * standard deviation (SD); skewed data was presented as
median with interquartile range (IQR). The differences between the 8 and 10 phases reconstructions
were also presented as percentage of the 8 phases reconstruction. Paired sample T-tests were used
to indicate significant differences between the pathlengths, minimum and maximum amplitudes of 8
phases and 10 phases reconstructions. P-values <0.05 were considered statistically significant.
Statistical analyses were performed using IBM SPSS Statistics for Windows (version 25.0; IBM
Corporation, Armonk, NY, USA).
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Study Design

An ECG-gated CTA scan from a patient 12 months post-FEVAR, who received a 4-fenestrated aorto-bi
iliac Anaconda endograft (Terumo-Aortic, Inchinnan, Scotland) was retrospectively included. This
patient was enrolled in an observational single-center cohort study (Longitudinal Study to changes in
shape and motion of the aorta and endoprosthesis after fenestrated endovascular aneurysm repair
(LSPEAS F-EVAR), Trialregister.nl identifier: NTR6225)

Image acquisition

The ECG-gated CTA scans was performed on a Somatom Definition Flash CT scanner (Siemens
Healthineers, Forchheim, Germany) with a standardized protocol. Administered contrast volume was
80 ml with a flow of 4ml/s. Scan parameters were as follows: rotation time, 0.3 seconds; collimation,
38.4 x0.6 mm; slice thickness, 1 mm; slice increment, 0.5 mm; tube voltage, 120 kV; tube current time
product,(374 mA X-Ray Tube Current) mA:-s; Data were reconstructed with a 136f\2 convolution kernel,
a matrix size of 512 x 512 pixels, and a field of view of approximately 250 x 250 mm, resulting in
isotropic voxels of 0.5 mm. The pitch factor was set automatically, based on the heart rate. Data
reconstructions were obtained as described in section 4.2.1 Image Acquisition.

Image processing
The image processing steps are described in section 4.2.1 Image Processing.
Markers

To study the motion patterns, a set of markers was manually selected at the same locations in both
reconstructions. The location of these markers was based on locations in which most motions were
expected or based on practically manageable points on the stent frame, so that these markers are
retrievable in other patients. Of each marker the motion patterns in the x-, y- and z-direction and the
total pathlength during the cardiac cycle was obtained. The markers were placed at the following
structures (See Figure 4-5):

1. The ventral side of the proximal ring of the Anaconda FEVAR cuff

2. The dorsal side of the proximal ring of the Anaconda FEVAR cuff
3. The proximal origin of coeliac trunk branch
4. The proximal origin of the superior mesenteric artery branch
5. The ventral side of the proximal ring of the Anaconda main body
6. The dorsal side of the proximal ring of the Anaconda main body
7. Ventral curve right iliac component
8. Ventral curve left iliac component

Statistical Analysis

Statistical analysis was performed as described in 4.2.1 Statistical Analysis.

4.3 Results

Motion patterns

Table 4-1 and Table 4-2 show the maximal motion amplitudes for each marker per heartrate. The
maximum amplitudes of marker 1 were significantly different from the maximum amplitudes
(P<0.001, ANOVA with Tukey post hoc test) of the other markers and are therefore deemed unreliable
and excluded from further analyses. The differences in maximum z-amplitude was significantly
different between 8 and 10 phases for 60 BPM, 90 BPM and 100 BPM (P=.04, P=.002, P=.03). All
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absolute differences were below 0.08 mm. Figure 4-6 illustrates an example of motions patterns for
the 8 and 10 phases reconstructions and the sensor.

Figure 4-5. A 3D volume representation with the studied markers indicated.
The selected markers are presented and numbered in blue. The corresponding
landmarks are: 1; ventral side of proximal ring FEVAR cuff, 2; dorsal side of proximal
ring FEVAR cuff, 3; Origin of coeliac trunk branch, 4; Origin of the superior mesenteric
artery branch, 5; ventral side of proximal ring of the main body, 6, dorsal side of the
proximal ring of the main body, 7; Curve right iliac component. 8; Curve left iliac
component.
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Table 4-1 Maximum motion pattern amplitudes

50 BPM 60 BPM 70 BPM 80 BPM 100 BPM Sinus 50 Sinus 75
BPM BPM
8 10 8 10 8 10 8 10

122 122 108 107 120 119 126 130 1.27 131 136 126 132 135 141 1.42
128 130 1.09 1.08 124 124 129 133 124 129 139 128 130 134 149 1.50
129 108 106 124 123 131 129 125 129 132 124 145 145 143 1.42
122 127 116 113 129 130 135 133 1.17 120 135 133 137 137 144 1.44

IR -0.02£0.02 0.02+0.01 0.00+x0.01 -0.01+0.03 -0.04+x0.01 0.08%0.04 0.00 +0.05 0.00+0.01

=
N
(0]

?,/Lf)ference 22421 20+1.2 13425 03+25  -2.9+0.9 55+2.6 0.0£55 0315
16 .04 64 60 .002 .03 1.000 39

Maximum motion pattern amplitudes are shown for the z-direction of marker per heartrate for the 8 and 10 phases ECG-gated CT reconstructions. Amplitudes are
presented in millimeters (mm). Differences between 8 and 10 phases (defined as 8-10) are presented as mean + SD and as percentage with regard to the mean of the
8 phases reconstruction amplitudes. For 50-100 BPM an aortic pressure profile wave was used as input. For sinus 50-75 BPM a sinusoidal wave was used as input.
Marker 1 (grey) was excluded from analyses. Markers were selected at the following locations: Marker 1 was selected at the top of the longest leg of the endograft,
marker 2 was selected at the top of the shortest leg, marker 3 and marker 4 were selected on the middle of the ventral (3) and dorsal(4) side the main body and
marker 5 was selected at the end of the endograft. BPM, beats per minute; ECG, electrocardiogram; CT, computed tomography.
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Table 4-2 Maximum motion pattern amplitudes (3D movements)

0.09 009 0.13 016 131 135 0.10 0.10 0.21 0.21 135 1.33

008 011 013 0.16 129 133 010 009 0.19 019 131 1.29

0.07 009 0.13 0.16 125 124 0.10 0.11 0.18 0.18 1.21 1.23

009 0.16 0.13 0.08 140 142 0.11 017 0.0 0.14 131 131

DIEICNEE -0.03£0.03 -0.01+0.04 -0.02+£0.02 -0.02+0.03 -0.01+0.02 0.00z0.02

Difference
(%)

-36.0+353 -7.6+30.5 -1.7+1.8 -14.8+30.6 -58+11.7 04+15

.13 .65 .15 A1 .39 .64

The linear actuator was placed under a slope and diagonally to induce 3D movements. Maximum motion pattern amplitudes are
shown for the x-, y- and z-direction of marker 1-5 per heartrate for the 8 and 10 phases ECG-gated CT reconstructions. Amplitudes are
presented in millimeters (mm). Differences between 8 and 10 phases (defined as 8 minus 10) are presented as mean + SD and as
percentage with regard to the mean of the 8 phase reconstruction amplitudes. Marker 1 (grey) was excluded from analyses. Marker
1 was selected at the top of the longest leg of the endograft, marker 2 was selected at the top of the shortest leg, marker 3 and marker
4 were selected on the middle of the ventral (3) and dorsal(4) side the main body and marker 5 was selected at the end of the
endograft. BPM, beats per minute; ECG, electrocardiogram; CT, computed tomography.
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Figure 4-6 Example of displacement motion patterns of the 8 (blue line) and 10
(orange line) phases reconstructions compared to the sensor movement (black
dashed line) during one cardiac cycle The example represents the displacement of
marker 2 during a heartrate of 50 beats per minute. Marker 2 was selected at the top of
the shortest leg of the endograft. RR interval, heart rate.
Pathlengths

Table 4-3 shows the pathlengths per measurement for each marker. The pathlengths of marker 1 were
statistically different (P<.001, ANOVA with Tukey post hoc test) from the pathlengths of the other
markers marker and are therefore deemed unreliable and excluded from further analyses. The
differences in 8 and 10 phases reconstructions between the other selected markers were not
significant (P=.30 to .48). The pathlengths of the 8 and 10 phases reconstructions were significantly
different for 70 BPM, 90 BPM and 3D measurement 60 BPM (P=.003, P=.003, P=.022). The 8 phases
pathlengths were higher for 70 BPM, while the 10 phases reconstruction was higher in at 90 BPM and

3D 60 BPM. The observed differences were <0.08 mm.

2.63(2.602.72)
2.27 (2.18 2.44)
2.52(2.46 2.61)
2.65(2.52 2.84)

Pathlength sensor Pathlength 8 phases Pathlength 10 phases
(mm) reconstruction (mm) reconstruction (mm)

2.71(2.63 2.79)
2.24 (2.122.41)
2.50(2.44 2.60)
2.79(2.77 2.82)
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90 BPM 3.08 2.48 (2.342.57) 2.54 (2.402.62)
100 BPM 3.06 2.71(2.63 2.77) 2.58(2.47 2.72)
Sinus 50 BPM 2.86 2.74 (2.60 2.90) 2.74 (2.68 2.90)

Sinus 75 BPM 2.86 2.88(2.822.98) 2.88(2.83 2.99)

Differences aorta pressures

Sensor vs. 8 phases Sensor vs. 10 phases 8 phases vs. 10 phases

Difference 0.55+0.17 0.53+0.20 -0.02+0.1
Difference (%) 17.6 £5.5 17.1+6.3 -0.54+3.1

0.001 0.001 0.69

Table 4-4 shows the pathlengths measured by the Hall sensor. The pathlengths measured by the
sensor were significantly higher (P=.001) than the pathlengths measured by the 8 and 10 phases
reconstructions for the aortic pressure wave. The pathlengths of the 8 and 10 phases reconstructions

were not significantly different (P=.69) from each other. The pathlengths of the sinus waves measured
by the sensor were however not statistically different (P=0.60) from 8 and 10 phases reconstructions.

48



Table 4-3. Pathlengths of the 8 and 10 phases ECG-gated reconstructions per marker

Phases

W 260 2.63
W 272 2.79
m 269 2.73
m 249 2.70
10.09 +0.09
?,:;ere"ce 32+34

.14

222 221
2.23  2.23
2.18 2.12
244 241
0.03 +0.03
1.2+1.2
.14

246 2.44
2.50 2.48
2.49 2.8
2.61 2.60
0.01+0.00
06+0.1
.003

2.52 2.78
2,57  2.82
2.66 2.80
2.84  2.77
-0.15+0.15
-5.5+5.8
.15

2.57 2.62
249 258
2.50 2.57
234 2.40
-0.07 £0.02
-29+0.6
.003

60 BPM 70 BPM 80 BPM 90B PM 100 BPM
8 10 8 10 8 10 8 10 8 10

2.73 2.56
277 2.57
2.63 247
271 2.72
0.13+0.10
47+36
.080

2.77 2.88
275 2.84
2.62 2.69
2.98 3.01
-0.07 £0.03
-2.7+1.2
.022

2.88 2.89
277 280
258 271
2.83  2.98
-0.08 £ 0.07
29125

A1

Sinus 50

BPM

2.81 2.68
264 270
2.60 2.69
2.90 2.90
0.00+0.10
-0.2+£3.6
.93

Sinus 75
BPM

2.86 2.87
2.82  2.83
2.98 2.99
2.85 284
-0.01 £0.01
-0.2+0.3
.39

Pathlengths of marker 1-5 per heartrate are given for the 8 phases reconstructions and 10 phases reconstructions. Pathlengths are presented in millimeters (mm). The pathlength was defined
as the sum distances between subsequent locations of each marker during cardiac cycle. Differences between 8 and 10 phases (defined as 8-10) are presented as mean + SD and as percentage
with regard to the mean of the amplitudes of the 8 phase reconstructions. For 50-100 BPM an aortic pressure profile wave was used as input. For 60-70 BPM (3D) the linear actuator was
placed on a slope and diagonally to induce 3D movements. For sinus 50-75 BPM a sinusoidal wave was used as input. Marker 1 (grey) was excluded from analyses. Marker 1 was selected at
the top of the longest leg of the endograft, marker 2 was selected at the top of the shortest leg, marker 3 and marker 4 were selected on the middle of the ventral (3) and dorsal(4) side the
main body and marker 5 was selected at the end of the endograft. BPM, beats per minute.
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Table 4-4. Sensor pathlengths compared with the pathlengths of the 8 and 10 phases ECG-gated
reconstructions

T e o
(mm) reconstruction (mm) reconstruction (mm)
3.07 2.63(2.60 2.72) 2.71 (2.63 2.79)
3.10 2.27 (2.18 2.44) 2.24 (2.12 2.41)
3.11 2.52 (2.46 2.61) 2.50 (2.44 2.60)
3.11 2.65 (2.52 2.84) 2.79 (2.77 2.82)
3.08 2.48 (2.34 2.57) 2.54 (2.40 2.62)
3.06 2.71(2.632.77) 2.58 (2.47 2.72)
2.86 2.74 (2.60 2.90) 2.74 (2.68 2.90)
2.86 2.88 (2.822.98) 2.88 (2.83 2.99)

Differences aorta pressures

Sensor vs. 8 phases Sensor vs. 10 phases 8 phases vs. 10 phases

Difference 0.55+0.17 0.53+0.20 -0.02+0.1
Difference (%) 17.6 £5.5 17.1+6.3 -0.54+3.1
0.001 0.001 0.69

The pathlengths of the 8 and 10 phases reconstructions are presented as the mean (min max) value of the pathlengths
measured in marker 2-5. Differences are presented as mean * SD and as percentage with regard to the mean of the 8
phase reconstruction amplitudes. For 50-100 BPM an aortic pressure profile wave was used as input. For sinus 50-75
BPM a sinusoidal wave was used as input. BPM, beats per minute; ECG, electrocardiogram; CT, computed tomography.

Simulation of possible start points

The negative mean values in Table 4-5 implicate that on average the pathlengths of the 10 phases
reconstructions were longer. However, the positive values in the maximum differences show that at some
starting points the pathlengths of 8 phases reconstructions were higher. Based on the start location either
the 8 phases reconstruction can show a longer pathlength than the 10 phases reconstruction with a
maximum of 0.17 mm difference, or the 10 phases pathlength can show a longer pathlength with a
maximum of 0.56 mm difference.

Table 4-5 Pathlengths differences of simulated 8 and 10 phases reconstructions

50 BPM 60 BPM 70 BPM 80 BPM 90 BPM 100BPM |

-0.20(-84) -0.17(-72) -0.20(-86) -0.16(-6.5 -0.16(-6.3)  -0.15(-5.8)

-0.56 (-27.4)  -0.50(-22.6)  -0.53(-25.2) -0.48(-21.1) -0.50(-21.6) -0.44 (-18.6)
BRGNS 0.10(3.8) 0.15(59)  0.13(5.0) 017(59)  0.16(59)  0.14(5.3)

At each possible start point the difference in pathlengths between the 8 and 10 phases reconstructions was calculated by
subtracting the 8 phases pathlengths from the 10 phases pathlengths. Differences are presented per heartrate as mean,
minimum (min) and maximum (max) with the percentage with regard to the 8 phases reconstructions. BPM, beats per minute




Explorative patient study

The observed motion amplitudes in x-, y-, and z-directions were all below 1 mm, see Figure 4-7. Largest
movement was found in the Y-direction. Hardly any movement is observed at the dorsal side of the
proximal ring of the cuff (marker 2). The maximum amplitudes are shown in Table 4-6. The maximum
amplitudes between the 8 and 10 phases scan were not significantly different for all directions (P=0.16,

Amplitude (mm)

Figure 4-7 The displacement in x-, y- and z-direction per marker The corresponding landmarks to the

markers are: 1; ventral side of proximal ring FEVAR cuff, 2; dorsal side of proximal ring FEVAR cuff, 3; Origin of

coeliac trunk branch, 4; Origin of the superior mesenteric artery branch, 5; ventral side of proximal ring of the
main body, 6; dorsal side of the proximal ring of the main body, 7; Ventral curve right iliac component. 8; Ventral
curve left iliac component.
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P=.89, P=.38). Table 4-7 shows the pathlengths per marker. The pathlengths of the markers in the 8 phases
reconstruction were not statistically different from the markers in the 10 phases reconstruction (P=.15).

Table 4-6 Maximal amplitudes in x-,y-, and z-direction per marker

| Xfmm) ] Viem) ] Z(mew) |
8 phases | 10 phases | 8 phases | 10 phases | 8 phases | 10 phases
scan scan scan scan scan scan

0.51 0.47 0.09 0.04

Ventral side proximal
ring cuff 0.22 0.22

Dorsal side proximal ring

Origin of coeliac trunk

branch 0.24 0.26 0.85 0.89 0.46 0.58

Origin of the superior

mesenteric artery branch 0.14 0.17 0.73 0.76 0.58 0.64

Ventral side proximal

ring main body 0.24 0.29 0.67 0.66 0.56 0.59

Dorsal side proximal ring

main body 0.16 0.22 0.29 0.29 0.52 0.52

Curve right iliac

component 0.46 0.46 0.41 0.41 0.68 0.69

Curve left iliac

component 0.55 0.61 0.14 0.15 0.64 0.69
_ 0.28 0.30 0.47 0.47 0.47 0.49
-0.02 +0.04 0.00 + 0.03 -0.02 +0.06

Difference (%) -7.2+13.0 0.3+6.2 -4.3+12.8

P-Value .15 .89 .38

Differences are presented as mean * SD and as percentage with regard to the mean of the 8 phases reconstruction
amplitudes.
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Table 4-7 Pathlength per marker of the 8 and 10 phases reconstruction

Pathlength Pathlength

8 phases scan (mm) | 10 phases scan (mm)

Ventral side proximal ring cuff

Dorsal side proximal ring cuff

Origin of coeliac trunk branch

Origin of the superior mesenteric artery branch
Ventral side proximal ring main body

Dorsal side proximal ring main body

Curve right iliac component

Curve left iliac component

Difference -0.08 £0.14
Difference (%) -4.7 £8.2
.15

Differences are presented as mean * SD and as percentage with regard to the mean of the 8 phases
reconstruction amplitudes.

4.4 Discussion

The in vitro experiment of this study showed a statistically significant difference between 8 and 10 phases
reconstructions was found in maximum amplitude for 60 BPM, 90 BPM and 100 BPM and in pathlength
for 70 BPM, 90 BPM and 3D measurement 60 BPM. The absolute mean difference was found to be <0.08
mm for the maximum amplitudes and for the pathlengths <0.08 mm which negligible as the current IBD
study reported amplitudes with magnitudes of tenths of millimeters and pathlengths with magnitudes of
millimeters. Moreover, the values are below the error value of 0.3 mm of the used software (49).
Furthermore, the explorative patients study showed no significant difference between 8 and 10 phases
reconstructions in amplitudes and pathlengths. The computer simulation showed that the pathlengths of
the 10 phases reconstructions could be, at maximum, 0.56 mm higher than the pathlengths of the 8
phases reconstructions. This result is above the software error value, but below the pathlength differences
found in the IBD study.

These protocols with a different amount of cardiac phases have not been compared before. Fundamental
research was conducted by Klein et al (72). They found that a minimal number of phases is required to get
overlap between subsequent phases and that a maximum amount of phases should be set to avoid more
than 50% overlap. In their study they used a heartrate of 50 BPM which required a number of phases
between 8 and 12. However, these conclusions cannot be applied to our in vitro study as they were
performed on a Siemens Somatom 64-slice CT scanner, while the study for the in vitro study was
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performed on a Philips Brilliance iCT 256. Each manufacturer applies proprietary optimizations and
corrections to complex reconstruction algorithms also chosen by the manufacturer. Such details are not
published. The explorative patient study did use a Siemens Somatom 64-slice CT scanner, but the results
of Klein et al cannot be applied here either as the scan protocols differ in rotation time, collimation and
reconstruction filter/kernel. Moreover, the heartrate of the patient in this study was unknown.

Results of marker 1 of the in vitro experiment were excluded as the amplitudes as well as the pathlengths
were significantly different from the other markers. An explanation for this deviation is the location of the
marker at the top of the scan. Presumably, this marker is out of view when moving. In future studies a
larger margins around object of interest should be taken. Moreover, it is recommended not to choose
markers that are located along the edges of the scan.

The observed pathlengths in the in vitro experiment ranged from to 2.18 to 3.01 mm. This corresponds to
markers placed at the most dynamic points in the explorative patients study, like the origin of the celiac
trunk branch that had a pathlength of 2.42-2.69mm. The ranges of the maximum amplitudes found in the
in vitro study are quite high compared to the amplitudes measured in the patient study (1.07 to 1.37 mm
vs 0.04 to 0.89 mm respectively). However, lower amplitudes would have led to lower pathlengths as the
motion was only determined in one direction.

Although no difference was observed between the 8 phases and 10 phases pathlengths, these pathlengths
were different from the sensor pathlengths (P=.001). This implies that 8 phases and 10 phases motion
patterns were not a perfect representation of the real movement of the endograft which is also shown in
Figure 4-6. However, the sensor pathlengths of the sinus functions were not statistically different from
the pathlengths of the 8 phases and 10 phases reconstructions. This means that the unknown algorithm
of the CT scanner is able to reconstruct movement according to a single frequency wave, but does not
reconstruct movements according to waves consisting of more frequencies. This might be caused by the
quick changes in the aorta pressure wave. Klein et al. showed that the pressure wave contained frequency
up to up to 5 Hz (72). Follow-up research including sinusoidal waveform with higher frequencies is needed
verify this statement.

Limitations

The potential instability of experimental set-up may be considered a limitation of the study. Although care
was taken in transporting the linear actuator, the sensor showed an off-set after the measurements were
performed. However, this offset did not affect our results as we only look at the relative movements,
which could still be accurately measured by the sensor. Furthermore, the linear actuator was not
synchronized with the ECG-phantom, leading to a random scanning start point in the continuous
movement of the linear actuator. Several measurements were performed and none of them showed
significant differences above 0.08 mm between the 8 and the 10 phases measurements. It is therefore
unlikely that synchronization would induce significant differences between 8 and 10 phases
reconstructions. Furthermore, a simulation was performed including alle possible start points based on
the sensor data which did retrieve the movement accurately. This simulation was however an
approximation of the CT reconstruction. A follow-up experiment including synchronization would be more
accurate.

Another potential limitation in this study could be the movement of the linear actuator in one direction
is. However, two additional measurements were performed with inducing a 3D measurement. Also, these
measurements did not reveal any differences between the 8 and 10 phases pathlengths or amplitudes.
The amplitudes in the x-direction were however quite small (<0.17 mm) implying that the diagonal
placement of the linear actuator was modest. In follow-up research, more attention should be given on
how the linear actuator is placed for the 3D measurements.
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At last, the in vitro study was performed on one CT scan only. Therefore, it is uncertain if the same
conclusions apply to other scanners. However, the patient study was performed on a different type of CT
scanner than the in vitro experiment. The outcomes of the patient study did not result in significant
differences between 8 phases and 10 phases scans as well.

Conclusion

This study revealed that 8 and 10 phases ECG-gated CT scans can be compared to each other when taking
into account that the difference in reconstruction protocol can cause the 10 phases reconstructions to be
0.56 mm higher than the 8 phases reconstructions at maximum. Follow-up research would probable even
reduce this difference.
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5 General discussion and conclusion

This thesis focused on two main studies. The first main study focused on aortic remodeling after EVAR
based on diameters and curvatures. However, the intra- and inter observer study in this thesis showed
moderate agreement of curvature measurements between two observers. The limitations of this study
prohibit a fair statement about the reliability of curvature as a whole. Nonetheless, this observer study
does imply that the CLLs, the basis for curvature calculations, should be constructed with great care, which
requires a detailed measurement protocol and an adequate training. As outliers occurred in
measurements of both observers, both observers were not adequately trained. Moreover, the initial
protocol used by observer 1 had ambiguous indications and was therefore subject to the observers
interpretation. The curvature measurements performed on the Endurant cohort were not remeasured
due to technical limitations and time limitations of this thesis. Therefore, the difference in remodeling
between Anaconda and Endurant could not be examined based on curvature. Nevertheless, curvature
seems to be a promising tool to define aortic remodeling in future studies as remodeling of the suprarenal
and infrarenal aorta base on curvature was found related to patient outcome in previous literature
(40,51,73).

The intra- and interobserver study found an excellent observer agreement for diameters lengths and
angulation. Diameters could be measured with a median variability of <1 mm for intra and inter observer
variability. Median neck length difference was found 0.0 for interobserver variability and 0.4 mm for intra
observer variability. Alpha and beta angulation differed on average 2.0° and 4.5° for interobserver
variability and 1.0° and 0.5° for intra observer variability, respectively. Therefore, the difference in aortic
remodeling between the Anaconda and Endurant could be examined based on aortic neck diameters at
different levels with regard to the lowest renal artery. The diameters measured in the Anaconda cohort
did not change at any level, while the diameters measured in the Endurant cohort increased at all levels
except at 30 mm above the baseline. These findings indicate that the Anaconda self-expandable rings may
exert less forces on the aortic wall than the anchor pins of the Endurant endograft. The Endurant therefore
induces advanced neck enlargement which had been reported in previously (65,66). However, this study
included only the first postoperative CT scan, so it is unknown how these aorta’s remodel over time.
Moreover, comparison of remodeling after EVAR between Anaconda and Endurant was limited by the
poor availability of data. Endurant measurements were performed for a different study purpose by a
previous observer and were not adjusted for this thesis. Therefore, suboptimal levels of the aortic neck
were examined as more levels distal to the baseline have been measured to examine the findings of
Koenrades et al.(33). Other dimensional measurements could not be used to define remodeling as these
were not measured postoperatively by the Endurant observer. Remodeling based on diameters only is
guite modest as remodeling could have been expressed in postoperative changes of lengths, angulation,
maximum aneurysm diameter and curvature as well.

Aortic remodeling can also be expressed as the change in postoperative motion patterns using ECG-gated
CTA scans. In this thesis, an in vitro experiment was performed to compare motion calculations between
10 and 8 phases reconstructions of ECG-gated scans. The results revealed that the only significant
differences between the 8 and 10 phases reconstructions were below the error value of the measurement
software. The linear actuator was not synchronized with the CT scanner which might be considered a
limitation of this study, because the CT-scanners started at a random point in the movement. A computer
simulation was performed to assess the effect of different starting points of the blood pressure curve on
the resulting pathlengths. As upper limit, the pathlengths of the 10 phases reconstructions were 0.56 mm
larger than the pathlengths of the 8 phases reconstructions. Therefore, when comparing pathlengths in
CT scans with 8 and 10 phases reconstructions, differences of 0.56 mm and less could be caused by the
phase difference. However, the real threshold is expected to be lower. The threshold of 0.56 mm was
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found at 50 BPM, so there were 120 possible start points of which one resulted in a pathlength difference
of 0.56 mm. Therefore, the change that this sample is chosen as starting sample is 1 out of 120. However,
this simulation was a simplification of the unknown reconstruction algorithms of the CT-scanner.
Therefore, it is recommended to repeat this study when the technical limitation is resolved and the linear
actuator can be synchronized with the CT scanner. However, in this study, several measurements were
performed in vitro as well as in vivo which all did not result in a clinically relevant difference between the
8 and 10 phases reconstructions. Therefore, it is not expected that synchronization will reveal a significant
difference.

Aortic remodeling based on curvature could not be determined in this thesis due to moderate observer
agreement, although dimensional measurements showed excellent observer agreement. When
performing an adequate intra- and inter observer study on aortic curvature, remodeling based on
curvature can be examined in future research. Aortic remodeling based on aortic supra-, juxta- and
infrarenal neck diameters measured on the preoperative and first postoperative CT scan revealed that the
Anaconda endograft did not change while infrarenal neck enlargement was found in the Endurant
endografts. Future research should include more follow-up scans, more infrarenal diameters and include
patient outcome to examine the relation between aortic remodeling and possible complications.

When examining the dynamic aortic remodeling on ECG-gated CTA scans based on motion patterns and
pathlengths, 8 phases reconstructions can be compared with 10 phases reconstructions when taking into
account that the difference in reconstruction protocol can cause the 10 phases reconstructions to be at
maximum 0.56 mm higher than the 8 phases reconstructions.
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6 Future perspectives and recommendations

The goal of research into remodeling after EVAR is to identify causes of EVAR-related complications in
order to overcome these complications and design durable endografts. Moreover, knowledge on aortic
remodeling could be used to design endografts for patients with a more severe angulated anatomy.
Despite the remodeling after EVAR could not be determined based on curvature in this thesis, curvature
could still be a usable tool to define the aortic remodeling. Nevertheless, a well-designed intra- and
interobserver study should first be conducted. Observers should have the same background and should
be trained on how to accurately perform the measurements by an expert. The measurements should be
performed according to an unambiguous protocol for which the measurement protocol in Appendix A can
serve as basis. This protocol is based on measurements in 3mensio, but other measurement software
should be included as well. After the intra- and interobserver variability is determined the measurements
on the Anaconda and Endurant pre- and postoperative should be performed by the same observer(s) to
define the remodeling by both endografts. Moreover, follow-up scans can be included to define the aortic
remodeling over time. When defining the remodeling in curvature, also matching preoperative
characteristics should be taken into account such as curvature. More remodeling is expected in more
angulated segments. Therefore, cohorts should be matched on preoperative curvature. After the aortic
remodeling is determined, the relation with patient outcome can be examined and consequently,
preoperative risks might be identified.

In this thesis an in vitro set-up was used to determine to what extent an 8 phases reconstruction or a 10
phases can cause a difference in motion patterns and pathlengths. Due to technical limitations, the linear
actuator could not be synchronized with the CT scanner. The ECG-phantom that triggered the CT scanner
could not create a pulse of 5 Volt which was needed to trigger the waveform generator that excited the
linear actuator. Currently, an in-house built open-loop amplifier has been manufactured that is able to
amplify the ECG-pulse and therefore trigger the waveform generator. The measurements can therefore
be repeated with synchronization of the linear actuator and the CT scanner. Each manufacturer applies
proprietary optimizations and corrections to complex reconstruction algorithms also chosen by the
manufacturer. Such details are not published. It is therefore recommend to repeat these measurements
on a different type of CT scanner to assess whether the results apply to other CT scanners. The results of
this study can be used for studies comparing aortic motions ECG-gated CTA scans on scans with 8 and 10
phases reconstructions, as observed in the current IBD study. Knowledge of the difference in motion
characteristics and geometries can help identify causes of endograft failure and consequently improve
future designs, leading to more durable endografts.
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Appendices
Appendix A: Measurement protocol intra- and inter observer variability
Measurement session

Open new measurement

Open 3mensio. Drag the file of the patient you want to measure into the Local data of 3mensio. Go to the
tab ‘series’ and select the scan with arterial contrast. If more scans are available select the scan with the
most slices and the thinnest slices.

If you want to load all files from the external drive into 3mensio, go to ‘options’, archive and select the
main file containing all patient files. Close 3mensio and open it again to load all patients. If that does not
work press F5 to refresh.

Edit previous measurements

To edit a previous measurement, select the file of the patient you want to measure in the local data of
3mensio. Go to the tab ‘sessions’ and choose the saved session.

Segment Vessel
Make sure the following vessels are segmented by clicking on the aorta:

e Abdominal aorta,
e Common iliac arteries (left + right),
e External iliac arteries (left + right).

Use the slider to add or remove segmented parts. If arteries are missing they can be added with the ‘add
vessel’ button. Use ‘dimmed background’ or ‘segmentation only’ view to check if all arteries of interest
are segmented. If so, click ‘confirm segmentation’.

Define Centerline

Aorta centerline

Draw the centerline by first clicking on the aortic lumen above the celiac trunk (+/- 5cm above the origin
of the lowest renal artery) and second below the bifurcation in either one of the iliac vessels, this can be
adjusted later. Click ‘next’

Pre-EVAR: Move and add center points until the centerline is positioned in the center of the lumen.
Post-EVAR: Move and add center points until the centerline is positioned in the center of the lumen of
the main body of the Endograft, or the center between both legs of the endograft.

Switch to Snake View / Stretched Vessel for a good overview. Make sure the centerline runs from above
the celiac trunk to below the aortic bifurcation (See figure 1). In bends a point should be placed before,
after and in the middle of the curve.

lliac centerline

Draw the centerline by first clicking on the aortic lumen above the truncus celiac trunk (+/- 5cm above the
origin of the lowest renal artery), second above the aortic bifurcation and finally below both femoral
bifurcations (right first) (See figure 2). Click ‘next’. Move and add center points until the centerline is
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positioned in the center of the lumen. In bends a point should be placed before, after and in the middle
of the curve.

Figure 0-2 Aortic Centerline Figure 0-1 lliac Centerline

Save session

Save the session with the study number and scan info. (Observer & lliac/Aorta CLL)

Measurements

Aorta Centerline
Baseline

Navigate to the distal edge of the origin of the lowest renal artery and select ‘Create baseline/ Move
baseline here’. Make sure to indicate the prevalence of accessory renal arteries. Check on the
postoperative scan where the endograft landing zone is located. If this is below the accessory renal artery
then the distal edge of the origin of the accessory renal artery is the correct location for the baseline.

Thrombus/calcification

Pre-EVAR: Measure the maximum thrombus thickness of the neck on the perpendicular slice at -5 mm
distance from the baseline, or at the slice where the most thrombus is visible in the neck. Note the amount
of thrombus as percentage according to the Chaikof Criteria in REDCap:
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® Absent; calcification <25% of circumference, atheroma, or thrombus (>2 mm thick) <25% of
circumference;

o Mild; calcification 25% to 50% of circumference, atheroma, or thrombus (>2mm thick) 25% to 50%
of circumference;

e Moderate; calcification 50% of circumference, atheroma, or thrombus (>2 mm thick) >50% of
circumference.

The example in Figure 3 shows 0% thrombus/calcification.

Figure 3 Example slice -5 mm from baseline

Markers
Place a marker in the perpendicular plane at the following locations:

1 at the distal edge of lowest renal artery orifice (baseline) (LRA)

1 at the distal edge of highest renal artery orifice (HRA)

distal edge of truncus coeliacus (CTR)

distal edge (SMA)

1 at the end of the neck (pre-EVAR) or end of circumferential apposition (post-EVAR) (See
Neck/apposition length) (PEA)

1 at the aortic bifurcation (BIF)

® Post-EVAR: 1 at the proximal end endograft fabric (PF1)

Label the markers consistently in 3mensio! (See abbreviations above)

Neck Shape

Pre-EVAR: Define the neck shape (straight, conical, reversed conical, dumbbell) and note this in REDCap.

Neck diameter

Measure minimum and maximum diameter from adventitia to adventitia at the level of the baseline and
at the level of the end of the neck. Note these in REDCap. If the wall is unclear, scroll through the
perpendicular slices to follow the aortic wall.
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Neck length

Pre-EVAR: |dentify the first perpendicular slice distal to the lowest renal artery where the average
diameter is increased with 10% compared to baseline. Measure the distance to the lowest renal artery
(neck length). Note the length in REDCap. Do not use the ‘neck measurement’ option as this does not
comply with the script that calculates the curvatures!

Alpha & Beta Angle

Pre-EVAR: Use the tool centerline angle in 3mensio. Alpha angle (degrees): The maximum angle between
the luminal axis of the suprarenal aorta and the infrarenal neck. Beta angle (degrees): maximum angle
between the luminal axis of the infrarenal neck and the aneurysmal sac. Note these in REDCap.

Maximum aneurysm diameter

Pre-EVAR: Scroll through the aneurysm to find the location of the maximum diameter (incl. thrombus).
Measure at this location the maximum and minimum diameter from adventitia to adventitia. Note these
in REDCap.

Save & Export session (required by VIA software)

Prior to exporting the measurement sessions an empty folder should be created on the external drive.
Give the folder the name “StudyID”_”ScanlD”, for example D1001_Pre of D1001_FU1.

After saving and closing the measurement session in 3mensio, select the session in the ‘sessions’ tab, and
export the measurement file to the study folder using right mouse button and select ‘export to folder’.
Select the correct folder.
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lliac Centerline
Markers
Place a marker in the perpendicular plane at the following locations:

Post-EVAR End of endograft right (DRF1)

Post-EVAR End of endograft left (DLF1)

proximal edge of origin of internal iliac artery right (RII)

proximal edge of origin of internal iliac artery left (LII)

proximal edge of the origin of the femoral profunda artery right (RFP)
proximal edge of the origin of the femoral profunda artery left (LFP)

Label the markers consistently in 3mensio. See abbreviations above

Iliac Aneurysm

Pre-EVAR: Mark in REDCap if an aneurysm in the common iliac artery is present. The presence of a
common iliac artery aneurysm (CIAA) is defined as a CIA diameter 225 mm in an isolated region or along
the whole CIA.

Save & Export session (required by VIA software)

Prior to exporting the measurement sessions an empty folder should be created on the external drive.
Give the folder the name “StudyID”_"ScanlD”, for example D1001_Pre of D1001_FU1.

After saving and closing the measurement session in 3mensio, select the session in the ‘sessions’ tab, and
export the measurement file to the study folder using right mouse button and select ‘export to folder’.
Select the correct folder.

Note: In the newest version of 3mensio the CLLs are not automatically exported. The CLL should therefore
be exported separately. Open the measurement session and chose the ‘advanced’ tab in the right panel.
Chose ‘Export Segmentation Results’ and save the text-file using the same names as defined for the folder.
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