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Summary

Mechanical analysis of aortic aneurysms using 3D ultrasound: towards patient-
specific risk assessment

An abdominal aortic aneurysm (AAA) is a progressive, irreversible dilatation of the aorta
with a maximum diameter of 3 cm or larger. Most AAAs are asymptomatic until rupture,
which result in a life-threatening hemorrhage in 80% of all cases. Therefore, according to
current clinical guidelines, surgery is recommended when the risk of rupture outweighs the
risk of intervention. Large population-based studies have suggested to intervene when the
maximum diameter reaches 5.5 cm, or when it grows more than 1 cm/year. Unfortunately,
these thresholds do not always apply for the individual patient, since 2 — 10% of all AAAs
rupture before these thresholds are reached, whereas approximately 25% of all large, but
stable AAAs are currently exposed to (yet) unnecessary surgical risks due to overtreatment.
Hence, a personalized approach is required.

From a biomechanical perspective, AAA wall mechanics (wall stresses, strains) and
tissue properties will play an important role in growth and rupture, and may be able
to distinguish between stable and more susceptible aneurysms. Model-based wall stress
analysis has been introduced and successfully performed in the last two decades using finite
element analysis (FEA). The method revealed that ruptured and symptomatic aneurysms
have an increased peak wall stress compared to non-ruptured AAAs, indicating that peak
wall stress might be a relevant criterion for patient-specific risk stratification. Despite
promising results, wall stress analysis has not yet been clinically accepted. The main
drawback is the use of Computed Tomography (CT) imaging for geometry assessment
which suffers from exposure to radiation and nephrotoxic contrast agents, rendering the
current method unsuitable for prospective, clinical validation studies.

Recently, time-resolved 3D ultrasound (4D US) had been clinically introduced, which
provides multiple 3D US volumes over the cardiac cycle. AAA geometry assessment based
on 4D US might be a good alternative for wall stress analysis, due to its non-invasive and
harmless character. In addition, using the temporal information in the 4D US data, the
arterial stiffness could be assessed simultaneously. Therefore, the aim of this thesis was

to develop and verify a biomechanical model to predict the mechanical behavior of the
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patient-specific AAA wall using non-invasive, 4D ultrasound imaging.

However, the use of 4D US has its limitations in terms of image quality and field-of-view,
which might hinder adequate wall stress analysis. Therefore, the influence of the restricted
US field-of-view on patient-specific wall stress prediction was examined in Chapter 2. The
shoulder of the AAA revealed to be crucial for adequate wall stress analysis, and as long as
these areas were in the field-of-view, US based FEA can be performed.

Afterwards, a first feasibility study was performed in Chapter 3, and the patient-specific
stiffness of, and peak wall stresses in the aortic wall were assessed for AAA patients with
a wide range of diameters. It showed that, although 4D US has a limited contrast, 4D
US is applicable for AAA wall stress analysis. Moreover, verification with CT imaging
revealed that US-based results were in agreement. However, to prove the clinical merit
of this biomechanical model, the method should be able to distinguish between healthy
and diseased arterial tissue. Therefore, the aortic stiffness and peak wall stress (PWS) of
AAAs were characterized and compared with young, and age-matched healthy individuals
(Chapter 4). Additionally, different degrees of the AAA pathology were investigated and its
effect on the mechanical parameters were examined.

The study revealed significant differences in PWS and arterial stiffness between age-
matched volunteers and AAA patients. Furthermore, a significant increase in aortic stiffness
was measured between the age-matched volunteers and the relatively small (diameter: 30 -
39 mm) AAA patients. This suggests that the AAA pathology causes an early and significant
increase in stiffness of the aorta, which further increases when the AAA wall deteriorates.
This study well demonstrated the advantages of ultrasound, now including patients with
diameters that would rarely be imaged with CT.

Hence, assessment of biomechanical markers might provide the physician with addi-
tional measures to estimate the state of the aortic wall. However, to perform this mechanical
characterization on a large scale in a longitudinal study, automatic segmentation of the
AAA geometry is required to make the pipeline more robust and less labor intensive. In
Chapter 5, this segmentation method was developed together with a registration algo-
rithm to merge multiple 3D US volumes to enlarge the field-of-view for AAAs with a large
longitudinal length. Again, verification using CT imaging was performed.

Finally, a longitudinal follow-up study was performed in Chapter 6, in which the me-
chanical properties of the aneurysm region of 70 AAA patients were followed over a median
period of 24 months, with regular follow-up intervals. Results revealed that rapidly growing
AAAs have a lower aortic stiffness before AAA growth is observed, compared to stable and
slow growing AAAs. Consequently, changes in arterial stiffness might have a relation with
upcoming growth, which require further investigation.

In the last two chapters of this thesis, verification experiments of the arterial stiffness
were performed in an experimental approach using porcine aortas, and for abdominal
aneurysms after open surgery (Chapter 7), and in a side study for ascending thoracic

aneurysms (Chapter 8). Furthermore, reproducibility of stiffness measurement was as-
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sessed for both the in vivo and ex vivo characterization methods, and revealing overall high
reproducibility.

In summary, an automatic, US-based, biomechanical modeling method was developed
to assess the patient-specific aortic stiffness and wall stress distribution in the individual
patient over time. The first steps towards clinical applicability have been made in thesis,
and results suggest that the aortic stiffness might have diagnostic value to detect aneurysms
in an early stage, and could possibly be related with upcoming growth of the aneurysmes.
However, further research is needed to strengthen these findings.






CHAPTER 1

General Introduction
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1.1 Aortic aneurysms

An aortic aneurysm is a localized widening of the aorta. The aorta is considered aneurys-
matic, if the diameter exceeds 30 mm, or when it is 150% of the normal diameter (Moll et al.,
2011). However, the size of the aorta may vary according to age, gender, body size, and the
location of the aneurysm (Johnston et al., 1991). Aneurysms can occur in the complete
arterial tree, although the most common site is in the abdominal aorta (Figure 1.1), known
as an abdominal aortic aneurysm (AAA). Large population-based screening studies showed
that the prevalence of AAAs in adults above 55 years old is 4.0 - 8.9 % in men, 0.7 - 2.2 %
in women, and increases with age (Scott et al., 1995; Pleumeekers et al., 1995; Singh et al.,
2001; Ashton et al., 2002). In addition to the male gender and aging, other well-known risk
factors for the development of an AAA are smoking, hypertension, atherosclerosis, and a
positive family history of AAA (Lederle et al., 1997; Sidloff et al., 2014).

Aortic aneurysms are generally asymptomatic, until dissection or rupture of the aortic
wall occurs. A ruptured AAA results in a large, life-threatening haemorrhage, which is
associated with an overall mortality rate of approximately 80%. A decline in mortality
was observed over time in the subsequent years. Before 1990, the total mortality rate of
ruptured AAAs was 86%, compared to 74% reported in retrospective studies since 1990
(Reimerink et al., 2013).

A ruptured AAA typically presents itself with sudden severe back or abdominal pain, a
pulsating mass near the navel, and hemodynamic shock. Without clinical intervention, a
ruptured AAA invariable results in death. Therefore, patients with known AAA who present
with aforementioned symptoms should be referred urgently to the hospital for immediate

control and repair of the aneurysm (Moll et al., 2011).

Normal aorta Abdominal
aortic aneurysm

Figure 1.1: Graphical visualization of the two types of aortic aneurysms discussed in this thesis: A.
ascending thoracic aortic aneurysm (Chapter 8) and B. abdominal aortic aneurysm (Chapters 1 - 7).
Both figures adopted from healthjade.com/aortic-aneurysm.
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Open surgical repair Endovascular repair

Common iliac
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External iliac
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Figure 1.2: Two types of surgical repair of abdominal aortic aneurysms (AAAs). A. Open surgical
repair: the abdomen and the aneurysm sac is opened anteriorly and a prosthetic graft is sutured in
place. B. Endovascular repair: guidewires with catheter are introduced through the common femoral
arteries over which a stent-graft is introduced. The stent-graft will subsequently be deployed over the
aneurysmatic part of the abdominal aorta. Figure adopted from Schermerhorn (2009).

1.2 Aneurysm repair

In terms of treatments, two types of AAA repair are currently available: open aneurysm
repair and endovascular aneurysm repair. Both methods are visualized in Figure 1.2. Open
aneurysm repair is the conventional method, introduced by Dubost et al. (1952), where
(using laparotomy) a tube or bifurcated prosthetic graft is sutured in the aneurysmatic part
of the abdominal aorta. Open aneurysm repair is a durable solution for the management of
AAAs. However, open repair involves clamping of the aorta and is regularly accompanied
by substantial blood loss. As a consequence, open aortic repair is still associated with a
30-day operative mortality rate of 3.0 - 4.7% (Prinssen et al., 2004; Greenhalgh et al., 2004;
Lederle et al., 2009).

As an alternative, endovascular aneurysm repair (EVAR) was first suggested by Volodos
etal. (1991) and Parodi et al. (1991). During this minimal invasive approach, a small access
is made in the patient’s femoral arteries, through which the guidewires with catheter and
the stent-graft are introduced. Under fluoroscopic guidance, the stent-graft is deployed in
the dilated section of the aorta, excluding the aneurysm sac from circulation. Nowadays,
EVAR is the most common procedure for treating AAAs. This is mainly due to its minimal
invasive character combined with a lower 30-day mortality rate of approximately 0.5 -1.8%
(Prinssen et al., 2004; Greenhalgh et al., 2004; Lederle et al., 2009).

However, in the study by Blankensteijn et al. (2005) and later in the studies by De Bruin
etal. (2010) and The United Kingdom EVAR Trial Investigators (2010) it was shown that the
peri-operative survival advantage of EVAR was not sustained in the long-term. This was due
to the need of secondary interventions, and endoleakage of the stent-graft which resulted
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in a continued risk of aneurysm rupture. As a consequence, long-term and adequate
follow-up is required for all patients treated with EVAR.

1.3 Current clinical guidelines

Clinical intervention for AAA patients without symptoms is recommended when the risk of
rupture outweighs the risk of surgical intervention. Therefore, according to current clinical
guidelines, surgery is recommended when 1) the maximum diameter reaches 5.5 cm for
men or 5.2 cm for women, 2) when it has grown more than 1 cm/year, or 3) when the
aneurysm becomes symptomatic (Moll et al., 2011; Chaikof et al., 2018).

Current guidelines are based on necropsy and clinical studies which have shown that
the risk of rupture accelerated with increasing aortic diameter (Darling, 1970; Scott et al.,
1998; Lederle et al., 2002a). These studies showed that AAAs with a maximum diameter
larger than 6.0 cm had a yearly rupture risk of at least 10%. Therefore, for these AAAs
patients, surgical intervention is recommended. However, for AAA patients with a diameter
range between 4.0 and 5.5 cm it was unclear if early surgery would be beneficial for long-
term survival. Therefore, the UK Small Aneurysm Trial (The UK Small Aneurysm Trial
Participants, 1998) and the American Aneurysm Detection And Management study (Lederle
et al., 2002b) were conducted, and these two multi-centre randomized controlled trials
showed that for AAA patients with a maximum aortic diameter up to 5.5 cm ultrasonic
surveillance was safe, and early surgery did not provide a long-term survival advantage
(Figure 1.3).

A B. T
. o 1Tl
097 T RRnu.
~~~~~ Surveillance group
0.8 Do
2 104 5 So7y TS -
= Yy ey s ate-repai
S ot g 0.6] Immediate-repair group
=1 g S 2]
» 099 gt T °
4] T, 2 057
= iy ]
g T 2 04]
5 08 T E
a -, Early surgery 3 03]
c b s, :
o 074 i "‘l.,l
-, 0.2
5 N,
o rveillan 0.1
2 o6l Surveillance
r T T T T T 1
0.0 T T T T T T T 1
0 1 2 . .3 4 5 6 0 1 2 3 a4 5 6 7 8
Survival time (years)
Year of Study
Number at risk Number at risk
Surveillance 527 497 412 229 125 52 Surveillance 567 552 530 513 393 274 183 76
Early surgery 563 489 450 302 187 63 Immediate-repair 569 545 526 502 383 264 172 67

Figure 1.3: Kaplan-Meier curves of the overall survival by the surveillance and early surgery group in
the UK Small Aneurysm Trial (A) and the American Aneurysm Detection And Management study (B).
Both Kaplan-Meier estimates did not show a significant difference on the long-term. Figure adopted
from The UK Small Aneurysm Trial Participants (1998) and Lederle et al. (2002b).
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As a consequence of current AAA guidelines, small aneurysms prone for rupture are left
untreated despite the fact that 2 — 10% of all AAAs rupture before the threshold of 5.5 cm is
reached (Reed et al., 1997; Nicholls et al., 1998; Scott et al., 1998). On the other hand, some
large AAAs have been known to remain stable above the current threshold and might be
exposed to unnecessary surgical risks due to over-treatment (Darling et al., 1977; Conway
etal., 2001; Lederle et al., 2002a). Hence, these data suggest that the maximum diameter
alone is not sufficient to predict the patient-specific rupture risk of an AAA. Therefore, a
more patient-specific approach is required.

1.4 Alternative rupture risk estimators

As an alternative, or addition to current AAA rupture risk assessment, several other methods
have been proposed over the last decades. In literature, most studies focus on aortic volume
measurements, (peak) wall stress analysis, and aortic stiffness quantification. The current
status of these alternative or additional methods will be addressed in the following sections:

1.4.1 Aortic volume quantification

In contrast to maximum AAA diameter measurements during follow-up, AAA volume
quantification has been proposed as alternative, and better criterion for AAA risk stratifi-
cation. Several studies have determined the volume of an AAA using computed tomogra-
phy (CT) data, and compared the maximum aortic diameter extracted from the volume
data with manual diameter measurements. The volume measurements showed a higher
intra-observer reproducibility compared to manually determined diameter measurements
(Bodur et al.,, 2007; Kauffmann et al., 2011). Thereby, it was advocated that the AAA volume
(rather than the maximum diameter) is more sensible for AAA growth (Kauffmann et al.,
2012). Moreover, an aortic volume change over time does not always equate to a change
in maximum diameter and could therefore provide complementary information for the
clinician (Parr et al., 2011; Renapurkar et al., 2012). Despite these promising results, aortic
volume measurements using CT is not implemented in current clinical practice. This is
mainly due to the drawbacks in the use of CT data in these studies: 1) it is not always part of
the daily clinical work-flow for AAA patients under surveillance, 2) it suffers from radiation
exposure, and, 3) the lack of large clinical data supporting the benefits of aortic volume
quantification. Aortic volume measurements were shown to be feasible using magnetic
resonance imaging (MRI), however long scan times and high costs preclude MRI from being
an ideal image modality for AAA volume quantification (van ‘t Veer et al., 2008; Duquette
etal., 2012).

Alternatively, 3D ultrasound (US) could be used to assess the volume of an AAAin a
harmless manner. First attempts were made by Vidakovic et al. (2006) who used an auto-
mated bladder volume indicator (BVI) to measure the AAA volume. The volume measured
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with BVI correlated closely with US and CT diameters, although the spread was consider-
able (Vidakovic et al., 2007). Later, in the study by Rouet et al. (2010) 3D US aneurysm data
were acquired using a convex 3D mechanical probe. In this probe the transducer array is
mechanically tilted in order to scan the volume. The aortic volume was obtained after semi-
automatic segmentation and used to detect the optimal plane for diameter measurement.
Afterwards, the segmentation method was used in a reproducibility study of the maximum
AAA diameter and volume, and showed acceptable reproducibility (Long et al., 2013). In
a study by Bredahl et al. (2015), it was verified that AAA volume assessed with 3D US was
comparable with 3D CT volumes in 54 patients. In the latest work by Rouet et al. (2017)
a segmentation approach was proposed for CT and 3D US based on implicit template
deformations. Results reveal confidence intervals for diameter and volume quantifications
within the acceptable limits of agreement for both modalities.

1.4.2 Wall stress analysis

From a biomechanical perspective, not the maximum aortic diameter or its aortic volume
but AAA wall mechanics (wall stresses, strains) and tissue properties will play an important
role in AAA growth and rupture risk assessment. The rationale is that AAA rupture will occur
when local wall stresses exceed the strength of the aortic wall, which is a tissue property.
Therefore, biomechanical analysis of the aorta can be performed, e.g., characterization of
the peak stresses occurring in the vessel wall.

In a more simplified approach, aortic wall stresses can be predicted using Laplace’s law
(Equation (1.1)). Here, the assumption of a thin-walled cylinder is used. In this case, the
circumferential wall stresses (ggy) are directly proportional to the aortic pressure (P) and
diameter (d) of the vessel, while inversely proportional to the wall thickness (/). However,
due to the complex geometry of these AAAs, a direct estimation of local wall stresses is
inadequate (Elger et al., 1996; Hua and Mower, 2001).

P-d
Opp = oh (1.1)

To overcome these issues, a first attempt of a two dimensional AAA model was made
using a finite element (FE) analysis approach by Stringfellow et al. (1987). This finite
element approach has afterwards been extended to 3D, in order to include the complex,
3D shape of the aneurysm obtained most commonly from CT data. In a first clinical
study by Fillinger et al. (2002) the CT-based peak wall stress was analyzed and compared
between different AAA patients using 3D FE models. This study showed that ruptured and
symptomatic aneurysms had an increased peak wall stress compared to non-ruptured
AAAs, confirming that peak wall stress might be a relevant criterion for patient-specific
risk stratification. This finding was strengthened by studies by Fillinger et al. (2003) and
Venkatasubramaniam et al. (2004) who showed that peak wall stress is superior to the
diameter in differentiating patients with elevated risk of rupture (Figure 1.4). Later, Truijers
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Figure 1.4: Wall stress distributions of two abdominal aortic aneurysms with both a maximum
diameter of 5.5 cm. The peak wall stress corresponds with the red color, and the lowest wall stress is
shown in blue. Figures adopted from Fillinger et al. (2003).

et al. (2007) showed that peak wall stress can detect patients with an elevated risk of
aneurysm rupture including relatively small AAAs (max. diameter < 5.5 cm), which could
improve the selection of patients for aneurysm repair.

Although peak wall stress was used as rupture risk estimator in all previously reported
studies, the intra- and inter-operator variation in peak wall stresses were relatively high (up
to 40%). This was mainly caused by small variations in geometry introduced by manual
segmentation (Heng et al.,, 2008), affecting the resulting wall stress. As an alternative,
Speelman et al. (2008) showed that not the peak wall stress but the 99" percentile wall
stress might be a better risk estimator, since it is less sensitive for local inhomogeneities
and thereby increases reproducibility.

Vande Geest et al. (2006a) derived a rupture potential index for AAAs based on both the
peak stress and strength of the aortic wall. The region with the highest rupture potential
index is considered as the peak wall rupture index (PWRI). In theory, a PWRI = 1.0 means
that the AAA will be at imminent risk of becoming symptomatic or even rupturing. Gasser
et al. (2010) and Erhart et al. (2015) showed that the rupture risk predictability is higher
using the PWRI instead of the peak wall stress when comparing ruptured and non-ruptured
AAAs. In a large retrospective study with 243 AAA patients, Gasser et al. (2014) derived
the PWRI for each individual patient and converted it into a PWRI 'equivalent’ diameter,
thereby facilitating a straightforward method for clinicians to interpret the biomechanical
analysis. This PWRI equivalent diameter is a representative maximum diameter, which
can be higher or lower than the actual diameter measured depending on the mechanical
behavior of the AAA and can be used by the clinician according to the current guidelines
for AAA repair.

Despite these promising results, wall stress analysis has not yet been clinically intro-
duced (Farotto et al., 2018). The main reason is the lack of validation by prospective clinical
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trials. In an ideal situation, multiple multi-center randomized clinical trials (RCT) should
prove the merits of biomechanical analysis of AAAs. However, the use of CT imaging for
geometry assessment hinders the current method unsuitable to perform prospective longi-
tudinal studies. CT suffers from its drawbacks, such as radiation exposure and the use of
nephrotoxic contrast agents. As a consequence, an alternative image modality is required.

Wall stress analysis using MRI has been proposed and has been shown to be feasible
(de Putter et al., 2007; Merkx et al., 2009; Conlisk et al., 2017). However, long scan time and
high costs will be involved when all patients in a prospective clinical trial are subjected to
MRI for AAA geometry assessment. Especially, since a large number of patients is required
to prove that wall stress analysis can detect patients at risk in a prospective fashion. Roughly
2 -10% of all AAAs rupture before the current guidelines for surgery are reached (Nicholls
et al,, 1998), which mean that a prospective trial requires at least 100 - 1000 patients to
prove the added value of MR-based wall stress analysis and rupture risk assessment.

In the 2000s, time-resolved 3D (4D) ultrasound (US) has been introduced in the clinics,
which might be a good alternative for AAA geometry assessment in a non-invasive and
cost-efficient matter. 3D US showed its feasibility to capture the AAA geometry for volume
quantification (Long et al., 2013), yet no wall stress analysis was performed. In a first
study by Kok et al. (2015), 3D US data were acquired for wall stress analysis, which was
performed for eight patients and compared with corresponding CT data. This study showed
that the median US-based wall stresses were in agreement with CT and good similarities
between the US and CT geometries. Unfortunately, local irregularities induced by manual
registration of multiple US volumes introduced high unreliable wall stress bands which

9th

prohibited the comparison of the 99" or peak wall stresses.

1.4.3 Aortic stiffness quantification

Besides aortic volume and wall stress analysis, aortic stiffness and compliance measure-
ments have been proposed as alternative for current AAA risk assessment. The aortic
compliance (C) is defined as the change in volume (AV) in a segment of the aorta di-
vided by the pressure difference (AP). In this case the pressure difference is due to the
pulsatile changes in blood pressure. The aortic stiffness is inversely proportional to the
aortic compliance.

AV

C=—

AP

The first study that measured AAA compliance and compared it with clinical outcome

(1.2)

was by Wilson et al. (1998). In this study 112 patients were followed using US-based
compliance measurements over a median time period of 7 months. It showed overall an
increase in aortic stiffness (less compliant) in the non-ruptured patients, while the patients
who had a ruptured AAA revealed an inverse relation to the aortic stiffness, and were more

compliant. In a later multi-center study by Wilson et al. (2003) it was suggested that a
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10% decrease in aortic stiffness was associated with a 28% increase in rupture risk when
compared with AAAs with no change in arterial stiffness. A drawback of this method is the
fact that compliance measurements can be biased by the location of the cross-section that

is used to compute the area compliance, which makes comparison cumbersome.

The rationale behind these findings is that most stable, non-ruptured aneurysms in-
creases in aortic stiffness as they increase in diameter, due to an increased wall stress
(predicted by LaPlace’s Law, Equation (1.1)). Presumably, as a response to the increased
wall stress, the aortic wall will remodel by producing more collagen, which stiffens the
vessel wall. This remodeling protects the AAA against rupture, and failure of this remodeling
process might indicate an increase in rupture risk. This hypothesis supported previous
findings where the ruptured AAAs had a more compliant aortic wall compared to the
non-ruptured.

To evaluate these findings, Di Martino et al. (2006) performed uni-axial tensile testing
on AAA wall specimens obtained after surgical repair. In total, 26 samples were obtained
from patients undergoing elective repair of the AAA, while 13 specimens were resected
from ruptured AAAs in an emergency setting. Results revealed a thicker aortic wall and
lower wall stiffness for the ruptured aneurysms compared to the stable AAAs.

However, aortic stiffness measurements remain a controversial point, Sonesson et al.
(1999) measured the aortic stiffness in a transversal 2D US plane and revealed no differences
between ruptured and non-ruptured AAAs. In the work of Ganten et al. (2008) ECG-gated
CT was used to measure the distensibility of AAAs to examine possible differences between
large (> 50 mm) and small AAAs (< 50 mm). Although both methods were shown feasible,
no significant differences between the small and large AAAs were obtained. A possible
explanation for these contradictory findings could be the fact that in the aforementioned
studies the aortic stiffness was measured in a single 2D cross-section of the AAA at max-
imum anterior-posterior diameter. Hence, it remains questionable whether the arterial
stiffness at this specific location is representative for the complete AAA, i.e., to assess the
AAA rupture risk. Moreover, most ruptures do not occur at the maximum diameter, but are
found close to the neck of the AAA, most likely at the posterolateral side (Darling, 1970).

An alternative modality to capture AAA wall distension is using dynamic MRI. van ‘t
Veer et al. (2008) derived segmental AAA volumes and simultaneously measured the intra-
vascular pulsatile pressure. Subsequently, an incremental Young’s modulus (E;;.) was
derived for each individual patient, representing a global aortic stiffness:

AP d*(1 - p?)
Eine=——"7— 1.3
" Ad 2h -9
with d representing the aortic diameter, i the wall thickness and p the Poisson’s ratio.
Since incompressible material behavior is assumed for the aortic wall, the Poisson’s ratio is

set to 0.5. Furthermore, Equation (1.3) can be rewritten and the Young’s modulus can be
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estimated using the aortic compliance by substituting Equation (1.2) in Equation (1.3):

Vo d(1 - u?)
C h

Besides using the pulsatile pressure in the aorta, magnetic resonance elastography

Eipc = (1.4)

(MRE) can be used to quantify the aortic stiffness. Hence, a pneumatic driver is used which
produces external mechanical waves, whose propagation was tracked in the subsequent
3D MR acquisitions. In the study by Kolipaka et al. (2016), abdominal aortic MRE was per-
formed on AAA patients and normal individuals. Results showed similar relative differences
as reported using US imaging. However, the use of MRI in a prospective study to assess the
patient-specific aortic stiffness suffers from high costs and long scanning time. Therefore,
MRI is not the preferred image modality to detect subject-specific differences, although
this method can be used for verification purposes.

Since the introduction of ultrasound plane wave imaging (PWI), pulse wave velocity
imaging (PWVI) became available, which is able to quantify the local aortic stiffness. This
technique measures locally the arterial wall motion caused by the blood pressure pulse
using 2D US imaging with a high frame rate. The pulse wave velocity (PWV) can directly be
related to the arterial stiffness using the Moens-Korteweg equation:

PWV:,/E"”—"h (1.5)
d-p

with p the tissue density. In a phantom study it was shown that the Young’s modulus could
be measured reliably and revealed good agreement with mechanical testing (Vappou et al.,
2010). Moreover, Li et al. (2013) showed that PWVI is feasible for healthy volunteers and AAA
patients. However, the imaging depth is still one of the main challenges especially since the
aorta for most AAA patients is located at 8 - 12 cm depth. Furthermore, the complex 3D
shape of the AAA hinders accurate measurements of the PWV.

Time resolved 3D (4D) ultrasound imaging provides multiple 3D US volumes over the
cardiac cycle. Using 4D US, it is possible to track the AAA geometry over time, which can
be used to estimate the local vessel motion during the cardiac cycle. By capturing this
dynamic motion of the aortic wall, the vessel’s strains and mechanical properties of the wall
can be assessed simultaneously. In the study of Karatolios et al. (2013) it was shown that
3D US speckle tracking can be used to obtain 3D strain data of the aortic wall, and offers
the potential to detect differences between AAAs based on their strain patterns. Moreover,
dependent on which constitutive model is used to describe the mechanical behavior of
the aortic wall, different mechanical properties can be assessed quantitatively. In this
thesis an isotropic geometrically non-linear model was used and applied to large patient
datasets, whereas in the studies by Wittek et al. (2013, 2016), the feasibility was shown to
estimate patient-specific mechanical properties of a complex fiber-reinforced material
model (Gasser et al., 2006) in one healthy volunteer, and two pathological cases.
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1.4.4 Experimental tissue characterization

Besides in vivo aortic stiffness measurements using the pulsatile aortic pressure, elaborate
mechanical testing on ex vivo aortic tissue has been performed in literature. He and Roach
(1994) was one of the first who performed uni-axial tensile tests on human abdominal
aneurysm tissue samples and correlated the testing results with histology. This study
showed that aneurysms behaved stiffer compared to healthy aortas. Histology revealed
an increase in collagen volume fractions, whereas volume fractions of elastin and muscle
were lower in aneurysm tissue. Later, in a similar study by Raghavan et al. (1996), 71
aortic specimens were obtained from human organ donors or patients who underwent
open aortic surgery. Using uni-axial tensile testing the longitudinal and circumferential
stress-strain relations were measured. These experimental data were used in a subsequent
study by the same research group to develop a two parameter, hyperelastic, isotropic,
incompressible material model to capture the general material behaviour of AAA tissue
from zero to systolic pressure (Raghavan and Vorp, 2000). The advantage of this well-
established, population-based, material model is that it can be used to compute AAA
wall stresses by finite element simulations, without knowing the patient-specific material
parameters. The first 3D wall stress models of AAAs reported in literature were all based
on the previous uni-axial tensile testing data (Raghavan et al., 2000; Fillinger et al., 2002,
2003; Venkatasubramaniam et al., 2004). However, Vande Geest et al. (2006b) showed
that bi-axial tensile testing of AAA tissue will results in a more accurate description of the
material behavior, due to the anisotropic nature of aortic tissue. In the work by Tong et al.
(2011, 2013) it was suggested that a thrombus covered wall alters its mechanical behavior,
and decreases its arterial stiffness. Moreover, differences in luminal wall stiffness were
observed between male and female tissue samples, which might explain higher rupture
risk in females. Furthermore, differences in wall stiffness were observed using different
loading protocols, which highlights the anisotropic behavior of the AAA wall. Based on
these observations, more complex fiber-reinforced, anisotropic, hyperelastic material
models were developed to capture the general behavior of AAA tissue. Table 1.1 shows the
most commonly used constitutive material models for AAA tissue behavior with increasing
model complexity. The material parameters given are based on experimental mechanical
testing of AAA samples by different loading protocols (e.g., O'Leary et al. (2014); Niestrawska
et al. (2016); Pancheri et al. (2017)).

Despite current developments in AAA tissue characterization, it is still challenging
to predict the patient-specific material behavior non-invasively. Moreover, a wide range
of AAA tissue properties are reported in literature. This is mainly due to a wide range in
structural differences between patients, and by the structural heterogeneity within each
specific aneurysm. Structural differences are mainly caused by the presence of thrombus
and calcification at different regions of the AAA (Li et al., 2008; Buijs et al., 2013). As a result,

different tissue samples from the same patient may result in a wide variety of material
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Table 1.1: Different commonly used AAA constitutive material models with their strain energy density
function and material parameters. Model complexity increases from top to bottom.

. Strain energy density .
Material model: function (¥): Material parameters:
G=0.9 MPa
Neo-Hookean: Y=Gh-3 (Speelman et al., 2008)
Raghavan and Vorp: a =0.17 Mpa; = 1.88 Mpa

_ _ _ 22
(Raghavan and Vorp, 2000) Y=allh=3)+ph-3)

(Raghavan and Vorp, 2000)
bo = 0.14 kPa; by =477;

W = by(e2?1Eoo + 3 P2ELL + ePFjoFlL —3) by = 416; by = 408;

(Vande Geest et al., 2006b)

Fung four parameter model:
(Sacks and Chuong, 1998)

Gasser-Holzapfel-Ogden: W=l -3)+ LR 32 _l(eszé -1) p=0.2 MPa; ki =4.7 MPa .
SO 2ky ~a= ko =1960; k =0.21; ¢p=4.6
(Gasser et al., 2006) with: Eq =k (I; —3) + (1 = 3%) (Ipg — 3)

(Wittek et al., 2016)

properties and large uncertainties on the parameters measured.

1.5 Current clinical need

Over the last two decades, a large amount of knowledge and literature has been gener-
ated covering a wide variety of alternative measures to estimate the AAA rupture risk on a
more individual basis. Unfortunately, none of these techniques have made it to current
clinical practice yet. One of the main reasons is that these new techniques are not easy
implementable in daily clinical workflow, and are lacking validation by prospective tri-
als. Furthermore, some methods require image modalities which are not applicable for
AAA screening and surveillance programs due to high costs and availability (MRI) or the
exposure to radiation and contrast agents (CT).

From a clinical perspective, there is a need for an easy applicable, cost-efficient method-
ology to examine the benefit of additional measures to estimate patient-specific AAA
rupture risk. Moreover, the ability to predict growth, or early rupture of the aneurysm
before current thresholds are reached, should first be demonstrated. Finally, to prove the
merit of these AAA rupture risk estimators, longitudinal prospective clinical studies should

be performed.

1.6 Aim and outline of this thesis

In this thesis, time-resolved 3D (4D) ultrasound (US) is used as the preferred image modality
to mechanically characterize the AAA wall. 4D US will be utilized to predict the patient-
specific stresses and the stiffness of the aortic wall. Advantages in the use of 4D US are its
non-invasive and harmless nature, it is a relative inexpensive image modality, and it is easy

in use. Moreover, US is known for its high spatial and temporal resolution, which makes it
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extremely suitable for cardiovascular applications. As a consequence, mechanical analysis
of the AAA wall using 4D US imaging will be applicable to a large cohort op patients and
can be followed over time. However, the use of US also introduces several challenges, such
as the limited field-of-view and contrast of the US data.

Therefore, the objective of this thesis is:

To develop and validate abiomechanical model of the AAA wall to characterize the patient-
specific mechanical behavior using time-resolved 3D ultrasound. The method will be
verified using CT data and mechanical testing ex vivo, while employed in a large prospec-
tive longitudinal clinical study.

The current thesis comprises of the following chapters:

In Chapter 2, the influence of the limited field-of-view (FOV) of 3D US on patient-specific
aortic wall stress analysis was examined. By systematically reducing the FOV, changes in
wall stress and the location of peak stresses were analyzed. In addition, the necessity of

assessing the aortic bifurcation for accurate wall stress analysis was studied.

In Chapter 3, a feasibility study was performed and patient-specific 4D US-based wall
stress analysis was performed in 40 patients with a wide range of diameters. The wall
stress models were calibrated using the 4D US motion data, resulting in a patient-specific
material parameter, i.e., the overall stiffness of the AAA wall. For 7 out of 40 patients, CT
data were available as well. Besides mechanical characterization, the AAA geometry and
wall stress distributions were compared between both modalities for these patients.

In Chapter 4, the aortic stiffness and peak wall stresses of AAAs were characterized and
compared with young, and age-matched healthy individuals with a normal aortic diameter.
The relation to age, maximum diameter, and growth were assessed statistically. Moreover,
different degrees of the AAA pathology were investigated and its effect on the aortic stiffness

and peak wall stresses were examined.

In Chapter 5, a segmentation method for automated geometry assessment was devel-
oped, which was required to apply the current methodology in a robust manner and on a
large scale in a longitudinal study. Multi-perspective 3D US data were acquired and used
to ensure that large longitudinal AAAs that normally do not fit in a single 3D US volume
could be included. The proposed method uses active deformable contour models to auto-
matically segment the AAA geometry and a registration method to merge multiple 3D US
volumes. Finally, to assess the outcome of the segmentation and registration algorithm,

AAA geometries and wall stress results were verified by comparing results to CT data.
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In Chapter 6, the mechanical properties of a large AAA patient population were followed
in a longitudinal study. Patients were followed for a median period of 24 months, during
regular follow-up intervals in the outpatient clinic. The aortic wall stresses and stiffness
were analyzed and their relation to AAA growth and rupture were assessed.

In Chapter 7, final verification experiments were performed ex vivo. In an idealized step-up,
intact porcine aortas were mechanically tested under physiological conditions in a mock
loop followed by bi-axial tensile testing. Moreover, four patients who underwent open
aortic surgery were included, of whom a small piece of the AAA wall was resected. The
human aortic tissue was mechanically tested using again bi-axial tensile testing. Results
were compared with the aortic stiffness found in vivo. In addition, reproducibility was
assessed.

In Chapter 8, the method was applied to aneurysms in the ascending aorta. Mechani-
cal characterization of ascending thoracic aortic aneurysms (ATAAs) was performed using
peri-operative trans-esophageal 4D US and intra-vascular blood pressure data. The charac-
terization methodology described in previous chapters was adapted for ATAAs, which are
subjected to larger longitudinal translation and stretches due to cardiac motion. Results

were verified using ex vivo bi-axial tensile testing on the resected ATAA tissue samples.
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The influence of limited
field-of-view on wall stress
analysis in abdominal aortic

aneurysms

This chapter is based on: Influence of limited field-of-view on wall stress analysis in abdominal aortic aneurysms,
E.M.J. van Disseldorp, K.H. Hobelman, N.J. Petterson, EN. van de Vosse, M.R.H.M. van Sambeek, and R.G.P.
Lopata, In: Journal of Biomechanics, 2016; 49(12): pp. 2405-2412.
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Abstract

Background: Abdominal aortic aneurysms (AAAs) are local dilations of the aorta which
can lead to a fatal hemorrhage when ruptured. Wall stress analysis of AAAs has been widely
reported in literature to predict the risk of rupture. Usually, the complete AAA geometry
including the aortic bifurcation is obtained by computed tomography (CT). However, per-
forming wall stress analysis based on 3D ultrasound (3D US) has many advantages over CT,
although, the field-of-view (FOV) of 3D US is limited and the aortic bifurcation is not easily
imaged.

Methods: In this study, the influence of a limited FOV is examined by performing wall stress
analysis on CT-based (total) AAA geometries in ten patients, and observing the changes in
99th percentile stresses and median stresses while systematically limiting the FOV.

Results: Results reveal that changes in the 99

percentile wall stresses are less than 10%
when the proximal and distal shoulders of the aneurysm are in the shortened FOV. Wall
stress results show that the presence of the aortic bifurcation in the FOV does not influence

the wall stresses in high stress regions.

Conclusions: The necessity of assessing the complete FOV, including the aortic bifur-
cation, is of minor importance. When the proximal and distal shoulders of the AAA are in
the FOV, peak wall stresses can be detected adequately.



2.1. Introduction |25

2.1 Introduction

Rupture of an abdominal aortic aneurysm (AAA) lead to a fatal hemorrhage and death
in 70 — 90% of all cases (Budd et al., 1989). Therefore, current guidelines suggest aortic
aneurysm repair when the aortic diameter exceeds 5.5 cm, or when it has grown more than
1 cm per year (The UK Small Aneurysm Trial Participants, 1998; Moll et al., 2011). Using
these evidence based guidelines, the overall risk of surgery intervention outweighs the
risk of rupture. However, on a patient-specific basis these guidelines can be inaccurate
for individuals and have proven to be inadequate (Nicholls et al., 1998; Valentine et al.,
2000; Conway et al., 2001). Studies have shown that aneurysms may rupture below these
thresholds while others remain stable even when they exceeded the threshold diameters
suggested in these guidelines. Therefore, previous studies have suggested new, additional
rupture risk estimators, based on the mechanical behavior of the AAA wall.

Wall stress analysis has been introduced to predict the potential rupture risk of the
AAA wall, which is mostly performed using computed tomography (CT) and sparsely
with magnetic resonance imaging (MRI) data. Studies have shown that the peak and 99™
percentile wall stresses are related to potential rupture risk (Vorp et al., 1998; Fillinger et al.,
2002, 2003; Venkatasubramaniam et al., 2004; Vorp, 2007; Speelman et al., 2008; Gasser et al.,
2010, 2014; Khosla et al., 2014). In a study by Vande Geest et al. (2006a), a rupture potential
index was defined, which related the local wall stress to the wall strength. In general, the
patient-specific geometry is assessed from neck to bifurcation, including a small portion of
the iliac arteries. Next, a uniform wall thickness, a generic and population-based material,
and boundary conditions are incorporated. The boundary conditions consist of the luminal
pressure, mostly derived from a pressure measurement in the upper arm, and fixation of
the neck and iliac arteries.

Despite promising results, these models are not widely accepted and used in the clinical
setting yet. The current approach suffers from several drawbacks, such as the use of ionizing
radiation and nephrotoxic contrast agents for CT imaging, the long scanning time and
high cost for MRI, and the unavailability of patient-specific material properties. Three-
dimensional ultrasound (3D US) imaging overcomes abovementioned disadvantages of CT
and MR, and even enables the possibility to acquire the vessel’s motion during the cardiac
cycle. Using the dynamic behavior of the AAA wall, finite element models can be calibrated
to the vessel motion and thereby more patient-specific material properties can be derived.
Also patient-specific and FEM-regularized strains (Wittek et al., 2013, 2016; Derwich et al.,
2016) and wall stresses (van Disseldorp et al., 2016b) become available using 3D US. The
drawbacks of 3D US are the low contrast compared to CT and MRI, but most importantly,
the limited field-of-view (FOV) (Figure 2.1).

In many cases, multiple ultrasound acquisitions are required to capture the complete
AAA geometry, which demands sophisticated US registration techniques to combine both

US acquisitions, which is not trivial and may lead to unexpected outcomes (Kok et al.,
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Figure 2.1: Graphical illustration of an abdominal aortic aneurysm (AAA) with the field-of-view of
computed tomography (CT) (black dotted line) and that corresponding to ultrasound (US) imaging
(gray striped line).

2015). Besides the limited FOV, the aortic bifurcation is not easily detected. The bifurcation
lies deep, is small with respect to the transducer, and contrast is low, because of the
dorsal angulation of the common iliac arteries. The latter is primarily the result of the
fact that the ultrasound waves propagate mostly parallel to the vessel wall, resulting in a
reduced signal to noise ratio. This makes proper imaging, and accurate segmentation of
the bifurcation and subsequent iliac arteries (used to fixate the model) cumbersome when
using ultrasound. However, the necessity of including a large portion of the iliac arteries, or

even the bifurcation for that matter, has not been clearly proven or analyzed.

In this study, the influence of a limited FOV on wall stress results is examined. Wall
stress analysis was performed on CT-based AAA geometries, while systematically limiting
the FOV until the geometry was comparable to that obtained in a single 3D US acquisition.
Thereby the conventional sites used for fixating the model, i.e., applying the boundary
conditions were excluded. Changes in wall stresses and location of peak stresses were
analyzed and compared to the full geometry as measured with CT.

2.2 Materials and Methods

Study population

Pre-operative computed tomography angiography (CTA) scans of a random selection of
10 patients (age 60 — 82 years) were included retrospectively. The CT-data were acquired
as part of the normal clinical workflow prior to endovascular aortic repair (EVAR). The

maximum aortic diameter ranged from 44 to 57 mm.
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Segmentation

The CTA scans were segmented using the semi-automatic Hemodyn software package
developed by Philips Medical Systems (Best, The Netherlands) and the Eindhoven Uni-
versity of Technology (TU/e). In this software package, the aortic lumen centerline was
automatically tracked from the renal arteries to the iliac arteries. The input for this tracking
were three manual selected points, one at the proximal side, and two in the distal arteries.
Subsequently, a three-dimensional active object (3DAO) was formed around the centerline
and inflated until the AAA lumen-wall interface was found, or, in case of thrombus, the
lumen-thrombus interface. In the latter case, the 3DAO was dilated further until the layer
between the thrombus and the AAA inner wall was segmented. The external forces acting
on the 3DAO were based on the Hounsfield values in the CTA data, which attract the 3DAO
to the lumen-wall interfaces. The internal forces were derived from the curvature and
smoothness of the 3DAO. A more detailed description is found in Breeuwer et al. (2008) and
Olabarriaga et al. (2004b). The segmentation results were inspected visually and manual
adaptations were made when the automatic segmentation did not delineate the inner wall
correctly. Finally, the outer wall of the AAA was calculated by interpolating the inner wall 2
mm into the normal direction as described by Olabarriaga et al. (2004b). Subsequently, the
inner and outer surfaces were exported to MATLAB (2014b, Mathworks Inc., Natick, MA,
USA).

Reducing field-of-view

All the CT-based geometries used are shown in Figure 2.2A. The maximum anterior-
posterior (A-P) diameter was detected in the CTA data using MATLAB. The position on the
centerline at which the maximum A-P diameter was found was used as a center point for
the field-of-view (FOV) of all AAA geometries. Subsequently, the geometry was shortened
in the centerline direction with 10 mm at the proximal side and 10 mm at the distal side.
This cropping procedure was repeated until the FOV of the AAA geometry was shortened to
alength of 60 mm in the axial direction of the vessel. This represents a typical FOV that
can be achieved with one single 3D-US acquisition. For the larger AAA geometries, fusion
of two or more 3D-US acquisition is needed to achieve the complete FOV. An example
of a complete series of geometries resulting from this cropping procedure is shown in
Figure 2.2B. Before the geometries were converted into a volume mesh, both proximal and
distal ends were elongated with 5 mm in the direction of the centerline to reduce boundary
effects. Next, the geometries were exported to 3-Matic software version 5.1 (Materialise,
Leuven, Belgium). Meshes were created consisting of 52.000 — 177.000 hybrid quadratic
tetrahedral elements. During this meshing procedure, it was ensured that at least two

elements in radial direction were present.
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Figure 2.2: A. The geometries of all 10 included patients based on computed tomography. In B.
an example of the shortening procedure is shown for aneurysm 5: The complete geometry of an
abdominal aortic aneurysm (AAA) (left) is shortened 10 mm in the centreline direction at the proximal
and distal. The final cropped AAA geometry (right) represents a typical field-of-view which can be
achieved with one single three dimensional ultrasound acquisition. The larger AAA geometries (left)
need two or more ultrasound acquisitions to capture the complete field-of-view.

Finite Element Analysis

Finite element analysis (FEA) was executed using Abaqus 6.12 (Dassault Systémes, Paris,
France). The meshes were imported and a uniform, one-layer AAA wall model of 2 mm
thickness was considered. An incompressible, reduced polynomial material model was
prescribed (Yeoh, 1993), with parameters describing the AAA wall as reported by Raghavan
and Vorp (2000). The strain energy density function (¥) of this model is given by:
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W = a(l; -3) + B —3)? 2.1

with @ =0.17 MPa and 8 = 1.88 MPa.

Next, the boundary conditions were applied. The proximal and distal side(s) were
constrained in all directions. The CT-based AAA geometries were acquired during multiple
heartbeats, and are therefore not stress free. It was assumed that the average blood pressure
during one CTA scan was equal to the mean arterial pressure (MAP). A backward incremen-
tal method, described by de Putter et al. (2007), was prescribed until the initial stresses at
MAP were derived. In this study, the MAP was set to 105 mmHg, since no patient-specific
blood pressures were measured. Subsequently, a peak-systolic pressure of 140 mmHg was
applied to the inner AAA wall (Kok et al., 2015). From the FEA results, the Von-Mises stresses
were calculated.

Data analysis

The 99" percentile wall stress was calculated over the complete AAA geometry for every
slice of 5 mm in the axial direction, starting from the proximal AAA neck to the distal iliac
arteries. Furthermore, the median wall stresses were calculated to compare the general
wall stress for the complete and shortened AAA geometries. Besides the median and
99t percentile wall stresses of each slice within the geometry, high stress regions were
identified and analyzed. Five regions were selected, containing the highest stresses within
the complete AAA geometry, and were compared to the stresses at the same positions as
found in the shortened AAA geometries. The high stress regions were defined as a 5 by 5
by 5 mm, non-overlapping, sub-volumes in which the highest stresses, i.e., the most 99"
percentile to peak stresses were present. Subsequently, the corresponding Von-Mises wall
stresses and their distributions were visualized. Moreover, the relative difference of the
stresses in these high stress spots between each shortened and original geometry were
calculated. Finally, the influence of the presence of the aortic bifurcation and iliac arties on
the final wall stress results was examined: the median Von-Mises wall stresses in the five
high stress regions were compared for the shortened AAA geometry, in which the bifurcation
was still present, with the subsequent, shortened geometry without a bifurcation.

2.3 Results

Cropping the FOV of the AAA geometries resulted in three to eight cropped geometries
for the individual AAA datasets. All finite element simulations were successful, with an
average computational time of one hour on a single processor core (Intel Xeon E5-2667 v3,
Santa Clara, California, USA). The Von-Mises wall stress distributions for three AAA patients
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Figure 2.3: Von Mises wall stress distribution of aneurysm 4, 5 and 9. The most left geometry
represents wall stresses for the complete AAA geometry acquired with computed tomography (CT),
the most right geometry represents wall stresses from the shortest geometry, comparable the field of
view of one single three dimensional ultrasound (3D US) acquisition.

are shown with the complete and each shortened FOV in Figure 2.3. It shows that regions
containing the highest wall stresses are found in the areas with high curvature which are
considered the shoulders of the AAA. For these three AAA geometries, the shoulders are
near the maximum diameter, and still almost completely captured in the smallest FOV.
Therefore, the majority of the high wall stresses are still present the smallest FOV.

Median and 99" percentile wall stress

In Figure 2.4, the median and 99" percentile Von-Mises wall stress are shown as a function
of the distance to the maximum A-P diameter. The negative values represent the distance
to the maximum A-P diameter at the distal side, and the positive values are in the proximal
direction. Note that at both proximal and distal ends the wall stress results were not
visualized for the first 10 mm, since these results were affected by the boundary conditions
and do not represent physiological wall stresses. Figure 2.4 shows no differences in the
median wall stress per slice for all AAA patients when comparing the geometry of the
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shortened geometries with that obtained from the complete FOV. The 99" percentile wall
stress results for all AAA geometries, with the exception of geometry 8, also show similar
results around the maximum diameter (distance < 15 mm). At the proximal and distal ends,
the shortest AAA geometries (dark blue) show an underestimation of the 9™ percentile wall
stress in four cases. In 8 out of 10 AAA geometries, a peak in the 99 percentile wall stress
at the distal or proximal side is missed when the FOV is shortened maximally. However,
for the geometries in which the FOV captures the proximal and distal AAA shoulder, the
99" percentile wall stresses per slice are equivalent to those found in the complete AAA
geometries. For example, for patient 4, 5 and 9 (see Figure 2.2B), the light blue lines in
Figure 2.4 capture all the peaks in the 99" percentile wall stresses per slice, which imply
that the third shortest FOV geometry is still sufficient to capture the highest wall stresses of
these aneurysms.

High stress regions

The Von-Mises wall stress distributions of the five highest stress regions for all ten AAA
patients are shown in Figure 2.5. It shows the median wall stress with its interquartile
ranges, and the asterisk above the boxplots represent the presence of a bifurcation in the
current shortened geometry. For patient 1 and 6 one high stress region was not present
in all shortened AAA geometries. As an alternative, a subsequent high stress region was
chosen and analyzed. For patient 3 and 7, respectively four and three high stress regions
were not present in all limited FOV geometries.

The left boxplot of each high stress region represented the wall stress distribution
corresponding to the complete, reference AAA geometry. Every boxplot rightwards shows
the wall stress distribution of a subsequent, shortened geometry. This figure shows that
overall the wall stress distribution in the high stress regions remain equal, even when the
FOV is limited. However, in 80% of all AAA patients, the geometry with the smallest FOV
underestimates (= 10%) the median wall stresses in at least one of the five high stress

regions.

In Figure 2.6 the relative difference in median Von-Mises stress is shown for all short-
ened FOV geometries compared to the complete AAA geometry in the aforementioned,
high stress regions. For visual purposes, the relative differences for only the top three high
stress regions per AAA were shown. This graph shows that the median wall stress in the
high stress regions for the smallest, extreme shortened FOV geometries (dark blue) differ in
7 out of 30 regions more than 10% compared to the median wall stress in the complete FOV
geometries. For almost all high stress regions in the other less shortened FOV geometries
(56 out of 57), the median wall stress in these regions differs less than 10% compared to the
reference.
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yellow represents a large FOV and dark blue the smallest FOV.

Influence of bifurcation

For nine out of ten patients the median Von-Mises wall stresses in the high stress regions
were compared between the last geometry with a bifurcation and the first without the
bifurcation. Patient 1 was excluded in this analysis since the maximum A-P diameter was
nearby the bifurcation (< 25 mm), and therefore no geometry without bifurcation could
be created. Figure 2.7 shows a scatterplot of the median Von-Mises wall stress with and
without bifurcation for all data. It shows that the majority of all wall stresses are along the
identity line (y = x), representing the same median wall stress for the geometries with and
without bifurcation. Only in three cases (region II in patient 3, and region I and II in patient
6), the median wall stress in the geometry with bifurcation is at least 30% higher than the
geometry without bifurcation.

2.4 Discussion

In this study, the influence of a limited field-of-view geometry on wall stress analysis of AAAs
was investigated. The influence of a limited field-of-view, and the presence of the aortic
bifurcation, were examined using CT-data. Geometries were systematically shortened, and
thereby also excluding the aortic bifurcation, until the FOV matches that obtained by US
imaging. Results were compared to the ideal situation when the complete geometry is
available.

This study shows that a limited FOV may lead to an underestimation of the higher wall
stresses, or the omission of high-stress spots, but both were found in the more extreme
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cases when large shortening was applied (Figure 2.6). Occasionally, high stresses were
found which were artifacts caused by the cutting procedure and subsequent boundary
conditions. In the majority (98%) of the less extremely shortened geometries (FOV = max.
A-P diameter + 40 mm) the median wall stress in the high stress regions differ less than 10%
compared to the situation when the complete geometry is available, which suggest that
cropping the AAA geometry is acceptable, up to a certain limit. Next, the wall stress results
in the high stress regions were compared for the geometries with and without bifurcation.
The results demonstrated that the presence of a bifurcation in the geometry does not
significantly affect the median wall stress in the suggested rupture risk regions.

Besides comparing the median wall stresses in the high stress regions, also the short-
ened and complete geometries were compared using a slice-by-slice approach. Although 10
mm at proximal and distal side were omitted in the analysis to avoid boundary effects, the
median wall stress per slice showed no differences for all AAA patients. Hence, shortening
of the FOV did not influence the global wall stress in the aneurysm. The 99" percentile wall
stress per slice showed that peaks were missed when the shortest FOV was used for 8 out
of 10 AAA patients. However, when the proximal and distal aneurysm shoulders were in
the shortened FOV, the 99! percentile wall stress per slice showed equivalent results as in
the reference FOV. The use of slice-by-slice data and high stress regions is favorable over

analyzing only the total peak wall stress or 99

percentile wall stress of the entire aneurysm.
By analyzing the stresses in these regions, the actual differences and effects induced by
the reduction of the FOV can be examined on local scale, which is more accurate and

illustrative. Comparing the 99™®

percentile or peak stress of the total geometry before and
after shortening can in fact lead to a comparison of stresses found at different locations.

According to these findings, US-based FEM can lead to accurate results, even when the
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Figure 2.7: Scatterplot of the median Von-Mises Stress in the high stress regions of the geometry with
bifurcation versus the subsequent geometry without bifurcation.
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bifurcation is not visualized and therefore omitted. However, one will need to acquire
multiple datasets to reconstruct a significant portion of the entire geometry to avoid
underestimation or missing out on high stress regions. Obviously, in case of an aneurysm
that extends to the bifurcation or iliac arteries, more data will be required. However, this is
a small cohort of patients, for which wall stress analysis based on CT imaging could still
be an alternative. However, US imaging in the bifurcation/iliac will be less of an issue for
the aneurysms which extend to the iliac artery, since contrast and resolution will be more
optimal due to the dilated vessel.

A subgroup of ten AAAs was constructed including a range of diameters. Considering
the agreement of the results between different subjects, it was decided not to extend this
population to higher numbers. CT-data of patients with aneurysms in or beyond the
bifurcation were not considered for this study. The actual MAP was not measured during
CTA imaging since this is not part of normal clinical workflow. This might have led to a
bias in the residual stresses as estimated with the backward incremental method. However,
for the comparison between shortened and complete AAA geometry, this bias will not be
an issue. Finally, actual US data were not included in this study, and only CT-data were
used as a reference. The comparison of CT and US was not the focus of this work, and
has already been performed in other studies (Kok et al., 2015; van Disseldorp et al., 2016b).
Limiting factors when performing US imaging, such as shadowing due to bowel gas, or
high attenuation by large fat layers, were not considered and are beyond the scope of this
study. In this study, local material properties such as calcification of the aortic wall and
presence of intraluminal thrombus were not included, while they could have an important
contribution in the local wall stresses of the AAA wall (Speelman et al., 2007; Li et al., 2008;
Polzer et al., 2011). It was chosen to focus on the wall instead. In a future study, these other
constituents could be included.

This study implies, that despite of the disadvantages of 3D US, it is potentially applicable
for wall stress analysis of AAAs. This elicits the opportunity to perform 3D US-based wall
stress analysis of AAAs over time, and thereby examine potential changes in patient-specific
wall stresses and material properties.

2.5 Conclusion

This study showed that despite a limited field-of-view, local peak wall stresses in an aneu-
rysm can be quantified and detected adequately. Furthermore, it was shown that the
bifurcation is not necessarily needed when performing AAA wall stress analysis. Hence,
some of the major drawbacks of 3D US-based wall stress analysis can be tackled, however
fusion of multiple 3D US acquisitions is still needed for the majority of abdominal aortic
aneurysms.
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Abstract

Background: The aim of this study was to perform wall stress analysis (WSA) using 4D
ultrasound (US) in forty patients with an abdominal aortic aneurysm (AAA). The geometries
and wall stress results were compared with computed tomography (CT) in seven patients.
Additionally, the WSA models were calibrated using 4D motion estimation, resulting in
patient-specific material parameters which were compared between patients.

Methods: 4D-US images were acquired for forty patients (AAA diameter 27 — 52 mm).
Patient-specific AAA geometries and wall motion were extracted from the 4D-US. WSA was
performed and corresponding patient-specific material properties were derived. For seven
patients, CT-data were available and analyzed for geometry and wall stress comparison.

Results: The 4D ultrasound-based 99" percentile wall stress ranged from 198 to 390 kPa.
Regression analysis showed no significant relation between wall stress and diameter of the
AAA. The similarity-indexes between US and CT were very good and ranged between 0.90
and 0.96, and the 25", 50, 75™, and 95" percentile wall stresses of the US and CT data
were in agreement. The characterized patient-specific shear modulus had a median of 1.1
MPa (interquartile range: 0.7 - 1.4 MPa). Based on the maximum AAA diameter, the AAAs
were divided in a small, medium, and large diameter group. The largest AAAs revealed an
increased wall stiffness compared to the smallest AAAs.

Conclusions: 4D ultrasound is applicable for wall stress analysis of AAAs, and elicits the
opportunity to perform wall stress analysis over time, also for AAAs who do not qualify for
a CT or MRI-scan. Moreover, the patient-specific material properties can be determined,
which could possibly improve risk assessment.
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3.1 Introduction

Abdominal Aortic Aneurysms (AAAs) are localized dilations of the abdominal aorta which
incidence increases with risk factors such as smoking, aging and hypertension (Lederle
et al,, 1997). The major complication of AAAs is rupture, resulting in a life-threatening
haemorrhage and death in approximately 80% of all cases (Reimerink et al., 2013). Aortic
aneurysm repair is considered when the risk of rupture exceeds the risk of a surgical
intervention. Currently, the diameter is used as rupture risk estimator: when the maximum
AAA diameter exceeds 5.5 cm, or has grown more than 1 cm per year, surgical repair is
considered (Moll et al., 2011). However, these guidelines may not be completely reliable
since smaller aneurysms can rupture below these thresholds, and some larger aneurysms
remain stable above (Darling et al., 1977; Nicholls et al., 1998; Conway et al., 2001). Hence,
an additional approach for rupture risk assessment is needed.

From a biomechanical point of view, aneurysms will rupture if the mechanical stress
exceeds the local strength of the vessel wall. Therefore, the state of the aortic wall, i.e., the
mechanical properties of the wall and stresses in the wall combined, could be a better
predictor for rupture risk than AAA diameter. In previous studies, wall stress analysis has
been performed widely in AAAs (Raghavan and Vorp, 2000; Gasser et al., 2010; de Putter
et al, 2007), and showed its merit. Fillinger et al. (2003) and Venkatasubramaniam et al.
(2004) showed that the peak wall stress could be a better predictor for rupture risk on an
individual basis, and Vande Geest et al. (2006a) derived a rupture potential index for AAAs
based on the wall stress and strength. In a study by Speelman et al. (2008), it was shown that
the 99" percentile wall stress is less sensitive for local inhomogeneities thereby increasing
reproducibility.

In most previous studies, the patient-specific geometries are obtained from pre-operative
computed tomography (CT) data. Although CT is clinically used as golden standard for
geometry assessment, it involves the use of ionizing radiation and nephrotoxic contrast
agents. Moreover, CT does not provide temporal information, which could be used for
patient-specific characterization of the mechanical properties of the AAA.

Alternatively, Magnetic Resonance Imaging (MRI) can be used to obtain both geometry
and motion of the aneurysm wall. However, disadvantages of MRI are the long scanning
time, relatively high costs, and the exclusion of patients with metal implants. Another
alternative could be ultrasound (US) imaging, which is widely accepted as diagnostic
technique for many cardiovascular applications. It combines high temporal and spatial
resolution with the ability of real-time, non-invasive two-dimensional (2D) and three-
dimensional (3D) imaging, and is relatively cheap.

In current clinical practice, 2D-US imaging is used to detect and determine the aortic
diameter for monitoring, i.e., growth assessment. By doing so, many benefits of US imaging
such as the aforementioned resolution, and the possibility to obtain time-resolved volu-

metric images, remain unused. Moreover, ultrasound allows longitudinal studies, also for
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smaller aneurysms that are normally not imaged with CT. Time resolved 3D-US (4D-US)
imaging provides the possibility to assess the differences in geometry of an AAA over time,
and can be used to obtain the patient-specific geometry and vessel motion during the
cardiac cycle. Karatolios et al. (2013) showed that 3D US speckle tracking can be used to
obtain 3D strain data of the aortic wall, and offers the potential of characterization of AAAs
by their strain patterns. In previous studies by the same group, the mechanical properties
were estimated using inverse finite element analysis (FEA) of 4D-US data of the abdominal
aortic wall, in five volunteers with a complex anisotropic material model (Wittek et al.,
2013). In a study by Kok et al. (2015) it was shown that FEA based on 3D-US is a promising
tool to predict AAA wall stresses, with comparable results as obtained by CT.

This study aims to perform patient-specific wall stress analysis of AAAs based on 4D
ultrasound in a group of AAA patients with a large range of diameters. The FEA models were
calibrated using the 4D-US data, resulting in one single patient-specific material parameter
which represents the overall elasticity of the AAA wall. The patient-specific wall stress and
elasticity could easily be followed simultaneously over time using 4D-US, and potentially
be related to AAA growth or rupture. Finally, for a sub-group of patients, geometry and wall
stress results were compared with the ‘golden standard’, i.e., CT.

3.2 Materials and Methods

Study population

In total 40 patients were included in this study. All patients gave their informed consent
prior to inclusion. This study was approved by the local ethics committee of the Catharina
Hospital Eindhoven. The maximum aortic diameter varied between 27 and 52 mm. For 7
out of 40 patients, CT data were available. Patient demographics are listed in Table 3.1.

Table 3.1: Patient demographics

Demographics Value

Age (mean + range) 74 (60 - 85) years
Gender (M/F) 39/1

Maximum AP diameter (mean + range) 40 (27 - 52) mm
Growth in 6 months (mean + range) 1(0-5) mm

Blood pressure (mean DP/MAP/SP) 86 /105/144 mmHg

AP = anterior - posterior; DP = diastolic pressure;
MAP = mean arterial pressure; SP = systolic pressure
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Figure 3.1: Example of three dimensional (3D) ultrasound data and the corresponding geometry of
the abdominal aortic aneurysm (AAA). A longitudinal cross section is shown (A), with the correspond-
ing coronal (B) and transversal plane (C). (D) A 3D render of the entire volume is visualized. (E and
F) The manual segmentation of the AAA is shown (red lines).

Data acquisition

Time-resolved 3D ultrasound (4D-US) data of each AAA were acquired with a commercial
iU22 Philips System (Philips Medical Systems, Bothell, WA, USA) equipped with a 3D curved
array X6-1 probe (center frequency = 3.5 MHz). Volume data were acquired for 5 seconds
during breath-hold, with a volume acquisition rate of 4-8 Hz. The depth ranged from 6.5 -
14.6 cm and the opening angle varied between 55°and 90°.

Although field-of-view is not a limiting factor for proper analysis (van Disseldorp et al.,
2016a), only patients with an AAA that could be completely captured in one single ul-
trasound acquisition were included in this study. Diastolic and systolic brachial blood
pressure were measured in a supine position using an automatic arm cuff directly after the
4D-US acquisitions.

Computed tomography angiography (CTA) scans were made using a 256-slice CT-
scanner (Philips Healthcare, Best, the Netherlands). The slice thickness was 1 mm and the
CTA data were less than 6 months old compared to the US acquisitions.

Segmentation

The 4D-US data were imported into Q-lab 10 (Philips Medical Systems, Bothell, WA, USA)
where the DICOM data were converted into a Cartesian coordinate system. The y- and
z-direction correspond to the length and depth of the AAA in the sagittal plane respectively
(Figure 3.1A), whereas the x-direction corresponds with the width of the aneurysm in the
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Figure 3.2: A sagittal (A) and coronal (B) view of the automatically segmented wall (blue) of an
abdominal aortic aneurysm (AAA) in computed tomography data. The red solid (A) and purple dashed
(B) lines represent the centerline of the AAA lumen, and the white dots visualize the bifurcation and
the two distal ends.

transverse plane (Figure 3.1C). Spatial resolution of the acquired data ranged from 0.5-1.2

mm in x-direction, 0.7-1.1 mm in y-direction and 0.3-0.6 mm in z-direction.

Subsequently, the Cartesian 4D-US data were imported into Matlab (2015b, Mathworks
Inc., Natick, MA, USA) and segmented manually using the transverse cross-sectional planes
of the end-diastolic 3D volume of the US dataset. The end-diastolic 3D volume was denoted
as the US volume with the lowest lumen volume of the AAA, derived after speckle tracking
of the AAA wall in two longitudinal cross-sections. Each AAA was segmented from the
proximal neck down to the bifurcation. Only the inner aortic wall was segmented since it
was not always feasible to distinguish the outer wall from surrounding tissue. Each 4D-US
data were segmented three times for all patients of which US and CT data were available,

all others were segmented twice.

Next, the segmented AAA contours were regularized and up-sampled as described by
Kok et al. (2015). An example of the resulting contours with the corresponding 3D-US data
is shown in Figure 3.1E-E The outer wall was obtained by interpolating the inner wall 2 mm

in the radial direction, i.e. normal to the AAA surface (Speelman et al., 2008).

The contrast-enhanced CT-scans were semi-automatically segmented using Hemodyn,
a software package developed by Philips Medical Systems (Best, The Netherlands) and the
Eindhoven University of Technology (TU/e). This segmentation software is initiated by
defining one proximal (neck) and two distal points (iliac arteries) (Breeuwer et al., 2008).
A centerline was automatically detected, after which a three-dimensional active object
was initiated around the centerline and adapted automatically until the AAA lumen-wall
interface was found (Figure 3.2). Again, the wall thickness was assumed to be 2 mm for all

patients.
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The segmented end-diastolic AAA wall was tracked over time using 3D speckle tracking
of the 4D-US data. A 3D coarse-to-fine block matching algorithm, using 3D cross correla-
tion as a measure for similarity (Lopata et al., 2011), was adapted for aortic displacement
estimation based on Cartesian DICOM data. The block matching algorithm consisted of 2
steps. First, the displacement estimation was performed in a large search window of 12
x 12 x 8 mm using a kernel of 2.0 by 2.0 by 1.5 mm to track the global motion of the AAA.
Next, this procedure was repeated using a smaller search window of 9 x 9 x 6 mm and the
initial displacement estimates as input to refine the displacement estimates.

Finite element analysis

Before the AAA wall was converted into a mesh, both proximal and distal ends were elon-
gated by 3 cm. The AAA geometry was elongated in the proximal directions warping into a
vessel with a diameter of 2 mm parallel to the spine. In the distal direction, the AAA was
elongated in the centerline direction. This type of elongation was applied to reduce the ef-
fects of the boundary conditions (fixation) on the stresses in the aneurysm (van Disseldorp

4D US Mesh generation
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» v
Initial Guess: Guess for shear
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Backward
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Figure 3.3: A graphical overview of the iterative process to determine the patient specific shear
modulus and its 99t percentile wall stress. Xpja and Xgys represent the geometry at diastolic and
systolic pressure, Uys and Ugga the displacement in z-direction determined by ultrasound (US) and
finite element analysis (FEA) and Wit @ weighting function.
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et al,, 2016a). Subsequently, a 10-node tetrahedral element mesh was created using the
open-source mesh generator (Si, 2015). In total, 50.000 — 80.000 elements were used with at
least two layers of elements present in the radial direction. The CT-based geometries were
converted into meshes with a similar mesh density using 3 Matic version 5.1 (Materialise,
Leuven, Belgium) due to the complex meshing procedure around the bifurcation.

The meshes were exported to Abaqus 6.14 (Dassault Systémes, Paris, France) to calculate
the AAA Von Mises wall stresses for both US and CT-based models. The proximal neck
and the two distal iliac ends were constrained in all directions (boundary conditions). The
AAA wall’s mechanical behavior was described as being an incompressible Neo-Hookean
material with a shear modulus of 0.9 MPa (Speelman et al., 2008), based on a linearization
of the material model proposed by Raghavan and Vorp (2000) around the physiologic range.

The US-based finite element (FE) models corresponded to the AAA geometry at diastolic
pressure, which are therefore not stress-free. To obtain the initial diastolic stresses in
the diastolic geometry, the backward incremental method was prescribed for all FEA
simulations (de Putter et al., 2007). For the CT-based FE models, not the diastolic pressure
but the mean arterial pressure (MAP) was used to estimate the initial stresses in the mesh.
The MAP is a better estimate of the initial load on the AAA wall, since the CT-scans were
acquired during multiple heartbeats. Since no pressures were measured during the CT-
scans, the MAP was based on the pressures measured directly after the US acquisition.

Next, the FE models were pressurized to a peak-systolic blood pressure of 140 mmHg,
applied to the inner vessel wall of all FE models, and the Von Mises stresses were calculated.
Furthermore, the ggth percentile wall stress was chosen as rupture risk estimator (Speelman
et al., 2008).

Shear modulus characterization

To determine the material properties of the aortic wall, the FEA model was calibrated
using an iterative matching of the model output to the displacement data measured by
US (Figure 3.3). In this iterative characterization method, each US-geometry at diastole
was pressurized to the measured patient-specific systolic pressure. The nodal displace-
ments were calculated in the systolic configuration and compared with the displacements
estimated from the 4D-US acquisition.

Since the US displacement field is more accurately determined in the z-direction (axial)
compared to the x- and y-direction, the comparison between the FEA displacements and
US displacements was performed solely on the displacements in z-direction. A Gaussian-
shaped weighting function (W) was defined and applied: regions with high displacements
and/or regions where the direction of the ultrasound was perpendicular to the wall circum-
ference were emphasized (Wi, = 1), whereas regions with low axial displacements (left and
right wall of the AAA) and regions where the propagation of the ultrasound was parallel to

the wall’s circumference were suppressed (Wio; = 0.2).
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The optimization procedure to estimate the incremental shear modulus (Gijyc) was
terminated when the mean nodal displacements in the FEA and 4D-US acquisitions differed
less than 1%. When the patient-specific Gj, was determined, the model was subsequently
pressurized to the peak-systolic pressure of 140 mmHg to compare the 99 percentile
stresses with those obtained with CT.

Data analysis

The CT and US data were compared using the Dice coefficient or similarity index (SI). The
SIis a measure for the percentile overlap between the two geometries, which is calculated
by:

_ 2(PysnPcr)

SI =
(Pys+ Pcr)

(3.1)

with Pyg and Pcr the number of pixels in the US and CT geometry, respectively. Moreover,
the 251, 501, 751, 95t and 99t percentile wall stress were calculated for all AAAs.

For the US-based FEA results, the ggth percentile wall stress was visualized as function
of the maximum anterior-posterior (A-P) diameter of the AAA. Regression analysis was
performed to examine a possible dependency of wall stress on diameter as shown in
Speelman et al. (2008). Next, based on the 99 percentile wall stress, the patient population
was equally divided into three groups. The material properties for these three groups
were compared using a Wilcoxon rank sum test. Finally, the relation between the material
properties and the AAA diameter was examined.

3.3 Results

All 40 US-based FE simulations succeeded with an average computational time of two
hours on a single processor core (Intel Xeon E5-2667 v3, Santa Clara, California, USA).

Comparison of Ultrasound vs. Computed Tomography

Figure 3.4A shows an example of the registered CT (mesh) and US (solid lines) geometry with
an SI-index of 0.96. This figure shows that the field-of-view of the US geometry is smaller
than the CT geometry and that the maximum diameter is captured in the US field-of-view.
For each patient the three different SI-indices with their mean are shown in Figure 3.4B.
For all seven matched geometries a good similarity (defined as SI = 0.7) was achieved, with
mean Sl-indices ranging from 0.90 to 0.96. In Figure 3.4C several percentile wall stresses
are shown for the US-based and CT-based geometries. It shows similar wall stress results,
between US and CT, for the 25% to 95t percentile wall stresses of all seven patients. For
the 99 percentile wall stress, the CT based geometry revealed higher stresses than those
obtained using US in four out of seven patients.
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Figure 3.4: Segmentation obtained from computed tomography (CT) data (mesh) and ultrasound
(US) data (solid lines) with a similarity index (SI) of 0.96 (A). The SIs are visualized in (B) for all patients
included (black dot) with their mean indicated by the solid line. In (C) a comparison of the 25th, 50th,
751, 95t and 9gth percentile wall stress for the CT and US based geometry is shown for the seven
patients included. The line of equality was added as a visual aid (solid line).

99t percentile Wall Stress

In Figure 3.5A-C a longitudinal cross-section view of three typical AAA geometries is shown.
The segmented AAA geometry with its wall stress distribution is subsequently visualized in
Figure 3.5D-F whereby the elongation of the AAA geometry is represented by the mesh.

9th

For all patients, the mean 99" percentile wall stresses of the multiple segmented AAA

geometries are shown in Figure 3.6A. Regression analysis of the 99

percentile wall stress
and the maximum diameter did not result in a significant linear relationship (R = 0.16,

p-value = 0.31).

Subsequently, all patients were equally divided in three groups (Figure 3.6B) and the
patient-specific incremental shear moduli were visualized for each group in Figure 3.6C.
No significant differences were observed when comparing these three groups. When the
99" percentile wall stress was calculated with the patient-specific shear modulus instead of
the generic modulus similar stresses were obtained (mean difference + standard deviation:
-2 + 4 kPa).

Patient-Specific Shear Modulus

The estimation of the patient-specific incremental shear modulus required 2 to 7 steps
before the stop criterion was reached. The characterized modulus has a median of 1.1
MPa (interquartile range [IQR], 0.7 — 1.4 MPa). This modulus represents the slope of the
stress-strain behavior of the AAA wall at the patient-specific blood pressure range. The
patient-specific moduli were compared with the well-established model of Raghavan and
Vorp (2000) at the physiological blood pressure range in Figure 3.7A. The median and IQR
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Figure 3.5: Longitudinal cross sectional views are shown for three typical abdominal aortic aneurysm
geometries (A-C). The lower row (D-F) represents the Von Mises wall stress distribution, with the
elongation of the geometry represented by the mesh.

of the patient-specific moduli are within the 95% confidence interval of the Raghavan and
Vorp model.

In Figure 3.7B the mean incremental shear moduli are shown as function of the maximal
AAA diameter. Subsequently, all patients were equally divided in a small, medium, and
a large diameter group. The bar plot in Figure 3.7C shows that the incremental shear
moduli in the small and medium diameter group do not significantly differ from each other
(Wilcoxon rank sum test: p-value = 0.08), while the moduli between the small and large
diameter groups are significantly different (Wilcoxon rank sum test: p-value = 0.03). The
consequence of these observations is that the AAAs with a larger diameter consist of a
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Figure 3.6: In (A) the regression model for the ggth percentile wall stress as a function of the aortic
diameter is shown (R =0.16, p = 0.31). Based on the ggth percentile wall stress, all AAAs are equally
divided into a low (white circles), middle (grey squares), and high stress (red diamonds) group (B). In
(C) the patient specific incremental shear modulus (median Gj;,.) is shown for the low, medium and
high stress groups with its interquartile range.
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Figure 3.7: (A) The stress—strain curve of the Raghavan and Vorp (2000) model is shown with its
95% confidence interval (red line with grey area). The median and interquartile range [IQR] (black
stripped line) of the derived patient-specific shear moduli are within this 95% confidence interval.
The complete range is visualized with the black dashed line. (B) All patient specific incremental shear
moduli (Gj) are shown as function of the diameter. All abdominal aortic aneurysms are equally
divided into a small (white circles), middle (grey squares), and large diameter (red diamonds) group.
(C) The patient specific incremental shear modulus (median Gjy) is shown for the small, medium,
and large diameter groups with its interquartile range. The median incremental shear modulus of the
large diameter group is significantly higher than that obtained from the small diameter group (p =
.03), indicated by the asterisk.

3.4 Discussion

In this study, wall stress analysis of AAAs was performed using 4D ultrasound for the
entire diameter range. The advantage of using 4D ultrasound is the ability to perform
wall stress analysis on the majority of AAA patients which are under surveillance in the
outpatient clinic. Besides wall stress analysis, also the patient-specific material properties
were determined using the dynamic behavior of the AAA wall.

This study shows similar results for the 99" percentile wall stress as found by Speelman
et al. (2008). The main differences between these studies is that in our study, patients with
an AAA diameter between 27 and 52 mm are included whereas in Speelman’s CT-work the
AAA diameters ranged between 44 and 57 mm. The presence of small diameter AAAs is a
direct result of the use of US imaging. The difference in AAA diameter could be a possible
cause for the non-significant regression between the wall stress and AAA diameter found in
this study.

For a sub-group of patients, CT data were available, which showed similar results as in
the corresponding 4D-US datasets. For the 99" percentile wall stresses, the CT data exceed
the US data by 5-58%, possibly induced by oversmoothing of the US segmentation. In a
previous study by our group, larger percentile stresses revealed a large mismatch between
US and CT due to registration artifacts in the US data (Kok et al., 2015). These artifacts were
caused by registering multiple US acquisitions in order to enlarge the field-of-view. In this
study, only single volumes were used, thereby avoiding this issue. However, to increase
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the patient inclusion rate, the registration of multiple US datasets is still an important next
step.

The advantage of US-based wall stress analysis is the ability to determine the patient-
specific AAA material properties. When these properties are compared with the tensile test
results of Raghavan and Vorp (2000), 80% of the moduli are within their 95% confidence
interval. These properties could be an important parameter in monitoring aneurysm
growth and rupture risk assessment. Moreover, this study suggests that the AAA wall
becomes stiffer when the diameter increases, which can potentially be an indicator for AAA
growth. However, inclusion of more patients is required to strengthen this finding.

One of the limitations of 4D-US is the relatively low frame rate. Obviously, one could
miss the exact peak or minimum volume, which will lead to an overestimation of the
shear modulus. In a future study, a comparison between 4D-US and high(er) frame rate
US techniques should be performed. Besides the frame rate of US, also the field-of-view
is limited. A larger field-of-view would increase patient inclusion, although a potential
solution could be the fusion of multiple 3D volume datasets. Another possible drawback
can be the low image contrast due to unfavorable anatomy or considerable attenuation
due to high body weight. Finally, the use of DICOM limits the precision of the displacement
estimates. Especially in AAAs, where relatively small displacements are present. In those
cases, the use of the raw radio-frequency data could improve the displacement estimation.

Blood pressure was only measured during the US examination, which could lead to
discrepancies found between US and CT-data. Ultimately, one would desire the intravascu-
lar blood pressure, however, this would seriously increase the burden on the patient and
render the whole procedure invasive.

In this study, no calcifications and intraluminal thrombus were incorporated in the
wall stress simulations, which could be included in future research (Li et al., 2008). Besides
adding local material properties, a more complex non-linear material model could be
employed. However, introducing a more complex material model could also results in
higher parameter uncertainties when determining material properties patient-specifically.

3.5 Conclusion

4D ultrasound provides the ability to perform wall stress analysis on AAAs ranging from
small to large diameters. Results are similar as previously reported using other imaging
modalities, which elicits the opportunity to perform wall stress analysis over time. Besides
assessing wall stress, also the material properties representative for the specific patient
could be determined. A longitudinal study should be performed to examine a possible
relation with AAA growth or rupture.
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Abstract

Background: Using non-invasive 3D ultrasound (US), peak wall stresses and aortic stiffness
can be evaluated, which may provide additional criteria in abdominal aortic aneurysm
(AAA) risk assessment. In this study, these measures were determined in both young and
age-matched individuals, and AAA patients while its relation to age, maximum diameter,
and growth was assessed statistically.

Methods: Time-resolved 3D-US data were acquired for 30 volunteers and 65 AAA pa-
tients. The aortic geometry was segmented, and tracked over the cardiac cycle using 3D
speckle tracking to characterize the wall motion. Wall stress analysis was performed using
finite element analysis. Model parameters were optimized until the model output matched
the measured 3D displacements.

Results: A significant increase in aortic stiffness was measured between the age-matched
volunteers (median 0.58, IQR: 0.48 — 0.71 kPa-m) and the small AAA patients (median 1.84,
IQR: 1.38 - 2.46 kPa-m, p <.001). In addition, an increase in aortic stiffness was evaluated
between the small (30 - 39 mm) and large (= 50 mm) AAAs (median: 2.72, IQR: 1.99 - 3.14
kPa-m, p =0.01). The 99th percentile wall stress showed a positive correlation with diameter
(p =0.73, p <.001, and significant differences between age-matched volunteers and AAA
patients.

Conclusions: The AAA pathology causes an early and significant increase in aortic stiffness
of the abdominal aorta, even after correcting for the expected effect of ageing and differ-
ences in arterial pressure. Moreover, some AAAs revealed relatively high peak wall stress,
although the maximum diameter was below the threshold for surgical repair. Using the
current method, these measures become available during follow-up, which could improve
AAA rupture risk assessment.
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4.1 Introduction

An abdominal aortic aneurysssm (AAA) is a progressive widening of the aorta which even-
tually may rupture when no medical treatment is performed. The majority of all AAAs
are asymptomatic until rupture, which leads to a life threatening hemorrhage. There-
fore, surgical repair is performed when the risk of rupture outweighs the risk of surgery.
Current clinical guidelines suggest to perform operative repair of the aneurysm: 1) when
the maximum diameter is larger than 55 mm for men and 52 mm for women, 2) if rapid
growth is observed (maximum diameter > 10 mm/year), or 3) when the aneurysm becomes
symptomatic (Moll et al., 2011). Although these guidelines are based on large randomized
controlled trials, a population-based average is used to quantify the individual patient-
specific rupture risk (The UK Small Aneurysm Trial Participants, 1998; Lederle et al., 2002b).
As a consequence of current AAA management, small aneurysms prone for rupture are left
untreated despite the fact that 2 — 10% of all AAAs rupture before the threshold for surgical
intervention is reached (Nicholls et al., 1998; Lederle et al., 2002b). Thereby, other AAAs
which are currently treated might be exposed to unnecessary surgical risks since the aneu-
rysm could remain stable (Conway et al., 2001; Lederle et al., 2002a). These data suggest
that maximum diameter evaluation alone is not sufficient to predict the patient-specific
rupture risk of an AAA and a more personalized approach is needed.

From a biomechanics perspective, AAA wall mechanics plays an import role in the
distinction between stable and more susceptible aneurysms. Wall stress analysis has been
proposed in literature, which provides the peak stress in de aortic wall based on the AAA
geometry, blood pressure, and mechanical properties of the AAA wall. The merit of these
models has been shown first in the studies by Fillinger et al. (2002) and (Venkatasubrama-
niam et al., 2004) It showed that symptomatic, and ruptured AAAs had a higher peak wall
stress (PWS) compared to the asymptomatic, non-ruptured AAAs. Later, in a meta-analysis
of Khosla et al. (2014) including nine consecutive studies, this finding was strengthened
and remained significant when the systolic blood pressure was standardized for all patients
at 120 mmHg. Finally, Gasser et al. (2014) showed in a large retrospective study with 243
patients that the peak wall stress is higher in ruptured than non-ruptured cases which
could help clinical decision making. Despite the promising results, wall stress analysis
has not yet been introduced in clinical workflow due to the lack clinical validation based
on prospective clinical trials. The main reason is the use of CT imaging for geometry as-
sessment in current studies which suffer from its drawbacks, such as radiation exposure
and the use of nephrotoxic contrast agents. Magnetic Resonance Imaging (MRI) has been
proposed as alternative but is not easily implemented due to the long scan time and high
costs (de Putter et al., 2007).

Recently, three-dimensional (3D) ultrasound has been clinically introduced and showed
its feasibility in the assessment of the full 3D AAA geometry. Ultrasound (US) based wall

stress analysis has been proposed and showed similar wall stress results compared to CT
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imaging (Kok et al., 2015). Thereby, 3D US is relatively cheap and it does not suffer from the
drawbacks of using CT or MRI imaging. Of course, 3D US has a limited field of view, but if
the shoulders of the AAA, i.e., the areas with high curvature, are in the acquired image, wall
stress analysis can be performed accurately (van Disseldorp et al., 2016a). Consequently,
3D US s an ideal imaging modality to calculate PWS in a prospective clinical study.

In addition, using 4D (time-resolved 3D) US imaging not only wall stress analysis can be
performed. By capturing the dynamic motion of the aortic wall, the strain and mechanical
properties of the AAA wall can be assessed simultaneously by fitting the displacements in
the finite element model to the measured US-based 3D displacement field (Wittek et al.,
2016; van Disseldorp et al., 2016b). Moreover, the use of (time-resolved) 3D US opens new
opportunities to perform studies on smaller aneurysms and even healthy volunteers, which
is not feasible with CT and MR due to the aforementioned drawbacks or practical issues.

The purpose of this study was to characterize the aortic stiffness and peak wall stress in
young individuals, age-matched individuals, and AAA patients, and compare the results
between normal aortas and aortas with different degrees of aneurysmal disease. Their
relation to age, maximum diameter, and growth was assessed and statistically analyzed.

4.2 Materials and Methods

Study population

Time-resolved 3D US data were acquired for 30 healthy volunteers and 65 abdominal aortic
aneurysm (AAA) patients during breath hold. All participants gave informed consent to this
study, which was approved by the local ethics committee. The healthy volunteers consisted
of a relatively young participants group with an age < 30 years (N = 10, average age of 24.0
+ 2.0 years) and a group of participants which were at least 55 years old (N = 20, average
age of 59.3 + 6.6 years). All 65 AAA patients were divided in three different groups based
on the maximum diameter of the aneurysm, i.e., small AAAs (diameter 30 — 39 mm, N =
25), moderate AAAs (diameter 40 — 49 mm, N = 20), and large AAAs with a diameter larger
or equal to 50 mm (N = 20). Current groups were determined based on the recommended
surveillance interval during outpatient follow-up. An example of the acquired US data for
each group is shown in Figure 4.1, whereas demographic data are listed in Table 4.1.

Data acquisition

All time-resolved 3D ultrasound acquisitions were obtained using a Philips iU22 (N = 86)
or Philips EPIQ 7 (N = 9) system with the same transducer, a Philips X6-1 matrix curved
array probe (Philips Medical Systems, Bothell, WA, USA) with a center frequency of 3.5
MHz. The ultrasound data were recorded in supine position during multiple heartbeats
with an acquisition rate of 4 - 8 volumes per second, to ensure that the peak systole and
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Table 4.1: Patient demographics for each of the five different groups

Volunteers Abdominal Aortic Aneurysm Patients
Variables Young Age-matched Small Moderate Large
Gender (M/F) 4:6 11:9 24:1 19:1 18:2
Age (years)? 24 (21-28) 58(51-77) 72 (62-84) 76(65-87) 76(59-90)
Diastolic blood 69 83 87 81 83
pressure (mmHg)P (65-74) (80-89) (81-93) (74 - 88) (74 -91)
Systolic blood 112 138 144 146 137
pressure (mmHg)b (107- 133) (131 -154) (135-163) (134 -152) (123 -148)

Max. diameter (mm)® 16 (14-19) 21 (13-29) 35(31-39) 45(40-49) 51(50-63)
Growth (mm/year)? N/A N/A 000-1) 3(1-4) 4(3-6)

4 Values are reported as median and range; b as median and interquartile range; N/A = not applicable

end diastole was captured in the data. Brachial pressure was measured directly after the
ultrasound acquisition using an automatic arm cuff.

The acquired US data were converted offline into a Cartesian coordinate system with a
ranging field of view of (6 to 20) cm by (10 to 24) cm by (6 to 16) cm in width, length, and
depth, respectively. The corresponding spatial resolution of the US data ranged between
(0.5t01.3) mmx (0.4 to 1.3) mmx (0.3 to 0.7) mm.

Data processing and biomechanical analysis

All 95 volumes were segmented in the end-diastolic phase and the aortic geometry was
regularized as previously was described by Kok et al. (2015), and van Disseldorp et al.
(2016b). The aortic wall was tracked over the cardiac cycle using a 3D coarse to fine
block matching algorithm which was adapted for 3D displacement estimation of Cartesian
DICOM data (Lopata et al., 2011). In the first step of the displacement algorithm the global
motion of the aorta was tracked using a kernel size of (4.5 x 4.5 x 2.3) mm® and a search
window of (14 x 14 x 12) mm?. Afterwards, the same kernel size was used to calculate the
final displacements in a smaller updated search window of (10 x 10 x 7) mm? with the
previous estimate as input.

The diastolic aortic geometries were elongated and converted into a hexahedral mesh
with a constant wall thickness of 2 mm (Speelman et al., 2008). The geometries were
together with the estimated 3D wall displacements and the measured brachial blood pres-
sure input for an iterative finite element approach using Abaqus 6.14 (Dessault Systemes,
Paris, France). An initial value for the wall stiffness (shear modulus multiplied by the wall
thickness) of 0.2 kPa-m for the healthy volunteers and 1.8 kPa-m for all AAA patients was
applied (Speelman et al., 2008; van Disseldorp et al., 2016b). Optimization of the model
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Figure 4.1: From left to right: examples of a longitudinal and cross-sectional view of the 3D ultra-
sound data for a young, and age-matched individual, and a small, moderate, and large abdominal
aortic aneurysm (AAA) patient. At the bottom row the segmented geometry is shown (blue) with the
elongation needed for correct wall stress analysis (brown,).

was performed by changing the wall stiffness while comparing the displacements in the
finite element model to the US displacements. A schematic overview of the proposed
characterization method is shown for a healthy volunteer and an AAA patient in Figure 4.2.

Convergence was achieved when the estimated wall stiffness differed less than 1% with
the previous estimate. Finally, in order to obtain the peak wall stresses at an equivalent
pressure for each subject, the internal pressure in the aorta was increased to 140 mmHg
and the peak stress distribution in the aortic wall was obtained. In this study, the 99™

percentile wall stress was calculated and used as peak stress criterion for the aortic wall
(Speelman et al., 2008).

Statistical analysis

Data analyses were performed using MATLAB R2017a (Mathworks Inc., Natick, MA, USA).
In order to correct for the difference in arterial pressure between each individual, the
aortic stiffness was linearly scaled to a mean arterial pressure (MAP) of 100 mmHg, and
expressed as mean value with standard deviation. Normality was tested by the one-sample
Kolmogorov-Smirnov test. Regression analysis was performed to examine a possible depen-
dency of aortic stiffness due to aging in the young and age-matched volunteer population.
Differences between the three different groups and the volunteers were compared with the
Wilcoxon rank sum test. The correlations between aortic stiffness, diameters, peak wall
stress and age were evaluated using Spearman Rank correlation method. For all statistical
tests a p-value below 0.05 was considered to be significant.
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4.3 Results

For each volunteer and AAA patient the aortic stiffness and 99" percentile wall stress were
calculated. For the examples shown in Figure 4.2, the wall displacements and stresses
are visualized. Mechanical analysis resulted in a corresponding aortic stiffness of (181
+ 2) kPa-m for this specific volunteers and (840 + 15) kPa-m for the AAA patient. A ggth

percentile peak wall stress of 168 kPa and 244 kPa, were observed, respectively.

Aortic stiffness vs. aging

In Figure 4.3, the aortic stiffness is visualized as function of age for all young and age-
matched volunteers, and AAA patients. Stiffness measurements were significantly higher
for the age-matched volunteers compared to the young volunteers (p < .001) and between

A, Speckle Tracking Measured U,

Time-resolved 3D US \ J Ll N v Wall stress

1.25 mm 350 kPa

Time-resolved 3D US

>

N g Finite Element Analysis Simulated U,

o

Figure 4.2: A schematic overview of the mechanical characterization with results for one volunteer
(A) and one abdominal aortic aneurysm (AAA) patient (B). The segmented geometry was used to
track the displacements using 3D speckle tracking and as input for a finite element model (please
note that the displacement-arrows are illustrative, and not scaled). The measured axial displacements
were fitted to the simulated displacements resulting in the subject specific aortic stiffness. Finally,
the wall stress distribution at peak pressure is visualized for both cases.
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the age-matched volunteers versus AAA patients (p < .001). Correlation and regression
analysis were performed to analyze the effect of arterial stiffening due to ageing. It showed
a significant relation within the volunteer population (R? = 0.33, p <.001), but within the
AAA patients no correlation between age and stiffness was observed (p = .60).

Aortic stiffness vs. aortic diameter

The aortic stiffness as function of the diameter is shown in a scatterplot in Figure 4.4A. A
positive correlation between stiffness and diameter is observed in the volunteer population
(p = 0.55, p =.002) and within the AAA patients (p = 0.33, p =.007). The median aortic
stiffness with interquartile range (IQR) is 0.23 (0.22 — 0.29) kPa-m for the young volunteers,
0.58 (0.48 — 0.71) kPa-m for the age-matched volunteers, 1.84 (1.38 — 2.46) kPa-m for the
small AAAs (diameter 31 -39 mm), 2.04 (1.73 — 3.65) kPa-m for the moderate AAAs (diameter
40 - 49 mm), and 2.72 (1.99 — 3.14) kPa-m for the large AAAs. The grouped aortic stiffness
values are visualized in a box-and-whiskers plots in Figure 4.4B. A significant difference
was observed between the age-matched volunteers and all AAAs (all p <.001), and between
the small and large AAAs (p =.01).

In Figure 4.5, the box-and-whiskers plots show the relative aortic stiffness for each of
the five different groups when the arterial stiffness is corrected for the effect of ageing, i.e.,
the observed regression found in the volunteer group. This figure shows that the major

increase in aortic stiffness between the volunteers and AAA patients is due to the aneurysm
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Figure 4.3: Measured aortic stiffness with estimated standard error to the mean as a function of age
for young, age-matched volunteers, and abdominal aortic aneurysm (AAA) patients. The white and
gray squares represent the young and age-matched volunteers, while the black circles show the AAA
patients. The black line represents the regression line of the increase in aortic stiffness as function of
age in healthy volunteers (R% = 0.33, p < .001).
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Figure 4.4: (A) Scatterplot of the aortic stiffness with standard deviation as function of the maximum
aortic diameter for the volunteers (gray squares) and abdominal aortic aneurysm (AAA) patients (black
circles) (B) Box-and-whiskers plots of aortic stiffness of the young and age-matched volunteers, and
small, moderate, and large AAAs. A significant increase in stiffness is shown between the age-matched
volunteers and small AAAs (p <.001), but also between the small and large AAAs (p =.01).

disease and is not effected by a possible relation with age.

Aortic stiffness was also correlated with AAA growth in the preceding year. Although,
as expected, the maximum diameter correlated with preceding growth (p = 0.70, p <.001),
no correlation was determined between aortic stiffness and growth (p = 0.10, p = .44) and
between growth and ggth percentile wall stress (p =0.13, p =.32).

99 percentile wall stress

Figure 4.6 shows the 99" percentile wall stress (with the 89.5™ —99.5™ range as a dispersion
measure) as function of the aortic diameter for all participants. Although some spread
in the data is observed, a positive correlation between diameter and 99" percentile wall
stress is visible (p = 0.73, p <.001). The age-matched volunteers have a significant lower
99t percentile wall stress compared to the AAA patients (all p <.001), but no significant
differences were observed when compared to the young volunteers (p = 0.22). More
interesting, some patients with a relatively large aortic diameter (> 5.0 cm) are observed
with a 99 percentile wall stress similar to healthy volunteers, while other large AAAs with
an equivalent diameter have an increased, almost twice as high, 99™
(=400 kPa).

percentile wall stress




60 | Chapter 4. Quantification of aortic stiffness: a comparison study

4 . .
35 - H
g 3 l :
s |
= 2.5+ -
= '
5‘5 1.5
n
g ! . |
<) | |
< 0.5 . ! ' e
_ o -
0 = ==
_0.5 1 — 1
Young Age- Small Middle Large
Volunteers  Matched AAAs AAAs AAAs

Volunteers

Figure 4.5: Box-and-whiskers plots of the aortic stiffness after the stiffness is corrected for the
influence of ageing by subtracting the expected stiffness based on regression analysis. This relative
aortic stiffness is shown for the young and age-matched volunteers, and the small, moderate, and
large abdominal aortic aneurysm (AAA) patients.

4.4 Discussion

In this study it has been demonstrated that time-resolved 3D ultrasound can be used to
assess the aortic stiffness and peak wall stresses in vivo, which provides powerful oppor-
tunities in detecting and monitoring aneurysm disease in an early or even prior stage.
The mechanical parameters were compared between young volunteers and age-matched
healthy volunteers, and with AAA patients which cover the entire diameter range in follow-
up. The two main findings of this study are:

1. The AAA pathology causes a significant increase in stiffness of the abdominal aorta
in an early stage: local aortic stiffness was compared between healthy age-matched
volunteers and AAA patients and showed significant differences, even after correcting
for differences in mean arterial pressure and the expected effect of ageing.

2. Peak wall stresses assessed for volunteers and AAA patients showed a significant
correlation with diameter. Moreover, AAA patients with peak stresses similar to
volunteers were observed while others patients with equivalent diameters may have
an increased peak wall stress, and potentially elevated rupture risk.

From a clinical perspective it would be a great value to identify those AAAs who have a
high possibility of growth. This additional information could be used to personalize the
follow-up management and to identify patients at risk. In a study by Raaz et al. (2015)
the temporal relationship between arterial stiffening and AAA growth was assessed in a
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murine model. This study showed that arterial stiffening precedes by aneurysmal dilatation,
suggesting that aortic dilatation is an active process. In our current study, aortic stiffness
was measured in a clinical setting during regular follow-up. It showed its feasibility and
ability to detect differences in aortic stiffness between healthy volunteers and AAA patients,
and within small and large AAAs. Interestingly, the aortic stiffness did not correlate with
the AAA growth in the year prior to the stiffness measurements. A possible explanation is
that AAA growth is the result of an increased aortic stiffness, and not vice versa (Raaz et al.,
2015). To verify this hypothesis, a follow-up study could be employed using the current
method to examine if this relationship is also found in AAA patients.

Few studies compared the local aortic stiffness between AAA patients and healthy
volunteers, and to our knowledge this study is the first that compares both stiffness and
99" percentile peak wall stresses between volunteers and AAA patients. Current results are
in good agreement with the results obtained by Li et al. (2013) using pulse wave velocity
imaging (PWVI). In this study the arterial wall motion due to the blood pressure pulse wave
was used to assess the regional arterial stiffness. An average pulse wave velocity of 6.03
and 10.54 m/s was measured for normal and AAA subjects, which corresponds with an
aortic stiffness of 0.26 and 1.57 kPa-m, respectively (versus 0.23 and 1.98 kPa-m in current
study). Derwich et al. (2016) characterized the aortic strain using 4D ultrasound between
volunteers and AAA patients. Besides spatial heterogeneity in strain, also differences
in mean circumferential strain were observed. These results correspond with current
findings, assuming similar physiological blood pressures in both groups, an increased

aortic stiffness in AAA patients will result in a decreased mean circumferential strain as
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Figure 4.6: The ggth percentile peak wall stress as a function of the maximum aortic diameter for the
volunteers (squares) and the abdominal aortic aneurysm patients (circles). Error bars represent the
89.5t — 99 5t stress range for each individual. The black line is a regression line with its standard
deviation (R% = 0.57, p < 0.001).
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suggested. However, strain was not part of the scope of this study. Thereby, measuring
local aortic stiffness is not only limited to ultrasound imaging. Using external mechanical
waves induced by a pneumatic driver magnetic resonance elastography (MRE) can be used
to characterize various soft tissues. Recently, abdominal aortic MRE was performed on
AAA patients and normal individuals (Kolipaka et al., 2016), and showed similar relative
differences as reported in this study.

Patients with high aortic stiffness showed a larger standard deviation (SD) compared
to the more compliant aortas. An explanation for this observation could be the use of
DICOM data, which limits the precision of the displacement estimation. In relatively stiff
AAAs the aortic displacements are small which introduces a larger uncertainty in the model
calibration. In the future, the availability and use of raw frequency US data will improve
the displacements estimation and thus the expected error on the parameter estimates.

The use of US-based wall stress analysis has the advantage that it is not limited to only
large AAAs, as is the case with CT, but also allows the analysis of the peak wall stresses for
healthy volunteers and small AAAs. Figure 4.6 showed overall higher 99" percentile wall
stresses for AAA patients compared to the volunteers, and a significant correlation with
diameter. However, an enlarged aortic diameter does not necessarily result in an increased
peak wall stress (PWS). These findings are in line with previous CT-based studies which
showed that PWS can distinguish between stable and possibly threatening AAAs. Next step
in current research is to follow these patients over time to examine whether the small AAAs
with high PWS are more prone to accelerated growth and rupture compared to the low
PWS patients with similar diameters, how PWS evolves over time, and when large changes
in aortic stiffness occur. The use of 3D ultrasound enables these future follow-up studies,
however, this was beyond the scope of the current study:.

One of the limitations in this current study is the use of a constant wall thickness. Since
wall thickness is directly related to aortic stiffness and local variations in wall thickness, it
will influence the wall stress distribution and its absolute values. However, using current
ultrasound techniques it is not possible to extract the patient-specific and regional wall
thickness at the specific depth of 8 - 10 cm where the majority of the aneurysm are located.
Intra-vascular ultrasound could solve this issue, although it would make this technique
more invasive.

In addition, good image quality is essential to obtain reliable measures for the aortic
wall stiffness and PWS. For some patients with a limited echogenicity, 3D ultrasound
imaging will still be challenging due to the depth of the AAA, the presence of bowel gas,
or calcifications in the aortic wall leading to acoustic shadowing. Image quality might
be improved using novel compounding techniques, i.e., the use of multiple ultrasound
acquisitions from different angles and positions.

Ultimately, a regional stiffness map of the AAA would improve the understanding of
mechanical alterations due to the AAA pathology. Calcified and more compliant regions
could be detected, which subsequently also will improve the calibration of the finite ele-
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ment model to predict wall stresses more accurately. However, this was beyond the scope
of the present study. Finally, verification of the aortic stiffness would strengthen current
findings. In vitro bi-axial tensile testing of corresponding AAA tissue would be an appropri-
ate method to characterize the stiffness ex vivo. However, tissue samples are not available
in volunteers and are limited available in patients. The majority of the AAA patients are
currently treated using endovascular aortic repair, therefore only patients undergoing open
surgery would yield samples for ex vivo validation.

4.5 Conclusion

Using an easy applicable and non-invasive 3D ultrasound method, aortic stiffness and
peak wall stresses were calculated in healthy and aneurysmal aortas for a large range of
age and AAA diameters. Results showed an early and significant increase in stiffness as a
result of the AAA pathophysiology, and cases with relatively high peak wall stress despite a
maximum diameter below the current threshold. These measures can provide additional
criteria in AAA risk assessment in the future, especially since it is now available during
follow-up using an economical and harmless imaging modality, and reference values can
be established.
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Abstract

Background: Current clinical guidelines for surgical repair of abdominal aortic aneurysms
(AAAs) are primarily based on maximum diameter assessment. From a biomechanical
point of view, not only the diameter but also peak wall stresses will play an important role
in rupture risk assessment. These methods require the patient-specific geometry which
typically utilize computed tomography (CT) or magnetic resonance imaging. Recently, wall
stress analysis based on 3D ultrasound (US) has been proposed, which showed promising
results. However, the major limitations in these studies were the use of manual segmenta-
tion and the limiting field-of-view of US. Therefore in this study, the AAA is imaged with
multi-perspective 3D ultrasound, merged to obtain a large field-of-view, and afterwards au-

tomatically segmented. Geometry and wall stress results were validated using CT imaging.

Methods: 3D US and CT data were acquired for 40 AAA patients (max. diameter: 34 —
61 mm). The full US-based AAA geometry was determined using automatic segmentation,
and, in case the aneurysm exceeded a single 3D volume, automatic fusion of multiple
3D US volumes was used. Wall stress analysis was performed for all AAA patients and
percentile wall stresses were derived. Accuracy of the US-based geometry and wall stress
prediction was measured by comparison with CT data.

Results: Estimated geometries showed good similarity, i.e., an overall median Similar-
ity Index (SI) with interquartile range = 0.89 (0.87 — 0.92), whereas the median Hausdorff
distances (HD), a measure for the maximum local mismatch, was 4.6 (4.0 - 5.9) mm for all
AAA geometries. Thereby, the wall stress results based on merged multi-perspective 3D US
data revealed a higher similarity with CT compared to single 3D US data.

Conclusions: This study showed that large volume geometry assessment of AAAs using
multi-perspective 3D ultrasound, segmentation, and fusion is feasible in a robust and labor
efficient manner.
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5.1 Introduction

Abdominal aortic aneurysms (AAAs) are local enlargements of the abdominal aorta. The
majority of AAAs are asymptomatic until rupture, which causes a large abdominal hem-
orrhage and results in an overall mortality of approximately 80% (Reimerink et al., 2013).
Therefore, surgical guidelines suggest operative repair when the risk of rupture outweighs
the risk of the surgical intervention. Currently, surgical intervention is suggested when the
AAA diameter exceeds 55 mm (> 52 mm for women) or in case of rapid growth (i.e. > 1
cm/year) (Moll et al.,, 2011). However, small aneurysms with a maximum diameter below
the threshold do rupture, while others remain stable, sometimes up to 9 or 10 cm (Darling
etal., 1977; Nicholls et al., 1998; Conway et al., 2001). Hence, a more personalized rupture
risk assessment is required to prevent premature rupture and overtreatment, respectively.

As an alternative, aortic wall stress analysis has been proposed, which utilize the patient-
specific geometry and the blood pressure measured to calculate peak wall stresses. Results
showed that high peak (or 99 percentile) wall stresses were associated with AAA rupture
(Fillinger et al., 2002; Vande Geest et al., 2006a; Speelman et al., 2008). Moreover, in the
study of Venkatasubramaniam et al. (2004), it was shown that the peak wall stress (PWS)
was significantly higher in ruptured AAAs compared to non-ruptured AAAs. Hence, peak
wall stress assessment might improve the rupture risk estimation on a more individual
basis.

These biomechanical models require the patient-specific geometry, which is generally
obtained from computed tomography (CT), or magnetic resonance imaging (MRI) (Merkx
etal., 2009; Gasser et al., 2014). However, both image modalities have disadvantages when
applied frequently, or on a large scale. CT uses ionizing radiation and has the disadvantage
of requiring nephrotoxic contrast agents. Thereby, geometry assessment using MRI involves
along scanning time, high costs, and the exclusion of patients with metal implants. Despite
the promising results of wall stress analysis, the aforementioned drawbacks of CT and MRI
hinder large prospective, longitudinal clinical trials needed for clinical validation and the
introduction in the current clinical workflow (Farotto et al., 2018).

Alternatively, 3D ultrasound (US) has been introduced recently and could be used
to assess the patient-specific geometry for AAA wall stress analysis. It overcomes the
disadvantages of CT and MRI, has sufficient temporal resolution, is easy in use, and is
relatively cheap. The main drawbacks are the limited field-of-view and the low image
contrast. Despite these challenges, geometry assessment and wall stress analysis using
3D US in selected AAAs have shown to be feasible (Kok et al., 2015; Wittek et al., 2016; van
Disseldorp et al., 2018), and revealed similar results when compared to CT-based methods
(Kok et al., 2015; van Disseldorp et al., 2016b). Therefore, 3D US could be an ideal image
modality to perform patient-specific wall stress analysis in longitudinal studies that could
aid in a better understanding or prediction of aneurysm rupture risk or growth.

However, a the major limitation is the fact that large AAAs cannot be captured in one
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single 3D US volume, due to the limited field-of-view. This is the case in 40 — 45% of all
patients, and in the majority of AAAs with a diameter of 5.0 cm or more (see Figure 5.1).
Thereby, for wall stress analysis, the complete geometry including both shoulders needs
to be available (van Disseldorp et al., 2016a). Unfortunately, the field-of-view cannot be
increased effectively due to physical constraints. A workaround would be the acquisition
of multiple 3D US volumes to obtain a large US field-of-view. This requires either a probe
tracking system or image registration. The latter is easy to implement in clinical workflow

and requires no hardware modifications.

A second limitation in the aforementioned US wall stress studies was the lack of auto-
matic segmentation of the AAA geometry, making the segmentation process labor intensive
and subjective for operator dependency. Studies on automated 3D US segmentation are
sparse. In the study by Rouet et al. (2010) a semi-automatic segmentation method was

proposed to assess maximum AAA diameter and volume. This method was used to study

Single 3D US Multiple-Perspective 3D US

Figure 5.1: Left: Example of a relatively small abdominal aortic aneurysm (AAA), and a larger AAA
(right). Computed Tomography data are shown (top row) with the field-of-view of the 3D ultrasound
(US) scan in the x-z plane (dashed white lines), as well as the corresponding 3D US volume data
(middle row). Finally, automatic segmentation of the US data for the single volume and the merged
3D volumes are shown (bottom row).
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the reproducibility of assessing the maximum AAA diameter and volume (Long et al., 2013;
Rouet et al., 2017), and it was verified in 54 patients that the AAA volume assessed with 3D
US was comparable with 3D CT (Bredahl et al., 2015). In these studies, patient-specific wall
stress analysis was not part of the study protocol, and therefore no comparison between
the 3D US and CT wall stresses was made. In this study, a solution for these limitations is
proposed which opens the door for longitudinal wall stress studies using 3D US. Therefore
this study aims to:

1. Assess the complete geometry of both small and large longitudinal length AAAs using
multi-perspective 3D US imaging and automatic segmentation (Figure 5.1). For AAAs
with a larger axial length, multiple hand-held 3D US acquisitions were obtained and
automatically merged into a large field-of-view before 3D segmentation.

2. Perform wall stress analysis based on the full automatically segmented 3D US-based
geometry.

The performance of the US method was assessed by comparing the outcome in geometry
and wall stress distribution to the gold standard: Computed Tomography.

5.2 Materials and Methods

Study population

A total of 40 AAA patients were included in this study with a ranging maximum aortic
diameter between 34 and 61 mm, covering the complete diameter range of patients in
follow-up. All patients were selected based on the availability of Computed Tomography
Angiography (CTA) data (contrast agent: 72 ml Iomeron 300 and 8 ml NaCl 0.9%), which
were acquired for other diagnostic purposes, and not necessarily for the current study
protocol. For each patient, an additional 3D US acquisition was performed. Patient-specific
demographics are listed in 5.1. This study was approved by the local ethical committee of
the Catharina Hospital Eindhoven, and all patients gave their informed consent.

Computed tomography acquisition and segmentation

Pre-operative Computed Tomography Angiography (CTA) scans were performed with a 256
iCT scanner (Philips Healthcare, Best, the Netherlands) with a slice thickness of 3 mm and
an in-plane resolution that ranged between 0.55 — 0.85 mm by 0.55 — 0.85 mm.

The CTA data were segmented semi-automatically using the previously reported soft-
ware package Hemodyn (Philips Medical Systems, Best, the Netherlands) (Olabarriaga et al.,
2004a,b). The segmentation required one proximal point at the neck of the AAA and two
distal points in both iliac arteries. The centerline was automatically tracked throughout the

AAA, after which an 3D active object was automatically adapted, based on the present image
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gradients in the CTA data, until the AAA lumen-wall was detected. In case thrombus was
present, the layer between the thrombus and the AAA inner layer was segmented(Breeuwer
et al., 2008).

3D ultrasound acquisition

A commercial IU22 system (Philips Ultrasound, Bothell, WA, USA) equipped with a 3D
matrix probe (type: X6-1, center frequency: 3.5 MHz) was used to acquire transabdominal
3D ultrasound acquisitions during breath hold.

For 20 AAA patients the field-of-view of one single 3D US acquisition was not sufficient
to capture the complete AAA geometry (proximal neck to iliac arteries), due to the limited
field-of-view of US imaging (Figure 5.1, right). Therefore, a proximal and a distal sub-
volume were acquired. These data were used to develop and validate our multi-perspective
fusion technique. The spatial resolution was 0.42 — 0.85 mm in the x-direction (width), 0.26
- 0.48 mm across the y-direction (length), and 0.17 — 0.33 mm in the z-direction (depth).

Pre-processing

Before segmentation, the 3D US data were imported in MATLAB R2017a (Mathworks Inc.,
Natick, MA, USA) and converted into isometric data. In order to maintain the highest
possible detail, the highest resolution of the three dimensions was maintained, whereas
lower resolution pixels were up-sampled to match in resolution. Next, image filtering was
performed to reduce image noise, caused by the presence of bowel gas, reverberations,
and acoustic shadowing. Finally, using limited user-interaction, the start and end cross-
sectional slice were selected in the cross-sectional slice where the AAA was still visible.

Table 5.1: Patient demographics

Patients with: Patients with:
Variables: Single 3D US Multiple 3D US
acquisition acquisition
Gender (M / F) 17/3 16/ 4
Age (years)? 72 (59 - 90) 71 (59 - 88)
Max. diameter (mm)? 50 (34 - 54) 52 (35-61)
Hypertensive blood pressure (%) 55 60
Growth (mm/year)? 6(0-8) 4(0-8)

4 Values are reported as median and range; b Hypertensive blood pressure is characterized as a systolic
blood pressure of at least 140 mmHg or 90 mmHg in the diastolic phase.
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Filter analysis

In order to enhance the relevant structure in the image data, i.e., the aortic wall, an elaborate
filter analysis was performed using five different filtering techniques, commonly used in
US image analysis. A Gaussian, median, adaptive median, Euclidian shortening flow, and
Perona and Malik filter were applied to the 3D data (Perona and Malik, 1990; Alvarez
etal.,, 1993). Ten transversal image slices from six different AAA geometries were analyzed
quantitatively. The contrast to noise ratio (CNR) was measured between the blood and the

vessel wall segments, which is given by:
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with p being the mean and o the standard deviation of the pixel intensity in the vessel wall
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or blood segment, respectively. Please note that the wall and lumen were segmented man-
ually for this filter analysis. An increase in CNR represented a better distinction between
the lumen and vessel wall. The change in CNR after filtering was calculated as well as the
overlap in grey values between the wall and lumen, which is an alternative measure for
wall-lumen contrast (Nillesen et al., 2007).

Segmentation and regularization

The segmentation algorithm is based on the well-established active deformable contour
models or snakes as introduced by Kass et al. (1988). These active contours are energy
minimizing functions that attract towards image features (in this case the aortic wall) and
on the other hand are constrained by internal forces that resist deformation of the contour.

As afirst step during the segmentation process, 2D deformable contours were applied
slice-by-slice starting with the most proximal and distal contour. In both cases, the al-
gorithm propagated towards the center, resulting in a full 3D segmentation of the AAA
geometry. Each previously obtained contour was shrunk 2.5 mm inwards and used as an
initial guess for the next 2D image plane. The contrast between the vessel wall and the
lumen is limited at the proximal and distal side, due to the angle of incidence between
the ultrasound waves and the vessel wall. Therefore, to correct for this limited contrast, a
reduced internal force was used at the most proximal and distal 25% of 3D US volume. An
example of the final slice-by-slice segmented AAA geometry is visualized in Figure 5.2.

Next, a regularization method was applied to correct for local irregularities. The AAA
contours were converted into a 3D binary mask and similar to the 2D deformable contours,
a 3D deformable object was inflated which was attracted to the image gradients, present
in the binary image. Meanwhile, its 3D geometry was restricted by the tension and 3D
curvature in the object.
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Figure 5.2: A Computed Tomography based representation of the segmented 3D ultrasound (US)
data. The top left is the most proximal, and at the right bottom the most distal cross-sectional of the
segmented 3D US data. The red lines represent the automatic segmented contour, per slice.

Fusion of multi-prespective 3D ultrasound data

For the sub-group of patients with large AAAs extending beyond a single 3D US volume (n
=17, Figure 5.1, right), a rigid registration method was developed to combine the proximal
and distal sub-volumes, and obtain the complete 3D volume. First, both proximal and distal
sub-volume were segmented as described in the previous section. Next, the centerlines of
both contours were aligned such that the first half of the distal centerline overlaps with the
proximal centerline, which is visualized in Figure 5.3.

A simplified Powell method (Powell, 1964) was used to obtain the best overlap be-
tween the proximal and distal contours. The similarity index (SI) was calculated for the
overlapping part of both contours, which is defined as:

_ 2(Pproxﬁ Pist)

SI=
(Pprox + Pist)

(5.2)

with Pprox and Pgjg in this case the number of pixels in the overlapping part of the proximal
and distal segmented lumens, respectively. Next, the SI was maximized by an imposed
search in all six degrees-of-freedom to estimate the optimal translation and rotation. Both
sub-volumes were merged by averaging gray values in overlapping regions to obtain one
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volume that includes the complete AAA geometry. This proposed fusion method was
performed fully automatic using an in-house developed software program and required
approximately 20 minutes of time. Finally, the combined image data were segmented
using the previously described approach to obtain the final, complete, AAA geometry
(Figure 5.3C).

Wall stress analysis

The final US-based AAA geometries were converted into a tetrahedral mesh with a fixed
wall thickness of 2 mm. Both proximal and distal ends were elongated to avoid the effects
of the boundary conditions on the wall stresses in the aneurysm (van Disseldorp et al.,
2016a). The CT-based geometries were imported in the meshing software package 3-
Matic 5.1 (Materialise, Leuven, Belgium) due to the complex meshing procedure around
the bifurcation. Finally, the CT-based meshes were created with similar mesh density
compared to the US-based mesh. For mechanical analysis, all meshes were imported in
Abaqus 6.14 (Dassault Systémes, Paris, France) where the well-established Raghavan and
Vorp material model was prescribed to simulate the mechanical behavior of the AAA wall
(Raghavan and Vorp, 2000).

Both the US and CT-based geometries were acquired during one or multiple heartbeats,
therefore the blood pressure in the AAA was assumed to be a constant mean arterial
pressure (MAP) of 100 mmHg. Since, the aortic wall is not stress free at MAP, the initial
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Figure 5.3: (A) Example of an automatic segmented proximal (fop) and distal (bottom) sub-volume
of the abdominal aortic aneurysm (AAA) geometry. (B) The centerlines of both sub-volumes were
aligned (top) after which registration was performed (bottom). (C)) The final merged 3D ultrasound
data (top), with the complete segmented AAA geometry (bottom).
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wall stresses were calculated using a backward incremental method (de Putter et al., 2007),
while afterwards the blood pressure was increased to a peak-systolic pressure of 140 mmHg
to obtain the final peak wall stresses.

Validation

First, the automatic segmented US geometries were validated using CT contours for all
single and merged 3D US segmentations. In addition, manual segmentation of the 3D US
data was executed in the subgroup of AAA patients where no fusion was needed, since this
data was similar to 3D US data used in previous feasibility studies (Kok et al., 2015; van
Disseldorp et al., 2018).

To compare the CT-based geometries with the US contours, both modalities were reg-
istered using the same method as presented in the registration section. The agreement
between the three different segmentations was quantified by the SI, a measure for agree-
ment in geometry overlap, and the Hausdorff distance (HD), which quantifies the local
deviations between the two segmented geometries (Rote, 1991). Thereby, the contrast-to-
noise ratio (CNR) between the AAA wall and lumen was calculated for each acquisition.

US and CT-based wall stresses were calculated and the median, 75%, 951, and 99t
percentile wall stress were compared for all single and registered 3D US geometries with
the corresponding CT-based wall stresses. Regression analysis and pairwise comparison
were performed to analyze the differences in wall stress between the single and registered
3D US acquisitions. Differences between the US and CT segmentations and wall stresses
were analyzed using the Wilcoxon rank sum test, whereas correlation was tested using the
Spearman’s rank test.

5.3 Results

Filter analysis

Results of the filter analysis showed that the Euclidian Shortening Flow (ESF) filter had the
largest decrease in overlap between the AAA wall versus lumen. Thereby, the contrast-to-
noise ratio (CNR) increased overall with 25.6% when ESF filtering was applied, although the
median filter performed slightly better. Overall, and compared to the other filters used (see
Table 5.2), ESF filtering was most suited for this type of 3D US data. Therefore all 3D US
data were first filtered with an ESF filter before segmentation and registration was applied.

3D ultrasound segmentation and validation

Arepresentative selection of the segmented 3D US geometries (red), with the corresponding
CT-based geometries (orange) are shown in Figure 5.4. In Figure 5.4A-E the AAA geometries
obtained from a single 3D ultrasound acquisition are shown, whereas in Figure 5.4F-I the
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Table 5.2: Results filter analysis. All values are in given in median and interquartile range (IQR).

Type of Filter: A CNR A overlap wall vs. lumen:
Median (IQR): Median (IOR):
Gaussian: 22.2 (8.2-24.6) % -38.1 (-62.8--15.7) %
Median: 29.7 (12.5-41.0) % -43.4 (-64.4--21.2) %
Adaptive Median: 22.1(11.9-36.6) % -44 .4 (-65.1 —-20.6) %
gﬁgi‘lﬁ; £ Flow: 25.6 (9.7 - 42.4) % -50.2 (-64.6 - -25.2) %
Perona and Malik: 1.1 (-3.3-5.7 % -17.2 (-30.6 —-5.9) %

geometries are obtained from registration of multiple 3D US acquisitions. The medial CT
slices in the coronal and sagittal plane are visualized behind the segmented geometries
with the corresponding contours obtained using US and CT-based segmentation. It shows
overall good quantitative similarity between automatic US and CT segmentation. Secondly,
it visualizes that, although the field-of-view of 3D US is limited compared to CT, it is possible
to capture the areas with high curvature (‘shoulders’ of the aneurysm) in most cases using
multi-perspective 3D US data.

All quantitative results of the segmentation analysis are listed in Table 5.3 and visualized
in Figure 5.5. The SIs range between 0.83 and 0.93 for the automatically segmented 3D
US contours and CT-based AAA geometries in the single 3D US acquisitions, whereas the
median HDs vary between 2.5 and 8.6 mm. For the multi-perspective US data, the SIs and
HDs range between 0.82 and 0.92 and between 3.3 and 8.5 mm, respectively. The Wilcoxon
rank sum test revealed lower SIs (p = 0.02) and higher HDs (p = 0.04) for the merged 3D US
segmentations compared to the single 3D US contours.

Thereby, the automatically segmented US-based AAA geometries were compared with
the manual segmented AAA contours and revealed a very good similarity with a median SI
of 0.93 (interquartile range [IQR] = 0.91 — 0.94). This suggest that differences in geometry
are not only caused by the different segmentation techniques used, but are also a result of
the differences in image modality.

To evaluate the influence of the patient’s echogenicity on the final automatic 3D US
segmentation, the contrast-to-noise ratio (CNR) between the AAA wall and lumen gray
values was correlated with the final SI and HD values. Analysis did not show a significant
correlation between the CNR and these geometrical metrics for both the single and merged
3D US acquisitions (p-values ranged between 0.43 and 0.88).
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Figure 5.4: An overview of nine abdominal aortic aneurysm (AAA) geometries obtained from auto-
matic segmented 3D ultrasound (US) data (red) with their corresponding Computed Tomography
(CT) contours (orange). Subfigure A-E represent AAA geometries obtained from a single 3D US
acquisition, whereas subfigure F-I are based on registered 3D US data. The Similarity Index (SI) and
median Hausdorff distance (HD) are given for each geometry. The median coronal and sagittal CT
slice are shown behind the AAA geometries, and the white solid and dashed represent the original
position of the CT slices.
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Figure 5.5: (A) Similarity index (SI) between automatic segmented 3D ultrasound geometry (USauzo)
and Computed Tomography (CT) contours, USauto and manual segmented 3D ultrasound contours
(USman), and the SIs of USman and CT for the abdominal aortic aneurysm (AAA) geometries based
on single 3D ultrasound (US) acquisitions. The most right box-and-whiskers plot shows SI between
automatic segmented 3D US contours based on the registered large field-of-view data and the
corresponding CT geometry. (B) The median Hausdorff distance (HD) between USauto and CT
contours, USauto and USman, and the median HD of USyan and CT for the AAA geometries based on
single 3D US acquisitions. The median HD of the automatic segmented 3D US contours based on the
registered 3D US data and the corresponding CT geometry is visualized most right.

Aortic wall stress

In Figure 6A and B, examples of CT- and US-based AAA wall stress distributions are shown
for both single and registered AAA geometries, respectively. Good similarities in geometry
and wall stress are observed, although in the second example of the multi-perspective
US-based geometry two high stress spots were missing in de US geometry when compared
to the CT-based wall stresses.

The median, 75, 951 and 99" percentile wall stresses are visualized for the single
and registered US-based geometries and compared with the corresponding CT geometry
in Figure 5.7. It shows overall a good agreement between the US and CT-based percentile
wall stresses. However, the spread in the percentile wall stress is higher for the single 3D US
acquisitions compared to the merged multi-perspective acquisitions, especially in the 99
percentile wall stress comparison. Overall, the percentile wall stresses were 23% (18 — 30%)
higher for the single 3D US and 10% (5 — 15%) higher for the merged 3D US geometries
compared to the CT data. Finally, the time between the 3D US and CT data acquisitions did
not influence the results significantly.
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A, Single acquisition B. Multi-perspective acquisitions
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Figure 5.6: Wall stress distribution of abdominal aortic aneurysms (AAAs) based on computed
tomography (CT) (left) and 3D ultrasound (US) (right). In (A) two examples are shown of the AAA wall
stress based on a single 3D ultrasound acquisition. (B) AAA wall stress distribution based on registered
3D ultrasound data. The dashed lines represent the region in the CT data which corresponds with the
US-based wall stress data.

5.4 Discussion

Pre-operative monitoring of abdominal aortic aneurysms using patient-specific wall stress
analysis is a next step towards personalized growth and rupture risk assessment. Therefore,
in this study a multi-perspective 3D US geometry assessment method was proposed to
segment the AAA geometry automatically, thereby tackling issues such as limited field-of-
view. These geometries were used to perform patient-specific wall stress analysis which
revealed high similarity with CT-based wall stresses. Therefore, the current study is a next
step forward to assess peak wall stresses of AAAs in a harmless and cost-efficient manner.

Studies that use fusion of multi-perspective 3D US data are sparse, yet in this case
necessary to obtain the complete field-of-view of the aneurysm from proximal to the distal
shoulder. Therefore, proximal and distal US acquisitions were merged to obtain the desired
field-of-view. Wall stress results revealed that the multi-perspective 3D US geometries
have not only an increased field-of-view, but also an improved agreement in percentile
wall stress compared to single 3D image data (Figure 5.7). This might be initiated by an
increased image quality of the overlapping part of the 3D US data, which is subsequently
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Figure 5.7: Comparison of the 50th, 75t 95th and 9gth, percentile wall stress calculated based on
the computed tomography (CT) and 3D ultrasound (US). In (A) the percentile wall stresses are shown
for the abdominal aortic aneurysm geometry acquired with a single 3D US acquisition, and in (B)
using merged multi-perspective 3D US acquisitions.

coherent to a correct segmentation of the AAA geometry. To improve the accuracy of the
wall stress analysis further, multi-US acquisitions from different angles can be acquired as
well, and merged in order to increase the image quality in regions where the angle between
sound propagation direction and the radial direction of the wall is small. However, for some
patients with a limited echogenicity, US-based AAA segmentation will still be challenging
due to the presence of bowel gas, the depth of the AAA, or calcifications in the aortic wall.

In this study, segmentation was performed without any post-processing or manual
corrections, and was directly compared to CT. Current results showed a good similarity
between all the 3D-US based AAA geometries and the geometries obtained by CT data.
The SIs ranged between 0.82 and 0.93, while in general an SI higher than 0.70 is already
considered as good agreement between two geometries (Bartko, 1991). Thereby, overall a
median HD of 4.6 mm was measured between both AAA geometries, which is considerable
although in the same range as reported in previous studies (Kok et al., 2015; Rouet et al.,
2017). This local mismatch is probably caused by lower image contrast at the shoulders
of the aneurysm and the lumen-thrombus border, resulting in local irregularities. These
irregularities will affect the AAA wall stress distribution and thereby could explain the
remaining differences in US and CT-based percentile wall stress. Smoothening of the US-
based AAA geometry might reduce this local mismatch, while for some patients manual
post-processing will still be necessary. Besides the differences between each segmentation
method, also the influence of the maximum AAA diameter and the time between the US
and CT data acquisition on the segmentation results was examined. However, no significant

effect of these on the SI and HD was measured.
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The merit of this study lies in the large area geometry assessment based on multi-
perspective 3D US data. Besides the reduction in labor intensity and proneness for intra-
observer variability expected when performing manual segmentation and registration, the
current study showed significantly lower HDs as reported in Kok et al. (2015) (p < 0.01).
These differences are explained by the automated multi-perspective approach, rather than
manually merging two or more segmentations leading to malformations in the geometry
and inadequate high wall stress regions. In future research, the registration method could
possibly be further improved by including image- and intensity features present in the
overlapping part of the 3D US data. Furthermore, verification could be performed using a
probe location tracking system.

Manual segmentation showed slightly higher SIs and lower HDs with respect to CT-
data, compared to the automatic segmentation. In addition, patients with a relatively low
SI between automatic 3D US and CT segmentation, did reveal a high SI when manual
segmentation was used. A possible explanation for these differences could be a priori
knowledge of the of AAA shape. A calcified thrombus can result in a bright edge in the
US data which may affect the automatic segmentation approach and subsequently result
in an incorrect segmentation of the aortic wall, whereas with manual segmentation this
thrombus will be recognized and corrected for. Preferably, in cases where thrombus is
present in the AAA geometry, not only the AAA wall but also the thrombus geometry should
be automatically detected and segmented. However, thrombus segmentation in 3D US
data is challenging due to the presence of different thrombus layers and its age-depended
elastic properties (Tong et al., 2011), which all will alter the echogenic properties of the
thrombus.

Finally, this method is not limited to only pre-operative 3D US data of AAAs, but can
also be applied to post-operative data. Post-operative 3D US data showed improvements
in assessing the maximum diameter after EVAR (Bredahl et al., 2013) and the detection
of endoleaks using contrast enhanced ultrasound (CEUS) (Abbas et al., 2014). Although
the method presented could directly be applied to the post-operative 3D US data, this was
beyond the scope of this research.

5.5 Conclusion

In conclusion, an automatic segmentation and fusion method of multiple 3D US acquisi-
tions was developed in this study, which thereby avoid issues of limited field-of-view and
user-dependency due to manual segmentation of 3D US data. Therefore, using the current
method, wall stress studies can adequately be performed using 3D US independent of AAA
length and size, which opens the door for longitudinal wall stress studies on aneurysm de-
velopment and growth. Future steps will focus on improvement of contrast, segmentation

of the thrombus, and longitudinal studies in patients.
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Abstract

Background: Rupture of an abdominal aortic aneurysm (AAA) will result in a life-threatening
hemorrhage in 80% of all cases. Current clinical guidelines for surgical repair have shown
their shortcomings, and indicate that a more patient-specific method is required. In
previous studies, we have demonstrated a fully automated method to characterize the
mechanical properties of AAAs using 4D ultrasound (US) based finite element analysis
in volunteers and AAA patients. In the current study, we report patient-specific material
properties monitored over time, and investigated their possible relation with aneurysm
size and growth in ruptured and non-ruptured AAAs.

Methods: In total 70 AAA patients (4 ruptured and 66 non-ruptured) with a diameter
ranging between 30 - 58 mm were included in this study. 4D-US data were acquired using
a Philips iU22 (X6-1 transducer) during breath-hold while brachial blood pressure was
measured simultaneously. Afterwards, these patients were followed over a median period
of 24 months (range 3 — 38 months), which resulted in 2 to 12 consecutive interval moments
where repeated measurements were performed.

The aortic geometry was automatically segmented, tracked over time, and converted into
mesh with a wall thickness of 2 mm. Using a previously described mechanical characteri-
zation method the arterial stiffness and the 99 percentile peak wall stress were assessed
for all consecutive time moments. Finally, all patients were divided in a small (< 40 mm),
moderate (40 — 50 mm), and large (= 50 mm) AAA diameter group. Differences between
slow and rapid growing AAAs were analyzed within these three groups. The aneurysms
were considered to be rapidly growing when the diameter increased with at least 2 mm in 3

months time.

Results: Aortic stiffness and peak wall stress measurements were obtained for all patients.
Rapid growing AAAs (median 1.3, IQR: 1.1 - 1.7 kPa-m) revealed a lower preceding aortic
stiffness compared to slow growing AAAs (median 1.8, IQR: 1.3 - 2.6 kPa-m, p = 0.05). This
effect was predominantly visible for the moderate (p = 0.01) to large (p = 0.26) diameter
groups. No statistical differences in aortic stiffness (p = 0.15) and peak wall stress (p = 0.56)
were shown between the ruptured and non-ruptured AAAs, yet three out of four ruptured

AAAs had a relatively low stiffness in their last measurement before rupture.

Conclusions: Using 4D US, the patient-specific AAA stiffness and peak wall stress can
be assessed and followed over time. First results revealed that rapid growing AAAs have a
lower arterial stiffness before growth, compared to slow growing or stable AAAs. A decrease
in aortic stiffness might be a marker for upcoming AAA growth, however, future research is
required to strengthen this finding.
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6.1 Introduction

Abdominal aortic aneurysms (AAAs) are currently monitored using ultrasound (US). During
regular surveillance the maximum anterior-posterior diameter is measured and followed
over time. According to current clinical guidelines, surgical intervention is recommended
when the maximum aortic exceeds 55 mm for men and 52 mm for woman, or when
excessive AAA growth is observed (= 10 mm/year) (Moll et al., 2011; Chaikof et al., 2018).
These criteria are based on two multi-center randomized clinical trials which showed that
the risk of rupture did not outweighs the risk of intervention below these thresholds, based
on a population-based average (The UK Small Aneurysm Trial Participants, 1998; Lederle
et al., 2002b).

As a consequence of current population-based guidelines, possibly vulnerable AAAs
with a maximum aortic diameter below these thresholds are left untreated (Darling et al.,
1977; Nicholls et al., 1998; Scott et al., 1998). Meanwhile, not all AAAs above 55 mm are
prone to rupture, which result in unnecessary surgical risks for the patient and is associated
costs which is a burden to the health-care systems (Conway et al., 2001; Epstein et al., 2008).
Hence, an approach is required that can stratify aneurysms on an individual basis.

There is growing evidence that the mechanical behavior of the AAA wall can aid in
identifying aneurysms at risk. In the first study by Wilson et al. (1998), AAA compliance was
measured and revealed an overall decrease in aortic compliance with an increasing aortic
diameter. These data indicated that the AAA wall remodeled and the collagen composition
increased in response to the increased aortic diameter and wall tension (Hua and Mower,
2001). This remodeling process might prevent the AAA wall from rupture. Failure to increase
in aortic stiffness with AAA growth might be an indicator for an increased AAA rupture risk
(Wilson et al., 2001, 2003).

Besides monitoring the elastic properties of the AAA wall, aortic peak wall stress (PWS)
has been extensively studied over the last two decades. The rationale behind wall stress
analysis is that AAA rupture will occur when (locally) the wall stress exceeds the strength
of the aortic wall. First evidence was provided by Fillinger et al. (2002, 2003) that showed
that ruptured and symptomatic AAAs had an increased PWS compared to non-ruptured
AAA. Later, in the study by Truijers et al. (2007), it was shown that PWS can also detect
patients with an elevated rupture risk which are currently under surveillance (i.e., with a
maximum diameter < 5.5 cm). As a consequence, PWS might be superior to maximum
the aortic diameter as rupture risk estimator in follow-up. In addition, Vande Geest et al.
(2006a) derived a rupture potential index based on the PWS and strength of the aortic wall.
The specific region with the highest rupture risk index is considerd as the peak wall rupture
risk index (PWRI), where a PWRI of 1 means that the AAA is at imminent risk of rupture
(Gasser et al., 2010).

In a large retrospective study by Gasser et al. (2014), wall stress analysis was performed,
the peak wall rupture risk index (PWRI) was calculated, and subsequently converted in an
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‘equivalent’ aortic diameter. This equivalent diameter supports clinicians to interpret the
biomechanical state (e.g., peak wall stress and strength) of the AAA, and might be higher or
lower than the actual physical diameter. Recent improvements also included parameter
uncertainties for a probabilistic analysis of the PWRI (Polzer and Gasser, 2015), although
this additional strep introduces a long computational time, which in turn might hinder
clinical introduction.

Ideally, the aforementioned measures should be followed over time, on an individual ba-
sis in a longitudinal study to prove the merit of PWRI or mechanical properties as additional
rupture risk estimators. However, most wall stress studies are limited to the availability of
preoperative computed tomography (CT) datasets, typically one per patient. As a result,
PWS and PWRI were calculated for the individual patient, but were only compared between
different patients. A few studies followed the patient-specific PWS over time, and results
suggested that an increased shoulder peak stress is associated with a rapid growth rate (Li
etal., 2010), and that alow PWS is correlated with a slow AAA expansion rate (Speelman
etal.,, 2010). Recently, Stevens et al. (2017) calculated the PWRI in a longitudinal study with
four AAA patients each with five consecutive CT follow-up acquisitions. This study revealed
fluctuations in PWRI over time and highlighted the effect of intraluminal thrombus in risk
assessment. However, a possible explanation for these fluctuations is still unclear and
would require more research (Stevens et al., 2017).

The main bottleneck in these follow-up studies is the use of CT imaging. CT imaging
suffers from radiation exposure and the use of nephrotoxic contrast agents, which limits
the patient inclusion and the ability to follow these patients for a longer time period. As
an alternative, wall stress analysis based on 3D ultrasound (US) has become available in
recent years (Kok et al., 2015). By using not only the AAA geometry but also the temporal
information obtained from the US data, its mechanical behavior could be assessed (Wittek
et al., 2016; van Disseldorp et al., 2016b). Moreover, biomechanical analysis based on
time-resolved 3D US can be more easily implemented in the clinical workflow, and, due to
its non-invasive nature, it can be utilized to study in a large patient group over time.

In this chapter, a longitudinal study is presented, executed in a large group of AAA
patients who were followed over time using 4D (time-resolved 3D) US imaging. Biome-
chanical properties, i.e., the aortic stiffness and PWS, were assessed using the US data, and
their relation with respect to the maximum AAA diameter and growth was examined and
statistically tested. Furthermore, the mechanical properties of a small group of patients
with a ruptured AAA were compared to the non-ruptured cases.
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6.2 Materials and Methods

Study population and design

In total, 81 AAA patients under outpatient surveillance without prior aortic surgery were
enrolled in this study. US acquisition was repeated for each surveillance interval accord-
ing to the European Society of Vascular Surgery AAA guidelines (Moll et al., 2011). The
follow-up period was not changed for this study, and the study protocol was added to the
standard surveillance program. The study was approved by the local ethics committee of
the Catharina Hospital Eindhoven. The study was started on December 1, 2014 while the
study period for each patient was defined as the time from enrollment with a maximum
of 42 months follow-up. All patients gave written informed consent for additional 4D US
acquisitions with simultaneous blood pressure measurements.

Four AAA patients were included since aortic rupture (max. diameter < 55 mm) was
observed before current guidelines for surgery were achieved. In addition, 77 non-ruptured
AAAs with a long period of follow-up were included to perform mechanical analysis of
the AAA wall. Out of the included non-ruptured AAA patients, 11 patients were excluded
since no follow-up data were available (n = 6), or due to poor US image quality (n =5). In
summary, 66 patients with a non-ruptured AAA and 4 with a ruptured AAA, were included
with a median follow-up period of 24 months (range 3 - 38 months). A dataset with on
average 4 (range 2 - 12) follow-up measurements was analyzed. This resulted in a total
amount of 262 4D US datasets. The maximum aortic diameter at enrollment ranged from
30 - 58 mm, covering the complete range of AAA diameters encountered in outpatient
follow-up. More patient-specific demographics are listed in Table 6.1. Furthermore, a
flowchart of the patient inclusion is visualized in Figure 6.1.

Table 6.1: Patient demographics for the non-ruptured and ruptured AAAs

Variables: Non-ruptured Ruptured
Gender (M / F) 58 /8 2/2

Age at enrollment (years)? 72 (53 - 86) 75 (68 - 81)
Max. diameter at enrollment (mm)® 43 (37 - 48) 44 (41 - 50)
Max. diameter end (mm)b 49 (40 - 54) 48 (42 - 52)
Growth (mm/year)? 21(1-4.7) 1.3(0-4.1)
Number of follow-up intervals (-)2 4(2-12) 3(12-4)
Median time in follow-up (months)? 24 (3-38) 13 (3-18)
Diastolic blood pressure (mmHg)b 83 (78 - 88) 88 (80 -93)
Systolic blood pressure (mmHg)P 140 (134 - 155) 128 (115 - 145)

4 Values are reported as median and range; b as median and interquartile range
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Figure 6.1: A graphical overview of the patient selection in the follow-up study. For each included
AAA patient, at least two US measurements were acquired.

Data acquisition and mechanical analysis

All 4D US datasets were acquired using a Philips iU22 US scanner (Philips Medical Systems,
Bothell, WA, USA) equipped with a 3D matrix curved array probe (X-6-1) with a center-
frequency of 3.5 MHz. While the patient was in supine position, 4D US data of the AAA were
recorded during multiple heartbeats and during breath-hold. Directly after US acquisition,
the brachial pressure was measured using a sphygmomanometer.

All acquired US datasets were stored off-line. Examples of the longitudinal 4D US
datasets for three AAA patients, respectively, with two, four, and five follow-up time in-
tervals, are shown in Figure 6.2. For analysis, the data were imported into Matlab (2017a,
Mathworks Inc., Natrick, MA, USA) and converted into a Cartesian coordinate system.
First step during data analysis was to detect the diastolic and systolic phase of the cardiac
cycle in de 4D US data. The middle longitudinal 2D US plane was extracted out of the 3D
dataset, while the upper and lower AAA wall were tracked over the cardiac cycle using a 2D

coarse to fine displacement estimation algorithm (Lopata et al., 2009). Next, the diastolic
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3D US data were automatically segmented based on active deformable contours as de-
scribed in Chapter 5. The automatic segmentation was followed by mesh generation with
a uniform wall thickness of 2 mm, 3D tracking of the diastolic geometry over the cardiac
cycle (Lopata et al., 2011), and mechanical characterization using a forward iterative finite
element approach (van Disseldorp et al., 2018).

In this iterative calibration process, the arterial stiffness (shear modulus multiplied
by the wall thickness) was adapted until the measured US displacements matched the
predicted US displacements in the finite element model. Convergence was achieved when
the aortic stiffness differed less than 1% with previous estimate.

To make an adequate comparison between the different aortic stiffness measurements
for each follow-up interval, only the 3D displacement field of the middle 2 cm around the
maximum diameter was used in the calibration process. By doing so, it was ensured that
this region was always in the field-of-view during 4D US acquisition at each follow-up
moment.

Finally, the internal pressure in the diastolic AAA geometry was increased to a peak
pressure of 140 mmHg. Examples of the peak wall stress distribution are shown for three
AAA patients, ranging from relatively small to large diameters, in Figure 6.2. In addition,
the 99™ percentile wall stress was calculated and used as measure for peak wall stress
(Speelman et al., 2008).

Statistical analysis

Statistical analyses were performed in Matlab (R2017a, Mathworks Inc., Natrick, MA, USA).
The estimated arterial stiffness was linearly scaled to a mean arterial pressure (MAP) of
100 mmHg (van Disseldorp et al., 2018), to correct for possible changes in pressure over
time. The maximum anterior-posterior diameter measurements were performed by trained
vascular technicians, using a standard 2D US protocol (Moll et al., 2011).

Normality was tested using the one-sample Kolmogorov-Smirnov test, and differences
in mechanical properties between different groups were statistically analyzed with the
Wilcoxon rank-sum test. The correlations between geometrical parameter, i.e., AAA growth
and diameter, and mechanical parameters, i.e., aortic stiffness and peak wall stresses, were
evaluated using the Spearman Rank correlation. For all statistical tests a p-value < 0.05 was
considered to be significant.

Next, the AAA patients with a ruptured AAA were analyzed and the mechanical pro-
perties were compared with the non-ruptured AAAs. In this analysis, the maximum aortic
diameter, AAA growth, aortic stiffness, and peak wall stresses (PWS) were estimated for each
follow-up measurement. Moreover, the last 4D US dataset before rupture was compared
with all prior US acquisitions.

Finally, for all patients included in the analysis, the possible relations between aortic
growth and changes in arterial stiffness and PWS were statically investigated. Since, the time




90 | Chapter 6. Longitudinal study on AAA growth

between two consecutive measurements intervals varied between different AAA patients
(and also within one patient), the AAA growth was normalized to a growth period of 3
months. Afterwards, the AAA patient population was divided in rapid growing AAAs with at
least 2 mm growth in 3 months, and in relatively slow growing or stable AAAs (<2 mm in 3
months). Differences in arterial stiffness and PWS between rapid and slow growing AAAs
were analyzed and compared for the complete patient population, and, as function of the
maximum diameter. For the latter, each group was subsequently divided in a small (30 - 39
mm), moderate (40 - 49 mm), and a relatively large (= 50 mm) AAA diameter group.
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Figure 6.2: Three examples of abdominal aortic aneurysms (AAA) showing the US data acquired
at different intervals. Top: a relatively small AAA is shown with six consecutive US datasets with a
maximum follow-up period of 36 months. Middle: a moderate AAA, a maximum diameter of 48 mm
at baseline, with nine months follow-up, and a large AAA (51 mm at baseline) with 19 months follow-
up (bottom). Below each 3D US volume, the automatic segmented AAA geometry and simulated wall
stress distribution are shown. The brown segment of the mesh is the elongated part.
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6.3 Results

Ruptured vs. Non-ruptured AAAs

In Figure 6.3 the aortic stiffness is shown for all patients, with each point representing
the specific aortic stiffness during follow-up. The ruptured AAAs are highlighted in this
figure to show their aortic stiffness over time and in contrast with the non-ruptured AAAs.
Regression and correlation analysis were performed and revealed a significant relation
between aortic stiffness and maximum AAA diameter (p = 0.29, p < 0.001), although the
spread in aortic stiffness is large (R? = 0.09).

Figure 6.3 also shows that in three out of the four ruptured AAA patients a decrease in
aortic stiffness was measured before the last US acquisition. Moreover, the aortic stiffness
of the ruptured AAAs in the last measurement before rupture (red diamonds) was 0.96
kPa-m, 2.28 kPa-m, 1.55 kPa-m, and 1.07 kPa-m, which is relatively low compared to the
mean aortic stiffness of the non-ruptured AAAs (2.21 kPa-m) in this diameter range (42 - 52
mm). However, this difference was not statistically significant (p = 0.15) and sample size
was limited.

The 99t percentile peak wall stress (PWS) is shown as function of the aortic diameter
for all AAA patients in Figure 6.4. Although a considerable spread in wall stress is observed,

a positive correlation between the maximum diameter and 99"

percentile PWS is observed
(p =0.42, p < 0.001). Intuitively, the last measured PWS before rupture (red diamonds)
should be high compared to the non-ruptured AAAs. However, current data do not support

this hypothesis and shows PWS values which are comparable to the non-ruptured AAAs.

Growth analysis

To analyze the relation between AAA growth and the evolution of the mechanical properties
over time, the aortic stiffness and 99 percentile PWS were plotted for seven typical, non-
ruptured AAA patients as a function of the maximum diameter in Figure 6.5 and Figure 6.6,
respectively. Each connected group of data points represents an AAA patient.

Figures 6.5 and 6.6 show that the arterial stiffness and PWS varied considerable over
time. It shows that the measured arterial stiffness changes in some cases more than 100%
over time, while the PWS varied up to 55%.

Since the upcoming growth is not available for the last US measurement, these 70
measurements were excluded in further analysis. Combining all other datasets (n = 192)
from all included patients, revealed that in 17 cases an AAA growth rate of at least 2 mm in
3 months was observed between two consecutive follow-up intervals. The aortic stiffness
and PWS values were compared between these rapid growing AAAs and the remaining
stable or slow growing aneurysms.

In Figure 6.7 the differences in mechanical properties between the two groups are
visualized in box-and-whisker plots. Results showed a median arterial stiffness with in-
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Figure 6.3: The aortic stiffness of the abdominal aortic aneurysm (AAA) wall as function of the
maximum aortic diameter for all follow-up moments (N = 262). The aortic stiffness for the
non-ruptured AAAs are shown in white diamonds. The stiffness measurements of the four patients
with an early rupture of the AAA are shown in gray, connected with blod black lines and the last
stiffness measurement is indicated with a red diamond. The normal black line represent the
regression line (R? = 0.09, p < 0.001), with its interquartile range indicated by the black dotted line.
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Figure 6.4: The ggth percentile peak wall stress (PWS) of the abdominal aortic aneurysm (AAA) wall
as function of the maximum aortic diameter for all AAA datasets (N = 262). The aortic PWS for the
non-ruptured AAAs are shown (white diamonds) as well as the PWS values of the ruptured AAAs
(gray). The bold black line connects the PWS of the AAA patients with a ruptured AAA for the different
consecutive datasets, and the last PWS value is indicated in red. The black line represent a regression
line (R? = 0.18, p < 0.001), with its interquartile range (black dotted line).



6.3. Results |93

w S

Aortic Stiffness [kPa-m]
N

30 35 40 45 50 55 60 65
Max. Diameter [mm]

Figure 6.5: Aortic stiffness of non-ruptured abdominal aortic aneurysms (AAAs) over time and as
function of the maximum diameter. Each AAA has a specific symbol with a number representing the
amount of months after inclusion. Regression lines are based on the regression analysis shown in
Figure 6.3
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Figure 6.6: The ggth percentile peak wall stress (PWS) of seven non-ruptured abdominal aortic
aneurysms (AAAs) over time and as function of the maximum diameter. Each AAA has a specific
symbol with a number representing the amount of months after inclusion. The regression lines are
based on regression analysis shown in Figure 6.4
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terquartile range (IQR) of 1.3 (1.1 - 1.7) kPa-m before rapid growth of the AAA was observed,
and a median stiffness of 1.8 (1.3 - 2.6) kPa-m before stable or slow growth of the aneurysms
(p = 0.05). No differences in the PWS were observed between the rapid and slow growing
AAAs, i.e., a median PWS of 379 (IQR: 326 - 424) kPa and 370 (IQR: 313 - 432) kPa were
measured for both groups, respectively (p = 0.60).

Interestingly, a slightly lower arterial stiffness was measured before the onset of rapid
AAA growth when compared to slow or no growth. However, to examine if this lower arterial
stiffness could be used to predict upcoming growth, the change in arterial stiffness (before
AAA growth was observed) is required. To calculate this change in aortic stiffness, the first
US measurements of each patient was excluded for analysis since no preceding stiffness
measurements were available. Results of the remaining datasets showed that in 8 out of the
12 consecutive datasets (67%) in the rapid growth group first a decrease in aortic stiffness
was observed between two previous stiffness measurements. Furthermore, by analyzing
only the follow-up intervals with at least 2.5 mm in 3 months, which is comparable with the
current guidelines for surgical repair, i.e. rapid growth of 1 cm/year, a preceding decrease
in arterial stiffness of 71% was observed (5 out of 7).

Finally, the absolute aortic stiffness and PWS of the AAA wall were compared with the
subsequent AAA growth for different diameter groups. The results of this analysis are listed
in Table 6.2 and Figure 6.8. Since none of the small AAAs revealed a growth rate of 2 mm in
3 months, the difference between slow and rapid growth for these AAA patients was set to
0.5 mm in 3 months. Figure 6.8 showed that the difference in stiffness between rapid and
slow growing AAAs is predominantly visible in the moderate diameter group (p = 0.01) and
limited for the larger diameter group (p = 0.26). For the small AAAs, no difference in aortic
stiffness was noticed between the slow and rapid growing AAAs.

Table 6.2: Mechanical properties for the small, moderate, and large abdominal aortic aneurysms
(AAAs). Each group is divided in slow and rapid growing AAAs. All values are reported as median with
their interquartile range.

Small AAAs Moderate AAAs Large AAAs

. . slow rapid slow rapid slow rapid
Variable: growth growth growth growth growth growth
Number US 34 4 87 11 50 6
acquisitions [-]
AAA growth in 0 0.9 0.5 2.5 0.4 2.5
3 months [mm] (0-0.2) 0.7-1.0) (0-1.0) (2.1-3.0) (0-1.0) (2.0-2.5)
Aortic Stiffness 1.2 1.0 1.8 1.3 2.0 1.7
[kPa-m] (0.8-1.9) 0.9-1.3) (1.4-2.6) (1.0-1.6) (1.6 - 3.0 (1.1-2.2)
99th perc. PWS 302 304 375 361 404 404
[kPa] (251-335) (294 - 355) (323-437) (322-418) (356 -487) (335-404)
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Figure 6.7: Left: Box-and-whiskers plots of the aortic stiffness as a function of the upcoming
growth. One group represents stable or slow growth (< 2 mm in 3 months, in white), while the
other represents rapid upcoming growth (= 2 mm in 3 months, in dark gray) of the AAA. Right:
Box-and-whiskers of the 99T percentile peak wall stress for stable or slow growing (white), and for
rapid growing (dark gray) AAAs.
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Figure 6.8: Box-and-whiskers plots of the aortic stiffness before the upcoming AAA growth for small
(white), moderate (gray), and large (dark gray) AAAs. Each group is divided in stable or slow growing
(left), and rapid growing AAAs (right).
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6.4 Discussion

In this study, time-resolved 3D ultrasound data were acquired during regular follow-up
intervals of AAA patients and used to assess the patient-specific stiffness of, and peak wall
stress in the aortic wall. Monitoring aneurysm disease with these mechanical properties
over time has the advantage to detect possible changes in aortic stiffness or peak stress
even before a change in maximum aortic diameter can be observed. Follow-up of these
mechanical properties provides opportunities to identify patients at risk, and by predicting
possible growth of the AAA, the follow-up management could be personalized. Monitoring
the expansion of the maximum diameter lacks sound scientific evidence and even misses
sports of fast growth (Martufi et al., 2013). Hence, the fact that the timing of observations
is based on the diameter itself is inadequate. Therefore, the mechanical properties were
followed for a median period of 2 years in a group of AAA patients which covers the entire
diameter range all off AAA patients in the outpatient follow-up. The two main findings of
this study are:

1. Rapid growing AAAs have a lower arterial stiffness prior to AAA growth compared
to slow growing AAAs. This difference in arterial stiffness is particularly observed in
AAAs with a moderate to large size.

2. No significant difference in mechanical properties were obtained between the rup-
tured and non-ruptured AAAs in this study. Three out of four ruptured AAAs had a
relatively low arterial stiffness before rupture, especially compared to non-ruptured
AAAs, but the small sample number makes it impossible to draw any conclusions.

Prediction of AAA growth has the clinical advantage to guide in outpatient follow-up
management. In the current study, lower arterial stiffnesses were observed for the rapidly
growing AAAs, while overall the arterial stiffness increases as a function of the maximum
AAA diameter. Rapid growing AAAs showed a 32%, and 14% decrease in median aortic
stiffness compared to the AAAs with a low growth rate for respectively the moderate, and
large AAAs (Figure 6.8). These findings are in accordance with the study by Wilson et al.
(2003), which suggested that a 10% decrease in stiffness (E,) over time was associated with
a 28% increase in AAA rupture risk compared with AAAs with no change in stiffness.

Furthermore, the current study also visualized a decrease in arterial stiffness before
subsequent growth of the AAA. This phenomenon was observed in 67% of all patients
that showed at least 2 mm growth in 3 months. This number increases further to 71% for
all patients with at least a 3-monthly growth of 2.5 mm, which is comparable to current
guidelines for surgical repair. This drop in arterial stiffness was also noticed when large
absolute growth (instead of the growth rate) between two follow-up intervals was related
to upcoming AAA growth. For all patients with at least 4 mm growth between two US
measurements, 74% (14 out of 19 patients) revealed a preceding decease in stiffness, and
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this number increases to 83% (5 out of 6) for patients with at least 5 mm growth between
two the follow-up intervals. A possible explanation for these findings might be that the AAA
wall remodels before it is able to grow. Hence, the arterial stiffness is temporarily decreased
as a consequence of the remodeling process. Using biomarkers this effect could be further
examined (Lindholt et al., 2000; Hellenthal et al., 2012), however this was beyond the scope
of current study.

Figure 6.6 shows the change in PWS over time for seven AAA patients. Overall, the PWS
increases as function of the maximum AAA diameter, but for the individual patient it does
not monotone increase and can fluctuate considerable. In a recent study by Stevens et al.
(2017) the peak wall rupture risk index (PWRI) was followed over time for four AAA patients
using CT data. A similar pattern was shown in this study, where the PWS overall increased
with diameter but varies over time patient-specifically. Fluctuations in PWS or PWRI can
be interpreted as adaptation (i.e. growth) of the aortic wall to reduce peak stresses in the
AAA. An alternative explanation for these fluctuations might be that PWS should not be
compared on a global scale, but locally. Local analysis of wall stress precludes that the PWS
is obtained from different locations during follow-up intervals, and describes the stress
behavior over time more reliably. However, this would require registration of the different
datasets. This was not the goal of current research, and will be addressed in future studies.

In addition, four AAAs were included with a rupture of the AAA wall before current
guidelines for surgical repair were achieved. The aortic stiffness and PWS of the last
measurement before rupture were compared with non-ruptured AAAs. No statistical
differences between both groups were observed, although in three cases the aortic stiffness
was relatively low (Figure 6.3). This observation is in accordance with previous findings
(rapid growing AAAs show lower aortic stiffness) and is in line with the study by Wilson et al.
(1998). An elaborate comparison between the aortic stiffness of ruptured and non-ruptured
AAAs will require more patient inclusions since the rupture incidence for patients under
surveillance is relatively low (1 - 2%).

Interestingly, the 9™ percentile wall stress was in the same range for the ruptured AAAs
as it was for the non-ruptured AAAs (Figure 6.4). This is in contrast to the work by Fillinger
et al. (2002) and Gasser et al. (2014), which showed that ruptured AAAs had in increased
PWS. A possible explanation for this contra-dictionary finding is that PWS assessment
may be underestimated. PWS is local parameter and regularly occurs in areas with high
curvature. When a specific area with high curvature in the AAA geometry is missed because
of the presence of bowel gas, calcifications in the aortic wall, or the reduced image quality
(due to the depth of the AAA), the geometry could be less accurate, leading to an inaccurate
prediction of the PWS. To overcome this issue, the image quality of the 3D US data could
be improved by compounding multiple US acquisitions from different angles. However,
this method will require first thorough verification to avoid stitching artefacts in the data.

One of the main limitations is the use of DICOM data in this study. DICOM data limit

the precision of the 3D displacement estimates, and thereby the accuracy of the arterial
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stiffness measurement. This constraint affects especially the displacement estimation
of AAAs, which is a deep lying structure with limited compliance. Capturing the radio-
frequency (RF) data before conversion into DICOM data could solve this issue and improve
the displacement estimates.

Another limitation is the model complexity. Firstly, a Neo-Hookean model was used
to describe the material behavior between patient-specific diastolic and systolic pressure.
More complex material models (e.g., Holzapfel et al. (2000)) are available and describe
the AAA behavior more reliably. However these models introduce more material parame-
ters and thereby more uncertainties. Secondly, the intraluminal thrombus (ILT) was not
included in the finite element model. Studies have shown that presence of ILT affect the
strength of the AAA wall and ILT thickness might be associated with local AAA growth
(Kazi et al., 2003; Martufi et al., 2016). Ultimately, including the patient-specific AAA wall
thickness would be desirable since this will directly improve the arterial stiffness estimation
and wall stress prediction. Unfortunately, none of the available non-invasive imaging
modalities are currently able to measure the AAA wall thickness accurately.

In future research, a large multi-center clinical trial should be employed to study possi-
ble differences in mechanical properties (i.e., aortic stiffness and PWS) between ruptured
and non-ruptured AAAs. Moreover, the ability to predict upcoming AAA growth should be
investigated by following the aortic stiffness prospectively. Presented US-based characteri-
zation method might be an ideal methodology to perform this multi-center clinical trial,
since it is easy implementable and only require a single 4D US acquisition and a brachial
blood pressure measurement.

6.5 Conclusion

In conclusion, using the combination of time-resolved 3D ultrasound and biomechanical
modeling, the patient-specific arterial stiffness and peak wall stress were assessed and
followed over time in a longitudinal clinical study. Results revealed that rapid growing AAAs
have a lower arterial stiffness prior to AAA growth, compared to slowly growing or stable
AAAs. In addition, no differences in 998 percentile wall stress were observed between the
slow and rapid growing AAAs. The lower arterial stiffness might be a predictive marker for
upcoming AAA growth, and most certainly deserves further investigation.
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Abstract

Background: Current guidelines for abdominal aortic aneurysm (AAA) repair are primarily
based on the maximum aortic diameter and its growth rate, but these methods lack ro-
bustness in decision making. Using time-resolved 3D ultrasound (4D US) additional risk
estimators such as patient-specific peak wall stresses and wall stiffness can be measured
non-invasively. In this study, 1) the reproducibility of this US-based stiffness measurement
is assessed in vitro and in vivo , and 2) the method is verified using the gold standard:

bi-axial tensile testing of the excised aortic tissue.

Methods: For the in vitro study, 4D US data were acquired in an idealized inflation experi-
ment using porcine aortas (n = 7). The full aortic geometry was automatically segmented,
tracked over the cardiac cycle, and afterwards finite element analysis was performed by
calibrating the finite element model to the measured US displacements to find the global
aortic wall stiffness. For verification purposes, the porcine tissue was subjected to bi-axial
tensile testing.

Secondly, four AAA patients were included and 4D US data were acquired before open
aortic surgery was performed. Similar to the experimental approach, the 4D US data were
analyzed using the iterative finite element approach. During surgery, aortic tissue was
harvested and the resulting tissue specimens were analyzed using bi-axial tensile testing.
Finally, reproducibility was quantified for both methods and the intraclass correlation (ICC)

was assessed.

Results: A high reproducibility was observed for the wall stiffness measurements using
4D US, i.e., an ICC of 0.91 (95% CI: 0.78 - 0.98) for the porcine aortas and an ICC of 0.98
(95% CI: 0.84 - 1.00) for the AAA samples. Verification with bi-axial tensile testing revealed
a good agreement for the inflation experiment (bias: 0.00 kPa-m; interquartile range (IQR):
-0.04 - 0.02 kPa-m) and a moderate agreement for the AAA patients (bias: 0.61 kPa-m; IQR:
-0.27 - 1.29) kPa-m), partially caused by the diseased state and inhomogeneities of the tissue.

Conclusions: The performance of aortic stiffness characterization using 4D US was as-
sessed and verified using bi-axial tensile testing. Overall it revealed a high reproducibility
and a moderate agreement with ex vivo mechanical testing. Future research should include
more patient samples, to statistically assess the accuracy of the current in vivo method,
which is not trivial due to the low number of open surgical interventions.
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7.1 Introduction

An abdominal aortic aneurysm is a degenerative, localized dilation of the abdominal
aorta which can eventually lead to a life-threatening hemorrhage when ruptured. Current
guidelines for aortic surgery only include geometrical measures (Moll et al., 2011), however,
several studies have shown that this method lacks robustness (Nicholls et al., 1998; Conway
etal, 2001). As a consequence, over the last two decades several alternatives have been
proposed for patient-specific AAA rupture risk assessment.

Wall stress analysis has been proposed and showed promising results in differentiating
patients with ruptured and non-ruptured AAAs with similar maximum diameters (Fillinger
et al., 2002; Venkatasubramaniam et al., 2004; Truijers et al., 2007; Gasser et al., 2014). These
models require the patient-specific 3D geometry, arterial blood pressure, wall thickness,
and the patient-specific material behavior. Since most of the wall stress studies used
computed tomography (CT) to obtain the 3D AAA geometry, the material parameters to
describe the AAA wall behavior were obtained from literature. The first wall stress studies
mainly relied on material parameters obtained from uni-axial tensile test data of AAA tissue
described by Raghavan et al. (1996). Later, in the work by Vande Geest et al. (2006b) and
Polzer et al. (2013) bi-axial tensile tests were performed which described the anisotropic
nature of the aortic tissue more accurately.

Mechanical characterization of AAA wall properties is not solely performed to provide
input for patient-specific wall stress analysis, it can also be used as a measure for rupture
risk on its own. In the first study by He and Roach (1994) is was shown that the amount
of collagen fibers had increased in AAA tissue, whereas the amount of elastin and muscle
cells was lower compared to healthy aortic tissue. In the studies by Wilson et al. (1998,
2003) a decrease in aortic compliance over time was measured for AAA patients using 2D
ultrasound. In this study it was suggested that failure of compliance to decrease with size
might be a marker for the onset of symptoms, such as above average growth of the aneu-
rysm, or rupture. This assumption was strengthened by a tensile test study by Di Martino
et al. (2006), which suggested that AAA rupture is associated with AAA weakening instead
of stiffening. Later, ex vivo mechanical testing of AAA tissue was performed to examine the
effect of presence of intraluminal thrombus on the wall strength of the AAA wall underneath
(Tongetal., 2011, 2013), to assess the axial pre-stretch in AAAs and healthy tissue (Horny
etal., 2011, 2014), and to capture the complete non-linear anisotropic behavior of the AAA
wall to identify the material constants of the coefficients for constitutive models proposed
(O’Leary et al., 2014; Pancheri et al., 2017).

Recently, we proposed an in vivo approach using time-resolved 3D (4D) ultrasound
which can be used to perform patient-specific mechanical characterization of the aortic
wall using finite element (FE) analysis in the pressure range available, by computing aortic
wall stresses, and, by calibrating the 4D ultrasound (US) displacement field to the finite

element output, estimating the wall stiffness (van Disseldorp et al., 2018). This method has
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the advantage that it does not use radiation exposure, is relatively cheap, and can be easily
implemented in a clinical work-flow. However, to rely on these wall stiffness measurements
in a clinical setting, the reproducibility of this methodology still needs to be assessed as
well as the method requires verification in terms of accuracy.

Verification experiments can be performed ex vivo using uni- or bi-axial tensile testing
of aortic tissue. However, since the introduction of endovascular aneurysm repair (EVAR) in
the early 90’s (Parodi et al., 1991), EVAR has been widely used and is currently the preferred
method of treatment for the majority of AAAs in follow-up (Chaikof et al., 2018). As a
consequence, harvesting aortic tissue of patients in outpatient follow-up is challenging
since the majority of patients are not subjected to open aortic surgery.

Alternatively, an idealized in vitro framework can be used to mimic the in vivo situation
using porcine aortas (Mascarenhas et al., 2016). Similar to the AAA patient measurements,
4D US data can be acquired and analyzed by iterative finite element analysis, resulting
in the porcine aortic stiffness. The advantage of current approach is that the porcine
aortas are considered waste material, easy accessible, and can be used for bi-axial tensile
testing (Lopata et al., 2014). Subsequently, the bi-axial stress-strain behavior can be used to
validate the US-based stiffness measurement.

The purpose of this study is twofold. First, an in vitro experiment was designed and per-
formed in which porcine aortas were mechanically inflated under physiological conditions
in an idealized mock set-up loop. 4D US-based aortic stiffness was assessed in a controlled
set-up, followed by bi-axial tensile testing for verification of the material properties found.
Secondly, the reproducibility of both stiffness characterization methods was measured.
Multiple heartbeats in the 4D US data were analyzed, whereas in the bi-axial tensile test
experiments multiple aortic specimens were tested. In addition to the porcine aorta experi-
ment, four AAA patients obtained from open surgeries were included to compare in vivo
results.

7.2 Materials and Methods

Experimental validation

Alarge part of the thorac-abdominal porcine aorta (Ilength 12 - 20 cm) was used, originating
from healthy young pigs (N = 7) which were between 5 and 7 months of age and weighed
between 100 and 120 kg. The porcine aortas were obtained from the local slaughterhouse
and were considered a waste product. Directly after resection (< 6 hours), most of the excess
fat and connective tissue was removed. The aortas were individually stored in a -20°C
freezer to preserve tissue degeneration awaiting experimental measurements (Stemper
etal., 2007; O’Leary et al., 2014).

Prior to inflation and tensile testing experiments, each aorta was thawed slowly and
remaining excess tissue was removed. Both ends were connected to cannulas, and side-
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branches were securely closed with suture thread and tissue glue (Loctite superglue-3
PowerFlex, Henkel, Germany). Finally, the aortas were tested for leakage. When no further
leakage was observed, each aorta was mounted in the mock set-up look with a longitudinal
pre-stretch, A, of 1.22 (Han and Fung, 1995). The setup is visualized in Figure 7.1.

The mock circulation set-up used was similar to the work in Mascarenhas et al. (2016),
with the addition of a container surrounding the aorta. A 3D printed solid spine (Polyamide
12, Shapeways Inc., Eindhoven, the Netherlands) was positioned close to the dorsal side of
the aorta. The presence of the spine will heavily influence the deformation pattern of the
aorta and help mimicking the in vivo situation. The 3D geometry of the spine was obtained
after segmentation of the abdominal part of the human spine in CT data using Mimics
segmentation software (Mimics Research 17.0, Materialise, Leuven, Belgium).

Pressure

sensor

4D Ultrasound
acquisition

Philips iU22
X6-1 probe

impedance

Figure 7.1: (A) Schematic overview of the mock loop used for the inflation tests. The aorta is mounted
in the setup attached to two cannulas, positioned in a container filled with gelatin. The aorta is
pressurized by pumping water from the basin into the aorta. Distal to the aorta a three-element
Windkessel model is connected. Ultrasound data were recorded using a Philips iU22 scanner equiped
with a 3D matrix probe. (B) Porcine aorta in the mock loop setup with the spine positioned at the
dorsal side. (C) The aorta and spine surrounded by the gelatin solution. The gelatin is colored gray
due to the addition of silicon carbide in the gelatin mixture.




104 | Chapter 7. Verification and mechanical analysis

After the spine and aorta were correctly positioned in the container, gelatin was added
to mimic the surrounding tissue. A gelatin concentration of 8%wt was chosen since this
results in a gelatin solution with an average Young’s modulus of approximately 25 kPa
(Hall et al., 1997). This Young’s modulus is similar to that of surrounding subcutaneous
adipose tissue (Geerligs et al., 2008). Although the mechanical properties of gelatin are
comparable to the surrounding biological tissue, it does not have the same acoustical
scattering properties as the actual tissue. Therefore 1%wt silicon carbide (SiC -400 Mesh,
Sigma-Aldrich, Germany) was added to the gelatin mixture to achieve acoustic scattering in
the gelatin, resulting in a speckle pattern in the US images. The gelatin mixture was heated
to 60°C until all the gelatin was dissolved, and afterwards cooled down to 30°C whilst it kept
being stirred. Finally, the gelatin was added to the aorta mock set-up. Inflation tests were
performed after the gelatin had solidified.

Before inflation experiments, the water basin was filled with a saline solution of 0.9%
which is similar to physiological concentrations. Afterwards, the aorta was inflated by
pumping water from the basin into the aorta. Distal to the aorta a three-element Windkessel
model was connected. This Windkessel model consist of a compliance (C) where the saline
solution can be stored in a large container, and an inlet (R;,) and outlet (R,;) resistance.
These Windkessel elements were adapted in order to obtain a physiological flow pulse in
the aorta with a diastolic pressure of approximately 70 mmHg in diastole and 130 mmHg in
systole. For more details on the hemodynamics part of the setup and protocol, we refer to
Mascarenhas et al. (2016).

Porcine data acquisition

4D US data were acquired during the inflation experiment. An example of the obtained US
data is shown in Figure 7.2. A Philips iU22 scanner (Philips Medical Systems, Bothell, WA,
USA) equipped with a matrix curved array probe (X6-1, center frequency = 3.5 MHz) was
used for data acquisition. Multiple heart cycles were recorded with a volume rate of 8.1 -
10.3 Hz, while simultaneously measuring the intra-aortic pressure with a pressure sensor
(St. Jude Medical, Saint Paul, MN, USA). It was ensured that at least five cardiac cycles were
present in the US data.

The porcine US data were tracked over time to detect the diastolic and systolic phase of
the cardiac cycle. Afterwards automatic segmentation and 3D displacement tracking were
applied. The diastolic geometry of the porcine aorta (PA) was converted into a mesh with a
generic wall thickness of 1.6 mm (Pefia et al., 2015). Next, mechanical characterization was
applied to predict the wall stiffness of these porcine aortas as described in van Disseldorp
etal. (2018). Finally, the porcine aorta was removed from the gelatin solution and discon-
nected from the cannulas. The aorta was kept moist with PBS until bi-axial tensile testing

was performed.
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Figure 7.2: Example of the 3D ultrasound data of the porcine aorta, surrounded by the gelatin
solution. (A) A longitudinal cross-section of the data is shown with the spine located at the dorsal side
of the aorta. In (B) the corresponding transversal plane and in (C) the coronal plane are visualized.

Patient population and tissue storage

In total 12 human specimens were obtained from four AAA patients (age: 70 - 83 years and
max. diameter: 50 - 100 mm). Human samples were obtained during elective open surgery.
All patients gave informed consent for both 4D US acquisition prior to surgery, and the use
of tissue samples for biomechanical analysis post-surgery. This study was approved by the
local ethics committee of the Catharina Hospital Eindhoven.

During open surgery, a specimen was resected in the longitudinal direction of the aorta
with dimensions of approximately 40 by 20 mm. This tissue was stored in a container with
phosphate buffered saline (PBS) solution and transported to the Eindhoven University of
Technology. To prevent tissue deterioration while waiting for bi-axial tensile test analysis,
the tissue was frozen at -80 °Celsius in a 90% PBS and 10% dimethyl sulfoxide (DMSO)
solution (Stemper et al., 2007).

Ultrasound acquisition and analysis

4D US data of all AAA patients were acquired with a similar Philips iU22 scanner and the
same X6-1 matrix probe as used in the experimental approach. The period between US
imaging and the surgery ranged between 0 - 1 month. Volume data were acquired during
breath-hold for 5 seconds in supine position with an acquisition rate of 3.2 - 4.4 Hz.

The 4D US data were imported in Matlab (2017a, Mathworks Inc,. Natrick, MA, USA)
and converted into a Cartesian coordinate system. The spatial resolution varied from 0.5 -
0.6 mm in the axial, 1.1 - 1.3 mm in the elevational, and 1.0 - 1.2 mm in the lateral direction
(Figure 7.3 left).

First, a longitudinal 2D slice in the middle of the AAA was selected and the aortic wall
was segmented manually. A coarse-to-fine 2D displacement estimation algorithm (Lopata
et al., 2009) was adapted for DICOM data and applied to identify the diastolic and systolic

configuration of the AAA in the 3D US data. Subsequently, automatic segmentation was
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Figure 7.3: A cross-sectional view from the 3D ultrasound data of the four AAA patients (left). After
automatic segmentation the geometry was meshed and used as input for finite element analysis
(middle). The segmented geometry was used for 3D speckle tracking and the measured axial displace-
ments (right) were used to calculate the subject specific aortic stiffness.

applied in the diastolic 3D geometry. Segmentation was first conducted in the 2D cross-
sectional planes, followed by a 3D regularization step. For more detail on the segmentation
approach, we refer to Chapter 5. The diastolic geometry was tracked over time using 3D
speckle tracking (Lopata et al., 2011), followed by the FE-based mechanical characterization
(van Disseldorp et al., 2018). In this calibration process the aortic wall stiffness (incremental
shear modulus multiplied by the wall thickness) was adapted until the axial displacements
in the finite element model were similar to the measured US displacements. The final axial

US-displacements are visualized in Figure 7.3 right.
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Bi-axial tensile testing

Examples of the tissue samples, resected during surgery, are shown in Figure 7.4. The
amount of tissue samples that were harvested from the resected AAA tissue varied between
two and four samples. For the porcine aortas, in total five samples per specimen were cut
from the aortic tissue at different locations. All tissue samples were obtained with a punch
to ensure equal dimensions of 12 by 12 mm for each sample.

The samples were mounted in the bi-axial tensile testing device (CellScale, Waterloo,
Canada) (Figure 7.5). It was ensured that the longitudinal and circumferential direction
of the aortic tissue corresponded with the two directions of the tensile testing device. The
tissue was connected to the device with a rake with five tines on each side (tine diameter:
305 um, tine spacing: 1.0 mm, puncture depth 1.9 mm), resulting in a bi-axial tensile testing
area of 5.0 by 5.0 mm. Graphite particles were attached on the tissue and afterwards the
tissue was placed in a bath filled with PBS at a temperature of 37 °Celsius corresponding to
the physiological body temperature.

All specimens were pre-conditioned by applying ten equi-biaxial stretch cycles of 10%
stretch with a stretch rate of 0.02 s~! (Okamoto et al., 2002). After each stretch cycle, a
resting period of 5 seconds was applied. This resting period was applied to allow the aortic

Figure 7.4: Human AAA tissue samples of the four patients included in this study. In all four cases,
the adventitia side of the aorta is shown in the left image, while in the right image the internal intima
side of the aortic tissue is shown.
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Figure 7.5: (A) Bi-axial tensile test device, with the AAA tissue sample mounted in the test setup with
four rakes (B). (C) AAA tissue samples during tensile testing is visualized.

tissue to return to its initial configuration. Subsequently, in case of the porcine aortas, a
longitudinal pre-stretch of 1., = 1.22 was applied and kept constant for the remaining
testing protocol (Han and Fung, 1995). For the human AAA specimens, the presence of
longitudinal pre-stretch is unknown. In the work of Horny et al. (2011) it has been shown
that the pre-stretch decreases with age and diameter in post-mortem specimens. The pre-
stretch is approximately 1.3 in young aortas (20 - 30 years) and decreases to 1.0 in elderly
people (70 - 90 years). Moreover, it is assumed that the longitudinal pre-stretch is negligible
in aneurysms, due to the presence of calcifications and thrombus. For these reasons, no
axial pre-stretch was applied to the AAA samples (A;, = 1.0). After the pre-stretch was
applied, the force on the rakes (Fyares) Was set to zero.

Next, the tissue was stretched in the circumferential direction (1yg) with increasing

~1, and resting period

stretch cycles from 1.15 to 1.4 in steps of 0.05 at a stretch rate of 0.02 s
of 5 seconds. During the entire testing experiment, both force and the distance between
the rakes were recorded simultaneously with a frequency of 1 Hz for the porcine aortas and

5 Hz for the AAA specimens.

Mechanical analysis

The force and displacement data were exported from the bi-axial tensile testing software
(CellScale, Waterloo, Canada) into Matlab (2017a, Mathworks Inc,. Natrick, MA, USA).
Similar to the US-based characterization method, an incompressible Neo-Hookean con-
stitutive material behavior was assumed to describe the stress-strain curve for the stretch
range between diastolic and systolic pressure. This material law accounts for large, linear
deformations, is a valid linearization of the non-linear material behavior on the limited

domain found in vivo and is given by Equation (7.1):

o=-pl+GB-I 7.1)
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with o the Cauchy stress tensor, py the Lagrange contribution to the hydrostatic stress that
enforces incompressibility (—¢7(o)/3), I the identity matrix, G the shear modulus and B the
left Cauchy-Green deformation tensor. Since data is only available for a certain pressure
range, not the total modulus G, but an incremental or tangential modulus, G, will be
estimated. Using this constitutive equation, the momentum and mass balance equations
then read:

{V-az—Vp+GV-(B—I) =0 72)

det(F) =1

Note that the left Cauchy-Green deformation tensor B is defined as B =F - FT, and F
represents the deformation tensor obtained from the tensile test displacement data.
Since the force on the rakes (Fi4kes) Was set to zero after the pre-stretch in the longitu-
dinal direction (1,;) was applied, the stress in the circumferential (og¢) and radial (o)
direction can be derived using the constitutive law for Neo-Hookean materials (Equation

Equation (7.1)). The circumferential and radial stresses now become:

090 =—po+GA5e—1) (7.3)
1

Urr:_pO"'G(/lT_l) (7.4)
06

The hydrostatic pressure, pp, can be eliminated in above mentioned Equation (7.3) by
subtracting Equation (7.4) from Equation (7.3) , which results in:

1

2
000 —O0rr = G(Agg rvE
AGG

) (7.5)

Since the stress in the out-of-plane direction of the applied stretch is negligible with re-
spect to the applied direction, i.e., 0, << gy, plane stress (o, = 0) can be assumed and
Equation (7.5) can be simplified to:

1
) (7.6)

069 = Ggy ~ 27
06

in which the circumferential stress is calculated by:

Frakes Frakes
ag = = 7.7
00 " - h(hog) (7.7

with A the surface where the force F,,1.s acts on, which is defined as the width of the
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specimen (w) multiplied by the thickness of the sample (/). Since the material behavior
was assumed incompressible (Equation (7.2)), the wall thickness can be directly related to
circumferential stretch and the measured wall thickness at zero pressure (hy):

h(0)

h(Agg) = — (7.8)
66 oo

In general, a tensile test stretch cycle was selected in which the mean diastolic circumferen-
tial stress (0gg,,,) and systolic circumferential stress (g gg, ys) calculated from the US-based
finite element models was present in the tensile stress-strain data. The circumferential
diastolic and systolic stresses were used to match the US-based incremental modulus
with that obtained from part of the stress-strain curve which corresponds with the in vivo
loading.

Finally, the incremental shear modulus, G77, was calculated from a least-square fit
in MATLAB, with the measured stretches, and calculated stresses on the given domain
between the subject-specific diastolic to systolic pressures:

Egesys _Eeedia
Grr = — (7.9)

Aoog—
0o A@G

To calculate the wall stiffness, the incremental shear modulus, Grr, was multiplied with
the wall thickness at diastole using Equation (7.8).

Reproducibility and verification

The reproducibility of the 4D US-based characterization method was tested by analysis
of multiple heart cycles within one 4D US dataset for all AAA patients (N = 4) and porcine
aorta (N = 7) datasets. The amount of heart cycles that were available in the US data varied
between 2 and 4 for the AAA patients. In case of the porcine aortas, five heart cycles per
aorta were analyzed resulting in a total of 35 stiffness measurements.

For the bi-axial tensile testing method, multiple tissue specimens were harvested from
the resected AAA samples (Figure 7.4) and porcine aortas (Figure 7.1B). For the AAA samples,
four tissue specimens of 12 mm by 12 mm could be obtained from the resected tissue. In
case of the porcine aortas, aortic tissue was not the limited factor and in total five tissue
samples were obtained from different locations of the aorta and mechanically tested.

To quantify the reproducibility of both the 4D US and bi-axial tensile testing method,
the intra-class correlation coefficient (ICC) was calculated for the porcine aortas and the
AAA patients, including its 95% confidence interval (CI). In general, ICC values lower
than 0.5 indicate a poor reproducibility, ICC’s between 0.50 and 0.75 indicate a moderate
reproducibility, ICC’s between 0.75 and 0.90 indicate a good reproducibility, while values
larger than 0.90 indicate an excellent reliability (Koo and Li, 2016).
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Figure 7.6: A graphical overview of the current method to test the reproducibility of the in vivo and
ex vivo based mechanical characterization method. For each abdominal aortic aneurysm (AAA) and
porcine aorta (PA) reproducibility of both methods is tested. Finally, mechanical parameters obtained
from the in vivo method are verified using gold-standard: bi-axial tensile testing of the samples.

Finally, the agreement between both methods was assessed by the comparing the
obtained wall stiffness for the in vivo and the in vitro cases. Bland-Altman analysis and
pairwise comparison was performed to quantify a possible bias and the limits of agreement.
A graphical overview of the data analysis workflow is found in Figure 7.6.

7.3 Results

Porcine aortas

All 4D US datasets were analyzed. Visual inspection of the segmented geometry and the
wall stress distribution did not reveal any artifacts or other complications. The measured
diastolic and systolic pressure in the porcine aorta (PA) experiments varied between 61 - 73
mmHg and 120 - 130 mmHg, respectively. The porcine wall thickness at zero pressure (k)

was measured with a caliper and ranged between 1.75 - 2.35 mm for the different aortas.
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Table 7.1: Wall stiffness of porcine aortas (PAs) in the physiological range. US indicates the stiffness
predicted using ultrasound, and TT represents the wall stiffness from bi-axial tensile testing. S1 - S5

is an abbreviation for the sample number. All material properties are provided in kPa-m.

PA1 PA2 PA3 PA 4 PA5 PA6 PA7
us TT us 1T us 1T us 1T us TT us 1T us TT
S1|026 026|019 024|022 036|041 037|035 033|033 032|043 0.39
§2 | 026 027|019 025|022 035|038 032|034 031|030 042|035 0.37
S3 | 027 026|019 023|022 032|042 033|034 032|033 039|035 038
S4 | 025 027|019 022|022 031|049 038|034 032|039 033|036 0.38
S5 | 028 026|019 026|023 034|038 048 | 034 033|032 034|039 0.36

In Table 7.1 the wall stiffness is shown for the US-based method. This wall stiffness
was obtained by multiplying the calibrated shear modulus from the iterative finite element
process with the diastolic wall thickness (i.e., 1.6 mm). The ICC was calculated and revealed
a good to excellent reproducibility (ICC = 0.91; 95% CI: 0.78 - 0.98). Although overall a high
reproducibility is obtained using the 4D US method, inter-aorta reliability varies among
the different samples. In porcine aorta 5 and 7 the spread is considerably higher compared
toaortal - 3.

For all seven porcine aortas, the median stress-strain behavior with its interquartile
range (IQR) is visualized in Figure 7.7. In this graph, and for further analysis of the tensile
test data, the 30% stretch cycle was used since this cycle covered the complete physiological
loading conditions during the inflation experiments and revealed the least hysteresis. For
each individual porcine aorta, the mean diastolic and systolic circumferential wall stresses
were calculated from the five finite element model representing a separate heart cycle each.
These mean circumferential wall stresses ranged between 40 - 64 kPa in diastole and 93
- 131 kPa in systole, respectively. The resulting incremental shear modulus for this stress
range was converted into the wall stiffness and the corresponding values are reported in
Table 7.1.

Similar to the inflation experiments the reproducibility varied between different porcine
aortas (PAs). In PA 4 the aortic stiffness ranged between 0.32 - 0.48 kPa-m, while in PA 1 the
variation with the different samples was only 0.01 kPa-m. Noticeable is that PA 4, the aorta
with the lowest reproducibility in the tensile testing experiments, also revealed the poorest
reliability in the 4D US measurement. Overall the ICC showed a moderate reproducibility
with an ICC of 0.74 and a 95% confidence interval of 0.45 - 0.94.

AAA samples

4D US data were acquired the day before surgery for two patients, while the other two
patients underwent US acquisition less than a month before surgery. This intermediate time
period was minimized to ensure that the in vivo measured wall stiffness was representative

to the aortic tissue. The automatic segmented AAA geometry, the corresponding mesh, and
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Figure 7.7: Median stress-strain curves for all seven porcine aortas (black to gray lines) for the 30%
stretch cycle. The error bars represent the interquartile range (IQR).

the tracked axial displacement between diastole and systolic are shown in 7.3 right. The
brachial pressures measured for patient AAA 1 - AAA 4 were: 79 - 132 mmHg, 92 - 143 mmHg,
88 - 127 mmHg, and 93 - 119 mmHg, respectively. The corresponding patient-specific wall
stiffness values are listed in Table 7.2. For these aortas, only two heart cycles were captured
in the 4D US data. Therefore, in these cases only two wall stiffness measurements were
analyzed. Reproducibility was tested and resulted in an ICC of 0.98 (CI: 0.84 - 1.00).

Wall stiffness measurements revealed that AAA 2 and AAA 4 behave approximately three
times stiffer compared to AAA 1 and AAA 3 (Table 7.2), and were statistically different (p =
0.002). Moreover, the two AAAs with the highest aortic stiffness were also the AAAs which
were obtained from the aneurysms with the largest diameter (AAA 2: 57 mm and AAA 4:
100 mm compared to AAA 1: 50 mm and AAA 3: 55 mm). Furthermore, the less stiff AAAs,
AAA 1 and AAA 3, were subjected to aortic surgery due to rapid growth of the aneurysm,

Table 7.2: Wall stiffness of abdominal aortic aneurysms (AAAs) in the physiological range. US
indicates the stiffness predicted using ultrasound, and TT represents the wall stiffness from bi-axial
tensile testing. S1 - S4 is an abbreviation for the sample number.

AAA1 AAA 2 AAA3 AAA 4
us TT us TT us T us TT

S1 091 1.04|3.10 236|086 152 | 350 2.10
§2 | 1.09 087|332 198|097 1.70 | 3.09 1.78
S3 | 1.20 0.98 | 3.03 NA NA 1.80 NA 1.69
S4 | 143 1.04 | 3.37 NA NA 1.51 NA  1.39

NA = not available
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while in case of AAA 2 and AAA 4 the maximum diameter was the indication for surgery:.

In total, four tissue specimens were mechanically tested from the each AAA tissue
sample. The stress-strain behavior for the 40% stretch cycle is shown in Figure 7.8. The
black dotted line with the red dots represent the part of the stress-strain curve which is
representative for the in vivo circumferential stresses due to the presence of the aortic
pressure. This part of the curve was used to calculate the patient-specific wall stiffness
(listed in Table 7.2) together with the specific wall thickness (hg = 2.1 £ 0.5 mm). In
Figure 7.8B, two out of four tissue specimens did not reach the circumferential stress
domain which corresponds to the in vivo loading case, due to early ruptures in the AAA
specimen. Therefore, these two samples were omitted in further analysis. The mean wall
stiffness measured was: 0.98 kPa-m, 2.17 kPa-m, 1.63 kPa-m, and 1.74 kPa-m for patient
AAA 1 - AAA 4 respectively. Similar to the US method, AAA 2 and 4 have a higher mean
wall stiffness with tensile testing compared to the other two aneurysms. However, values
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Figure 7.8: In (A) - (D) the stress-strain behavior of the four different AAA are visualized (Sub-figure
numbering is similar to Figure 7.4). Each subfigure consist of four curves (black) representing the
different tissue specimens obtained from the resected tissue. The red dots and the black dotted line
shows the part of the stress-strain curve which represents the in vivoloading case during the 4D US
acquisitions.
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determined with both methods for AAA 3 and 4 were not statistically different (p = 0.88).
The ICC for the wall stiffness measurements using tensile testing was ICC = 0.81 (CI: 0.34 -
0.99).

4D US stiffness vs. bi-axial tensile testing

Both methods to quantify the aortic wall stiffness were compared using scatter and Bland-
Altman plots for the porcine aortas (Figure 7.9A and Figure 7.9C) and for AAA patients in
Figure 7.9B and Figure 7.9D. Both methods show overall a good agreement for the porcine
aortas with a negligible median bias of -0.002 (IQR: -0.04 - 0.02) kPa-m. For the AAA patients,
only four patients were included which limits an accurate comparison between tensile test
and ultrasound. Taking this remark into account, Bland-Altman analysis revealed a median
difference in absolute wall stiffness of 0.61 (IQR: -0.27 - 1.29) kPa-m.

Moreover, a paired non-parametric Wilcoxon signed rank test was performed to test
the difference in predicted wall stiffness using both methods. However, no significant
differences were found between the 4D US method and the bi-axial tensile tests (p = 0.76).

7.4 Discussion

In this study the aortic wall stiffness was characterized using a non-invasive 4D US-based
method and afterwards measured using ex vivo bi-axial tensile testing. Reproducibility
was assessed for both methods in an experimental controlled setup using porcine aortas
and with patient AAA data. In addition, 4D US-based wall stiffness was compared with
values obtained from bi-axial tensile testing and the differences were quantified. This
study showed a high reproducibility for aortic wall stiffness measured using 4D US with
an ICC of 0.91 for the porcine aortas and ICC = 0.98 for the AAA patient data. Comparison
with the gold standard bi-axial tensile testing revealed a good to excellent agreement for
the experimental setup (bias of 0.00 kPa-m with IQR: -0.04 - 0.02 kPa-m) and a moderate
agreement for the AAA patients despite the limited number of patients included in this
study.

AAA wall stiffness results are similar to those reported in Raghavan et al. (1996) where
uni-axial tensile testing was used. Moreover, current results are in good agreement with the
reproducibility study performed by Wilson et al. (2000) which compared using the intra-
and inter-observer correlation of wall stiffness in a 2D, longitudinal, US plane. In this study
amedian incremental Young’s modulus of 3.1 (IQR: 2.1 - 4.6) MPa was characterized with an
inter-observer correlation ranging between 0.62 - 0.82. This Young’s modulus corresponds
to a wall stiffness of 2.07 (IQR: 1.40 - 3.07) kPa-m with the assumption of a constant wall
thickness of 2 mm. This is similar our current study which showed an overall median
stiffness of 2.23 (IQR: 1.03 - 3.21) kPa-m.
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Figure 7.9: In (A) and (B) the wall stiffness measured with ultrasound (US) versus bi-axial tensile
testing (TT) is shown for the porcine aortas and the AAA patients, respectively. The errorbars represent
the complete range of the measured wall stiffness. Bland-Altman analysis was performed in (C) and
(D), which showed a median difference of 0.00 kPa-m (interquartile range (IQR): -0.04 - 0.02 kPa-m)
between both methods for the porcine aortas, and 0.61 kPa-m (IQR: -0.27 - 1.29 kPa-m) for the AAA
patients. The line of equality was added as a visual aid (solid black line).

For the porcine aortas, a similar setup was used as previously described by Mascaren-
has et al. (2016). The difference with the current experimental setup is that the aorta was
surrounded by gelatin, and the addition of a spine at the dorsal side of the aorta. Moreover,
not a 2D US probe with a high frame rate and radio-frequency output was used, but a low
frame-rate 3D matrix array probe as used in current clinical practice. These improvements
were made to improve the realism of the experiment and to mimic the in vivo patient mea-
surements as closely as possible. In the studies by Kim and Baek (2011) and Mascarenhas
et al. (2016) an incremental shear modulus, Gjpc of 240 + 39 kPa was characterized. In the
current study;, a slightly lower incremental modulus of Gt = 203 (IQR: 140 - 226) kPa was
obtained. This difference is most likely caused by a lower diastolic and systolic pressure
during the inflation experiment in some of the porcine aortas.

Results revealed that the reproducibility in the 4D US method was higher compared to
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the bi-axial tensile tests (Figure 7.9). An explanation for this observation could be the use
of a constant wall thickness using the in vivo 4D US method, whereas in the bi-axial tensile
tests the wall thickness of each specimen was properly measured. This wall thickness
assessment was found to be very sensitive for errors. In order to reduce this error, the
average value of three measurements was calculated. However, remaining errors in the
wall thickness will directly affect the final wall stiffness. This variability in wall thickness
was especially high in the AAA samples, due to the presence of thrombus at the inner layer
of the tissue. Before tensile testing, this thrombus was removed from the tissue. However,
due to calcifications in the tissue, and the different layers of thrombus, it was difficult to
distinguish the intima from the outer thrombus layer (Tong et al., 2011).

Another explanation for the higher variability in the tensile test experiments might be
that for these experiments a local wall stiffness was obtained, while in case of the US-based
method, a global wall stiffness was estimated for the complete AAA. Local variation in
aortic wall stiffness can be large in AAAs and might be due to the presence of calcifications,
collagen remodeling in specific areas of the aneurysm, or by local variations in wall thick-
ness (Raghavan et al., 2006; Gasser et al., 2012; Niestrawska et al., 2016). Ideally, measuring
the patient-specific wall thickness in vivo and its spatial variability would increase the
reliability of the wall stiffness estimation in vivo and improve the comparison with the ex
vivo tensile test results. Unfortunately, none of the currently available imaging techniques
can provide this information with sufficient accuracy.

Besides the comparison of both characterization methods and its reproducibility, an-
other interesting finding in this study was that two of the four patients (AAA 1 and 3) who
underwent aortic surgery due to rapid growth of the aneurysm had approximately a three
times lower aortic wall stiffness using the US-based method compared to the other two
AAAs. Although this comparison only includes four AAA patients, these findings correlate
with the work of Wilson et al. (1998) and Di Martino et al. (2006), where ruptured AAAs were
less stiff compare to non-growing AAAs.

The prior paragraph also takes us to the main limitation in this study, which was the
limited number of AAA patients included in this study. Only patients undergoing open
surgical AAA repair in an elective situation could be asked to participate in this study. Since
the majority of the AAA patients are currently treated using endovascular aortic repair,
inclusion of sufficient patients will be challenging in a single center study. An alternative
might be to conduct post-mortem tissue samples of patients who recently underwent a
4D ultrasound acquisition of the AAA. However, ethical issues will make this approach less
favorable.

Secondly, an incompressible Neo-Hookean material model was used in this study to
describe the mechanical behavior of the aortic wall in the physiological range. This model
is valid for linear-elastic isotropic materials subjected to large deformations. Aneurysm
tissue is known to be highly anisotropic (Vande Geest et al., 2006b), which is currently not

considered in our analysis. Moreover, the stress-strain curves in Figure 7.7 and Figure 7.8
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reveal the well-known non-linear behavior of aortic and AAA tissue, which makes the
analysis dependent on the pressure range in vivo .A non-linear isotropic material model of
Raghavan and Vorp (2000) or a non-linear fiber-reinforced model of Holzapfel et al. (2000)
can be used to describe the non-linear behavior. However, these material models include
more material parameters, which results in higher parameter uncertainties when assessed
patient-specifically in vivo.

Finally, in the current finite element simulations only the aortic wall was simulated
while in vivo, and in the inflation experiments presented in this work, the AAA is surrounded
by a spine and surrounding tissue. To improve current finite element simulations, these
surrounding structures should be included in the model as well (Kwon et al., 2015; Farsad
etal.,, 2015). These improvements will reduce the local errors between the model and the
measured US displacements, and make the updated approach to calibrate the wall stiffness
even more reliable. Although these additions could be directly be implemented in the
model, this was beyond the scope of current study.

7.5 Conclusion

In this study, the performance of current 4D US-based characterization method was investi-
gated and verified with bi-axial tensile testing. The aortic stiffness was assessed and results
reveal a good to excellent reproducibility for the US-based method and a moderate repro-
ducibility for the tensile tests. Comparison of both methods showed a good agreement for
the porcine aortas in an idealized inflation experiment. AAA wall stiffness showed a similar
trend, although, in order to perform an accurate comparison between both methods, more
patients samples are required to provide a final verification of the techniques used.
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Abstract

Background: An ascending thoracic aortic aneurysm (ATAA) is a life-threatening disease,
due to the risk of dissection and rupture of the aorta. Nowadays the diameter is used as a
criterion for risk estimation, however, biomechanical characteristics such as material pro-
perties and peak wall stresses could improve the patient-specific rupture risk assessment
and thereby guide clinical decision making. In this study, the mechanical properties of the
ATAA are characterized in vivo using 4D (3D+t) transesophageal ultrasound (US) imaging
and iterative finite element analysis. The patient-specific material properties were verified

by mechanically testing of the resected aortic tissue afterwards ex vivo.

Methods: The 4D US acquisitions were acquired peri-operatively, followed by automatic
segmentation and cyclic deformation estimation using image registration. The cyclic defor-
mation was input for an iterative finite element approach (FEA) where the displacements
in the 3D FEA model were calibrated to the 3D+t US displacement field, resulting in a
patient-specific incremental shear modulus. These moduli were compared to the bi-axial
tensile testing results and those obtained with elastometry.

Results: The cyclic deformation of the ATAA showed reliable and representative displace-
ments, resulting in a median incremental shear modulus of 200 kPa (IQR: 178 — 256 kPa)
using FEA and using elastometry 161 kPa (IQR: 132 — 196 kPa). Ex vivo tensile testing of the
aortic samples resulted in a median incremental modus of 205 kPa (IQR: 145-274 kPa).

Conclusions: This study shows a minimally invasive approach to characterize the in-
cremental mechanical properties of the ATAA wall in vivo, which is in agreement with the
gold standard. In future studies, these material properties could be followed in time, to
assess its relation with rupture and growth, and be compared to healthy subjects.
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8.1 Introduction

A thoracic aortic aneurysm is an excessive localized enlargement of the thoracic aorta
which has an incidence rate of 10.4 per 100.000 person-years, with two-thirds involving an
ascending thoracic aorta aneurysm (ATAA) (Clouse et al., 1998). The main complication of
ATAAs is rupture, which is frequently preceded by dissection of the aorta Chen et al. (1997).
Thoracic dissection is a tear in the aortic wall intima, which causes the development of a
false lumen within the media. This causes weakening of the aortic wall, leading to rapid
growth, and finally rupture Chen et al. (1997). Hence, dissection involving an ATAA is a
medical emergency and require urgent surgical repair.

The majority of ATAA’s are asymptomatic and are often detected as an incidental finding
on physical examination by various imaging modalities performed for other purposes
Pande and Beckman (2013). The standard follow up involves measuring the diameter at
regular intervals. The cut-off point for surgical intervention is 5.0 — 5.5 cm for ATAA’s, which
is set by large clinical trials Erbel et al. (2014). However, recent evidence has shown that
97% of dissected ATAAs had a pre-dissection diameter that would have not been eligible for
elective surgery (< 5.5 cm) (Pape et al., 2007; Rylski et al., 2014). Furthermore, predicting in
which patients the aortic root will dilate, is currently not possible. Therefore, there is a large
demand for development of non-invasive clinical tools that not solely monitor geometrical
changes but can also characterize the mechanical state of the aortic wall, i.e., wall stresses
and mechanical properties, and their impact on growth (Fillinger et al., 2003; Pape et al.,
2007; Rylski et al., 2014). Biomechanical factors such as peak wall stress have been shown to
estimate risk of rupture better than the diameter criterion in abdominal aortic aneurysms
(Fillinger et al., 2003). However, these biomechanical properties are currently not available
for ATAAs.

Several groups investigated the mechanical properties of ATAA tissue ex vivo (Iliopoulos
et al., 2009). Sokolis et al. (2012) showed that aneurysm formation had no effect on the
strength of the ATAA tissue, but caused stiffening and distensibility reduction. In addition,
Forsell et al. (2014) showed that patients with a bicuspid aortic valve revealed a higher
macroscopic strength of the aneurysm compared to patients with a normal tricuspid aortic
value. Thereby, the stress in the wall of ATAAs has also been extensively studied. Beller et al.
(2004) investigated the role of aortic root motion on wall stresses in the ATAA by assigning
measured aortic root motion from angiograms as boundary condition in generic finite
element analysis (FEA) models of the ATAA. It showed that both aortic root displacement
and hypertension significantly increases the longitudinal stress in the ascending aorta.
Hence, computational modeling or elastographic analysis should include the longitudinal
stretch caused by aortic root motion. Trabelsi et al. (2015) estimated the material properties
invasively by performing ex vivo inflation testing on patient-specific tissue samples of the
ATAA. Next, patient-specific finite element analysis (FEA) was performed to obtain the

local stresses in the aorta based on CT imaging data and the derived material properties.
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However, in order to use the patient-specific material properties for risk analysis during
clinical follow-up, the material properties have to be estimated non- or minimally invasively
and not after abduction.

The mechanical properties of the aortic wall in other types of aortic aneurysms (mostly
AAAs) have already been estimated non-invasively using pulse wave velocity (PWV) mea-
surements (Blacher et al., 1999), pulse wave velocity imaging (PWVI) (Li et al., 2013), elas-
tography (Damughatla et al., 2015; Fromageau et al., 2008) and inverse or iterative FEA
(Flamini et al., 2015). In FEA, the wall deformation and wall stresses are calculated from
prescribed material behavior and for the load given (i.e., the measured blood pressure).
In iterative FEA the deformation is known, and the material behavior is estimated using
aforementioned deformation and the blood pressure as input. An advantage of solving
the inverse problem using FEA compared with the aforementioned techniques is that it
simultaneously provides mechanical properties, estimates of the local wall stresses, and
strains in the aneurysm (van Disseldorp et al., 2016b).

Many studies have used magnetic resonance imaging (MRI) and computed tomography
(CT) to obtain patient-specific geometries of the AAAs and ATAAs (Borghi et al., 2006;
Nathanetal., 2011; Trabelsi et al., 2015; Martin et al., 2015). However, the radiation exposure
of CT and the high cost of MRI make these modalities not suited for routine screening.
Ultrasound (US) is a promising alternative due to its low cost and high temporal resolution.
A downside of US include lower contrast and resolution, but recently Kok et al. (2015), and
van Disseldorp et al. (2016b), showed there was good similarity between the patient-specific
geometry of AAAs obtained using US and CT, and its feasibility for US-based wall stress
analysis. Not only will 4D (3D+t) US based FEA modelling approach yield biomechanical
parameters of interest, it will also use a cost effective imaging modality, which uses no
ionizing radiation, and can therefore be used for both monitoring and screening.

Estimating the cyclic deformation of the ATAA is challenging due to significant lon-
gitudinal motion and stretch caused by aortic root motion. Karatolios et al. (2013), and
Wittek et al. (2016), recently investigated the cyclic deformation using 4D speckle tracking
of US images for both the ascending thoracic aorta (using transthoracic 3D ultrasound)
and the abdominal aortic aneurysm, revealing physiological values for wall motion and
deformation.

The objective in this study was to characterize the mechanical properties of the ATAA
non-invasively and verify the results ex vivo (Figure 8.1). A combination of 4D US motion
estimation and US-based iterative solving of the inverse FEA problem was used to calculate
the incremental mechanical properties in vivo. For the development of this technique and
proof of principle, intra-operative transesophageal 4D ultrasound imaging was used, to
determine the patient-specific aortic wall material properties prior to ATAA excision and
graft placement. These estimates were compared to the properties obtained from in vitro

bi-axial tensile testing of the corresponding ATAA tissue samples for verification.
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Figure 8.1: Schematic overview of the methodology. 4D B-Mode data is used for both the segmen-
tation and estimation of the cyclic deformation (fop row). Next, the measured intramural blood
pressure, the estimated cyclic deformation, and the segmented geometry are used to solve the inverse
problem (i.e. from deformation to mechanical properties) using iterative finite element analysis
(FEA). Finally, the resulting patient-specific material property is compared to the values obtained
with bi-axial tensile testing (bottom row).

8.2 Materials and Methods

Study population

In this study, 23 patients (22/1 male/female) who underwent graft replacement were
prospectively included. Eleven patients were enrolled in a study at the Catharina Hospital
in Eindhoven (CZE) and 12 at the University Hospital in Brussels (UZB). This study was
approved by the local ethical committees of both Eindhoven and Brussels, and all patients
gave their informed consent. The age ranged between 44 and 72 years. The maximum
diameter of the ATAA was measured using computed tomography (CT) and ranged between
37 - 69 mm. More patient-specific demographics are listed in Table 8.1.

Data acquisition

US data were captured using a Philips IE33 or EPIQ Ultrasound System equipped with the
same transducer, an X7-2t probe designed for transesophageal echocardiography (Philips
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Table 8.1: Patient demographics involved in the study, for each analysis step

. . . . Tensile
Demographics Segmentation Registration FEA testing
Number (-) 23 22 19 15
Gender (M/F) 22171 21/1 18/1 15/0
Age (years) 44 -72 44 -72 44 - 66 44 - 66
Max. CT diameter
supracoronaire ascendus (mm) 31-69 31 -66 31 -66 31-55
Max. CT diameter
aortic root (mm) 37-58 37-58 37-58 37-58
Diastolic blood pressure (mmHg) 33 -89 33-89 33-89 33-89
Systolic blood pressure (mmHg) 46 - 127 46 - 127 46-127 46-114

FEA = Finite element modeling

Medical Systems, Bothell, WA, USA). Image acquisition was performed peri-operatively and
before the function of the heart was taken over by the cardiopulmonary bypass (Figure 8.2).
These transesophageal US data were acquired as part of the routine clinical workflow
during the surgery. For higher frame rate, ECG-triggered full volume data were acquired.
These full volumes were only used for analysis when no stitching artifacts were present
(n = 9). When stitching artifacts were present, single volume, live 3D acquisitions were
acquired and used for further analysis (n = 14). Full volume acquisitions consisted of 20 —
33 time frames per heart cycle with a voxel size of 0.58 + 0.11 mm by 0.69 + 0.13 mm by
0.68 + 0.14 mm. The live acquisitions consisted of 7 — 20 time-frames per heart cycle with
a voxel size of 0.53 + 0.09 mm by 0.62 + 0.12 mm by 0.60 + 0.12 mm in the axial, lateral,
and elevational direction, respectively. The intramural pressure was measured during US
acquisitions using an intravascular pressure needle in the ascending aorta.

Tissue storage

The resected part of the thoracic aorta, was stored in a phosphate buffered saline (PBS)
solution and transported to the Eindhoven University of Technology. To prevent tissue
deterioration while awaiting biaxial tensile testing, the ATAA segments were frozen at -80
degrees Celsius in a 10% dimethyl sulfoxide (DMSO) and 90% phosphate buffered saline
solution (PBS) solution (Stemper et al., 2007).

Segmentation

The geometry of the ATAA was required for both FEA and aortic motion estimation. To
reduce labor time and intra-user variability, aortic wall segmentation was performed
automatically after manually initiation. Two points (i.e. proximal and distal) were selected

at the centerline of the aorta in the longitudinal plane (d,l-plane in Figure 8.3). The
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Figure 8.2: Example of a 3D transesophageal ultrasound acquisition of an ascending thoracic aortic
aneurysm. Shown are a sagittal (fop, left), transversal (top, right), and coronal (bottom, left) cross-
section and a 3D volume render (bottom, right).

Euclidean shortening flow (ESF) filter, a well-known edge-preserving de-speckling filter,
was used to reduce noise in the US data which could hinder the segmentation process
(Alvarez et al., 1993). The segmentation was performed using active deformable models
(ADMs) as introduced by Kass et al. (1988). The ADMs are deformed such that they are
located at requested image features while minimizing an energy function. The total energy
is given by:

E = 51Ein + S2Eedge + Eshape (8.1)

with Ej, and Eeqge external energy terms based on respectively the image intensity and
gradients, s; and s, weighting parameters (given in Table 8.2), and Egpape the internal
energy of the shape of the segmentation.

The external energy was estimated using a Gaussian differentiator (o = 0.7) in the radial
direction. Since the derivative is taken with respect to the vessel’s centerline, the inner wall
of the aorta is expressed as a positive value in Eeqge, while the outer wall is expressed as a
negative value. This ensures that the shape is contained within the aorta.

Wall — lumen contrast is larger for the part of the aortic wall where the wall’s radial
direction is normal to the US-beam. In these regions, the ATAA was segmented first using
a 1D ADM approach, see Figure 8.3, starting from the centerline. The segmentation was
performed by deforming the shape using a gradient descent method (k = 200 iterations,
Ot =1 as step size), minimizing Equation 1, with an added initiation force term to reduce
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dependency on the initial geometry (Xu and Prince, 1997). After this first segmentation,
this method was repeated for the neighboring slices until the mean squared difference
between the neighboring shapes becomes larger than a certain threshold (50 pixels).

The resulting contours were merged into a 3D membrane, which was used as initial
shape for the 3D ADM approach. Furthermore, an initialization energy term (E;) was
introduced, a Gaussian blurred version of the mask obtained during the 1D ADM step.
Finally, the 3D geometry of the ATAA was obtained by minimizing:

E = s1Ein + $2Eedge + S3E1 + Eshape (8.2)

All parameters used are given in Table 8.2.

Cyclic deformation

In the cyclic deformation of the ATAA, significant motion in the longitudinal direction
was observed, i.e., parallel to the centerline of the ATAA (see Figure 8.4). Hence, 2D aortic
expansion could not be tracked in-plane. Therefore, a multiscale registration approach was
used, with the assumption that the cyclic motion and deformation of the ATAA segment
within the limited field-of-view (FOV) could be approximated by an affine transformation.
An affine parametrization was used in which the transformation matrix is described as a
combination of a rotation, shear, scaling, and translation (Leermans and Jones, 2009).

The longitudinal axis was defined to be parallel to the centerline of the aorta (Fig-
ure 8.4A), which was obtained by manually rotating the B-mode data until the centerline
was parallel to the y-axis. A region of interest closely surrounding the ATAA was chosen by
expanding the segmentation results in radial direction (see previous section).

Registration was performed using the open source registration toolbox Elastix (Image
Science Institute, UMC Utrecht, Utrecht, the Netherlands) in a two-step multi-resolution

strategy, in which the longitudinal and circumferential stretch were estimated separately. In

Table 8.2: Parameters for the segmentation method

Parameter: Value: [-]

$1 0.125
S2 20
S3 -0.2

a 1

B 3
ot 1

g 0.7
b 0.9
k 200
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Figure 8.3: An overview of the segmentation process. (A) Initially, in the 4D DICOM data, a slice
which contains the aorta was manually located (B). The automatic segmentation was initialized by
selecting two points within the aortic segment. (C) Subsequently Euclidean Shortening flow (ESF)
filtering was performed. (D) The 2D segmentation was applied by solving the minimization problem,
i.e., the shape deforms such that the image energy is minimized while the internal energy of the
shape prevents discontinuities. (E) This is repeated for neighboring slices until the deviation with
the previous segmentation exceeded a set threshold. (F) The resulting geometry was used as initial
geometry for the 3D active deformable model (ADM).
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Figure 8.4: (A) Biplane image of an ascending thoracic aortic aneurysm and corresponding local
coordinate system with the longitudinal axis (1) parallel to the mean centerline, the diameter in lateral
direction (d}) and the diameter in axial direction (d,). (B) The aortic root in diastole (left) and systole
(right). (C) Significant motion in the longitudinal direction can be observed.
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the first step, a larger region of interest (ROI) was used, including the heart, to estimate the
longitudinal motion and stretch accurately. In the second step, the ROI was reduced such
that the heart was excluded again, in order to estimate the circumferential stretch more
accurately. Each step was performed at three resolution scales (o = (1,4,8) voxels) using
the adaptive stochastic gradient descent method (Klein et al., 2009). A normalized cross-
correlation (NCC) function was used to calculate the similarity between two consecutive
images, where high values of NCC (0.9 < p < 1) correspond with a good similarity between
the images. An Eulerian frame of reference was used to avoid error propagation. The
motion estimation was performed by optimizing the transformation matrix such that it
yielded the highest possible NCC. Visual inspection of the deformation revealed that the
order of magnitude of the motion of the ATAA was in the order of 10 voxels, the rotation of
the ATAA due to motion of the heart was 10°, while shearing and strain were in the order of
10% under physiological conditions. A total of 2000 iterations at every scale was sufficient

to achieve convergence, which was defined as NCC <0.001 in the last 10 iterations.

Iterative finite element analysis

The material properties were estimated by an iterative finite element approach (FEA) using
Abaqus 6.14 (Dassault Systémes, Paris, France). A mesh was created using the segmentation
results, where the outer wall was interpolated, assuming a wall thickness of 2.4 mm in
diastole. This value was chosen based on ex vivo wall thickness measurements at zero
pressure (see next section), after correction for the longitudinal and circumferential pre-
stretch. The aortic wall was modelled as an incompressible Neo-Hookean solid. The initial
condition was obtained from the elastometry approach (next section). The ATAA wall was
meshed with hybrid 8-node linear hexahedrons, while the presence of at least two elements
in radial direction was ensured. The wall was fixated at the proximal side and fixed in the
z-plane at the distal side.

To estimate the pressure-free geometry, the backward incremental method was applied
(de Putter et al., 2007). After obtaining the pressure-free geometry, the proximal side was
displaced with the estimated aortic root motion to simulate the in vivo longitudinal stretch.
Subsequently, the patient-specific systolic pressure was applied to the inner surface of the
aortic wall. Finally, the displacements of the aortic wall between the diastolic and systolic

geometry were calculated from the FE model, and compared to the US displacement data.

Again a gradient descent method was used to optimize the incremental material prop-
erty (Grga) by minimizing the difference between the x-y-displacements in the FEA and
the x-y-displacements derived from the US data (van Disseldorp et al., 2016b). An initial
stepsize of 10 kPa was used. When the difference between the displacements from US data
and FEA increases, the search direction changed and the step size was decreased by a factor

5. Convergence was obtained when the step size was smaller than 0.1.
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Elastometry

To verify the FEA results, a direct elastometry approach was used to estimate the material
properties using a Neo-Hookean constitutive model and LaPlace’s law as described in
Lopata et al. (2014) and Mascarenhas et al. (2016). The deformation matrix (F;,;4;) that de-
scribes the stretching of the aorta in longitudinal motion due to the axial pre-stretch (1 22p)
and cyclic deformation (A;,), followed by inflation induced circumferential stretching
(Agg), is given by:

1
— 0 0
ABH'\/AZZp Azzc A
F = 0 ——Lo 0 8.3
total \/m ( )
0 0 Azzp Azzc

The relationship between stretch and stress can be derived using the constitutive law for
Neo-Hookean materials (Equation (7.1)), which leads to:

GELASTO

1
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The longitudinal stretching due to the aortic root motion (1;;,) occurs simultaneously
with the circumferential stretching induced by the aortic inflation. Hence, the measured
circumferential (Agg,,) stretch is a combination of the true circumferential stretch (1gg)
and the cyclic longitudinal stretch (1., ):

Ao

Ao, =
vV Azzc

Therefore, the constitutive Neo-Hookean law as function of the measured circumferential

(8.5)

stress is obtained by substituting Equation (8.5) in Equation (8.4), which leads to:

1
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06 .

(A3, ) (8.6)

Finally, the incremental shear modulus (Ggr as70) within the diastolic and systolic stress

range was approximated using Equation (8.6), the measured stretches, and blood pressure.

Bi-axial tensile testing

The ATAA segments were slowly thawed at room temperature, rinsed with PBS to wash
out the DMSO and cleaned. The ATAA segments of all patients underwent cross-sectional
2D ultrasound in a water tank to determine the wall thickness at zero pressure. A linear

array transducer (4-11 MHz) was placed perpendicular to the axis of the aorta. Using a
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MyLAB70 ultrasound system (Esaote Europe, Maastricht, Netherlands), 2D raw ultrasound
data were acquired (193 lines per frame), and discretized at a sample rate of 50MHz. The
wall thickness was determined by manually selecting the inner and outer side of the aortic

wall.

The aortic segment was cut open at the curvature minor, after which 4 samples were
obtained at the curvature minor and 4 samples were obtained from the curvature major.
The samples had an approximate area of 15 mm x 15 mm. The prepared samples were
subjected to bi-axial tensile testing to obtain the material property as described by Lopata
etal. (2014). The longitudinal and circumferential directions of the samples were aligned
with the clamps of the biaxial tensile tester. Each bi-axial test was performed at 37°Celsius
in PBS solution. Subsequently, the aortic samples were pre-conditioned and afterwards
stretched in the circumferential direction in consecutive cycles of 0% to 50% strain, with
a fixed longitudinal pre-stretch of 25%. This longitudinal pre-stretch was based on the
averaged longitudinal pre-stretch measured before and after resecting of the aortic tissue.
Finally, the image registration software of Labjoy (Cellscale, Waterloo, Canada) was used to
obtain the displacement data by tracking the graphite particles.

The incremental shear modulus (Grr) was calculated for the patient-specific stress
range, which were the diastolic and systolic circumferential stress from both the FEA and
elastometry US-based methods (see Figure 8.7 for graphical interpretation). The Cauchy-
stress was calculated by dividing the force at the rake by the cross-sectional area of the
sample within the clamps. Finally, Gt was estimated using a least squares parameter
estimation algorithm in MATLAB (Mathworks, Natick, MA, USA)(Lopata et al., 2014).

Data analysis

Manual segmentation and automatic segmentation were compared using the Dice coeffi-
cient or similarity index (SI). The SI is a measure for the percentile overlap between the two
geometries, which is calculated by:

_ 2(Pauto N Pmanual)

SI=
(P auto T P manual)

8.7

with Pauto and Pyanual the number of pixels in the automatically and manually obtained
geometry, respectively. Moreover, the mean absolute difference (MAD) was calculated
as a measure for the local irregularities in the geometry. The mechanical properties cal-
culated with iterative FEA, elastometry, and bi-axial tensile testing were compared with
Bland-Altman analysis to quantify their bias and (limits of) agreement. The circumferential
strains were verified by manual measurements based on segmentation of the diastolic and
systolic ATAA geometry.
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8.3 Results

Segmentation

In Figure 8.5A, three typical examples of transesophageal 4D ultrasound data of an ATAA
geometry are shown. The SIs varied between 0.90 and 0.97 with a median of 0.93, which
indicates that the segmented geometries are in good agreement to manual segmentation.
The MAD, a measure for local irregularities, ranged between 0.9 - 2.4 mm. The manual and
automatic segmented geometries with their SI and MAD for the abovementioned three

geometries are shown in Figure 8.5B.

Cyclic deformation

One patient was excluded since the segmented geometry moved outside the field of view
over the cardiac cycle, which inhibits correct calculation of the dynamic behavior of the
ATAA. Before registration, the median longitudinal motion of the heart valves in the 4D US
data was found to be 7.2 mm with an interquartile range (IQR) of 5.3 — 9.6 mm between
patients. After correction, the median longitudinal motion was reduced by 81% to 1.6 mm
(IQR: 0.7 — 1.9 mm). The estimated median longitudinal and circumferential strain after
affine registration were respectively 17% (IQR: 8 — 27%) and 6% (IQR: 4 — 7%).

Manual
P Automatic

SI: 0.91 SI: 0.93 SI: 0.97
MAD:1.92mm MAD:1.71mm MAD: 0.95 mm

Figure 8.5: (A) Three examples of ultrasound images of an ascending thoracic aortic aneurysm (top).
(B) The automatic (blue) and manually (yellow) segmented contours and corresponding similarity
indices (SI) and mean absolute difference (MAD) values.
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The comparison between the affine and circumferential stretch is visualized in Fig-
ure 8.6A. A mean difference of 0.9% was observed between the manual and affine derived
circumferential strains.

In vivo mechanical characterization

For 3 out of 22 patients, intraluminal pressure data were unavailable and were therefore
excluded for mechanical characterization of the ATAA wall. For the remaining 19 patients
the patient-specific incremental shear modulus was calculated with the iterative finite
element model (Gpga) and elastometry (Ggrasto), shown in Figure 8.8A. The median Grga
and Ggrasto were respectively 200 kPa (IQR: 178 — 256 kPa) and 161 kPa (IQR: 132 — 196
kPa). In Figure 8.8B a Bland-Altman plot reveals a median difference of 34 kPa (IQR: 11 - 74
kPa) between Grga and Ggrasto- Figure 8B also shows two outliers, where Ggrasto is 29%
higher and 35% lower, respectively, compared to the finite element method.

In vitro characterization using bi-axial tensile testing

For 15 patients, ATAA tissue samples were available and mechanically tested using bi-axial
tensile testing. The stress-strain curves of all aortic samples (n = 8) of two ATAA patients are
visualized in Figure 8.7. In Figure 8.7A, an example is shown of a patient with a small variety
in stress-strain behavior between the different samples, resulting in similar predictions for
Grr (represented by the tangent of the red line). While in Figure 8.7B, an example is shown
with a large dispersion in the stress-strain behavior between the different samples of the
ATAA tissue.
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Figure 8.6: The circumferential stretch determined by affine registration as function of the manual
derived circumferential stretch. The line of equality was added as a visual aid (solid line).




134 | Chapter 8. Mechanical analysis of acsending thoracic aneurysms

>
w

200 ¢ 400
2
) g S {
&, 150 < 300 T
2 2 A’
o o fooe
+ 100 + 200 , h .
£ z Pt R
S 50 o S 100 f e A
8 s 8 At
M‘“ iv"" .m FE
0 _paama . . ) 0 N .
0 0.2 0.4 0.6 0 0. 0.4 0.6
Finger strain [-] Finger strain [-]

Figure 8.7: The stress-strain curves of two ATAA samples after mechanical bi-axial tensile testing.
The black line represent the stress-strain curve for each sample (n=8) while the red line shows the
part of the stress-strain curve which is used to characterize the incremental shear modulus (Gtr). (A)

A sample with a low variety in (Gp), and (B) a sample with a large dispersion in the characterized
modulus.

Finally, the in vitro incremental shear moduli were calculated for all ATAA patients and
revealed a median of Grr = 205 kPa (IQR: 145 — 274 kPa). In Figure 8.8C and Figure 8.8D
the patient-specific in vivo Ggga is compared to Grr. It shows a moderate agreement with
amedian difference of 51 kPa (IQR: -59 — 78 kPa). When Ggpasto is compared to Gpr the
bias between the two methods is reduced to a median difference of -36 kPa, as shown in
Figure 8.8E and Figure 8.8E However, the dispersion is considerable (IQR: -92 — 46 kPa).

8.4 Discussion

In this study, the estimation of the incremental mechanical properties of ATAAs was per-
formed peri-operatively in a group of ATAA patients in two medical centers. The incremen-
tal shear modulus was estimated using an iterative FEA approach based on 4D ultrasound.
Finally, the estimated material properties were verified with an elastometry approach and
by in vitro bi-axial tensile testing.

The longitudinal motion of the ATAA, induced by contraction of the heart, was reduced
by 81% in the multiscale registration step, which reduces errors caused by 2D out-of-
plane motion and emphasizes the need for 3D US imaging when investigating ATAAs.
Furthermore, the global deformation of the ATAA was estimated and verified. It yielded
similar results for the longitudinal strain as found by Wittek et al. (2016) and Bell et al. (2014).
The circumferential strain was similar to the manually determined circumferential strain
except for a small bias of 0.9%. Hence, the global registration approach is able to capture
the global cyclic deformation of the ATAA segments, thereby circumventing problems that
would arise with block matching due to the lack of features in the longitudinal direction.



8.4. Discussion | 135

A. C. E.
600 600
s - 600 %
yd ¢ / e
E 400 - T 400 ~ E 400 -
©
=, * o =3 -
g : . g . e . N
17} e 5 W/‘ 1%
< e <
s S T80 eRmT
. (O]
%
+ / -—
/ * / //
0 : : 0 : : : S ‘
0 200 400 600 0 200 400 600 0 200 400 600
B Grep [kPa] b G [kPa] F G [kPa]
300 300 { 300 3
3 | [ w |
Dx; 200 \ . . E 200 ¥ % 200
© 100t = 100t 100 |
17 CE S A [ »—'—f—‘—’—ii}— ———————————————————————— ot A } 4
< gleE, ry =) R S o
[m} e o é 1 } Io ,,,,, iif ,,,,,,,,,, .
® .
T 100 ¢ ¢ $-100 ¢ 1 % -100 | ¢ l
] o o }
(Du- -200 - -200 - ¢ -2001 l
0 : : -30 : : : -300 : :
100 200 300 400 100 200 300 400 100 200 300 400
Mean GFEA and GELASTO [kPa] Mean GFEA and GTT [kPa] Mean GELASTO and GTT [kPa]

Figure 8.8: Scatter plots (fop row) and Bland Altman plots (bottom row) for comparison of the
incremental shear modulus (G) estimates. (A) The patient-specific incremental shear moduli derived
using finite element modelling (Ggga) and elastometry (Ggrasto)- (B) Bland Altman plot shows a
median difference of 34 kPa (interquartile range (IQR): 11 - 74 kPa) between Gpga and Ggpasto. (C)
The patient-specific incremental shear moduli derived using finite element modeling (Ggga) and
biaxial tensile testing (Gpr), the error bars visualize the inter-quartile range. (D) Bland Altman plot
shows a median difference of 51 kPa between Ggga and Gpr with its IQR (-59 — 78 kPa). (E) The
patient-specific incremental shear moduli derived using elastometry (Ggpasto) and bi-axial tensile
testing (Grr). (F) Bland Altman plot shows a mean difference of -36 kPa (IQR: -92 — 46 kPa) between
Ggrasro and Grr.

Moreover, transesophageal echocardiography B-mode data were used, in which the
walls of the aorta are mostly a white edge/region without any distinguishable speckles due
to the relatively low frequency used to gain sufficient penetration depth. This means that
tracking of speckles will not be feasible in the longitudinal direction. Therefore, motion is
hard to estimate locally using approaches like block matching techniques (Banerjee et al.,
2015). Hence, a multiscale registration approach was used.

For clinical purposes and future large-scale studies, manual segmentation of all geome-
tries is labor intensive and therefore not feasible. Therefore an automatic segmentation
approach was implemented in this study to reduce user-bias and processing time. It showed
similar results as obtained with manual segmentation and reduced the segmentation time
from approximately 15 minutes to 1 minute.

The iterative FEA method yielded similar values compared to the elastometry approach,
with a median difference of 34 kPa (IQR: 11 - 74 kPa). Differences could be explained due to
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several assumptions in the elastometry approach, such as the cylindrical tube assumption,
the use of LaPlace’s law, and measurement uncertainties in geometry and aortic wall track-
ing. The estimated mechanical properties using the 4D ultrasound data were subsequently
compared with the patient-specific tensile test results. Median differences of 51 and -36 kPa
were observed between tensile testing and FEA results, and with respect to the elastometry
characterization, respectively. However, a relatively large spread was found. This could be
caused by inaccurate motion estimation due to the lack of RF data in vivo, which could
lead to overestimation of the shear moduli in vivo.

Both the in vivo and ex vitro determined shear moduli were lower in comparison with
values found by Azadani et al. (2013), who found a Young’s Modulus in circumferential
direction for healthy patients of 905 kPa. This corresponds to an incremental shear moduli
(Ginc) of 302 kPa when assuming an incompressible isotropic material. This difference is
most likely caused by the relatively low diastolic and systolic aortic pressures in our study,
since the US acquisitions were acquired during surgery (median mean arterial pressure:
69 mmHg, IQR: 59 — 72 mmHg). This may have led to a different part of the stress-strain
curve that was analyzed. Furthermore, an inherent limitation of stress-matching is that
the accuracy of Grr is depended on defining an accurate stress range based on the patient-
specific FEA. One might argue that stretch matching removes that uncertainty, however
it is more susceptible for other inaccuracies involved with ex vivo tensile testing (e.g.,
hysteresis).

One of the limitations of 4D US is the relatively low frame rate in comparison with 2D
US approaches. Furthermore, the use of DICOM instead of RF data limits the precision of
the estimated displacement. The combination of a low frame-rate, artifacts, significant
longitudinal motion of the aorta, and the lack of RF data made conventional speckle
tracking of transesophageal US data not sufficiently robust for accurate motion tracking.
Therefore, the cyclic deformation of the ATAA was approximated as an affine deformation.
In reality, the 3D deformation field of the ATAA is more complex, which may have led to
errors in the displacement estimation. In future studies, acquisition sequences leading to
higher frame rate and the use of raw radiofrequency data should improve the displacement
estimation and improve the accuracy of the motion and mechanical properties.

In this study, a Neo-Hookean material was used to describe the behavior of the aorta,
which is acceptable within the limited pressure range between diastole and systole (See Fig-
ure 8.7). In future research, a more complex non-linear material model could be employed.
A non-linear model could give information about the ratio between collagen and elastin,
which is different in healthy and ATAA tissue. However, this would also lead to more param-
eters, which in turn will lead to higher model uncertainties. Moreover, future work could
include a true inverse approach in which the stiffness matrix is directly calculated from
the measured displacements, local stress analysis, and possibly fluid-structure interaction
which might help to predict aneurysm growth or rupture (Duprey et al., 2016).

Despite these limitations, this study showed an in vivo approach to characterize the
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mechanical properties of the ATAA wall non-invasively. In this study, transesophageal 4D
US data was used since it was available peri-operatively without interfering with clinical
workflow. However, the use of transthoracic US would allow to follow these material
properties over time non-invasively. Finally, a longitudinal study should be performed
in future to examine and assess a possible relation between mechanical properties and
aneurysm growth and/or aortic root dilation.

8.5 Conclusion

This study demonstrated the merit of an iterative FEA approach to estimate the patient-
specific mechanical properties of the ATAA in vivo using 4D ultrasound, which was sub-
sequently verified in an experimental setting. In future work, a comparison with healthy
patients should be performed to investigate the feasibility to differentiate between high-risk
and low-risk aneurysmal tissue prone for rupture.







CHAPTER 9

General Discussion
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9.1 Motivation and main findings

In this thesis, mechanical characterization of abdominal aortic aneurysms (AAAs) has been
developed, based on time-resolved 3D ultrasound (4D US). The advantage of using US as
preferred image modality lie in its non-invasive and harmless nature, low cost, and high
temporal resolution. Therefore, 4D US is accessible for a large cohort of patients, and an
ideal modality to perform wall stress analysis during the regular AAA screening program.
In addition, by using the available temporal data in the 4D US acquisition, not only the
wall stress distribution could be assessed, but also the patient-specific aortic stiffness was
successfully characterized. This method was verified using CT data for accurate geometry
and wall stress comparison, and using ex vivo mechanical testing to verify the in vivo
measured aortic stiffness. Finally, this method was employed in a longitudinal prospective
clinical study of 3,5 years, where changes in wall stress and aortic stiffness were followed
over time. The main findings of this thesis are:

e Ultrasound-based wall stress analysis can be performed accurately within the limited
field-of-view that US provides, as long as both shoulders of the AAA are available for
meshing. The aortic bifurcation is not necessarily needed for adequate wall stress
quantification (Chapter 2).

* For aneurysms which exceed the US field-of-view, a fusion algorithm was developed
to merge multi-perspective 3D US acquisitions. In addition, an automatic segmenta-
tion method was created to make the US segmentation process less labor intensive
and more robust (Chapter 5).

e AAA geometries and wall stress distributions acquired using 4D US were verified
using CT imaging and revealed good similarities (Chapter 3 and 5).

¢ A comparison study between AAA patients and age-matched volunteers showed that
the AAA pathology causes an increase in aortic stiffness, already in an early stage
of the disease, i.e., at small maximum diameters (Chapter 4). A similar pattern was

observed for ascending thoracic aortic aneurysms (ATAAs) (Chapter 8).

e Peak wall stresses for volunteers and AAA patients showed a significant correlation
with diameter. Moreover, AAA patients with peak stresses comparable to volunteers
were observed while other patients with equivalent diameters revealed an increased
peak wall stress (Chapter 4 and 6).

* Longitudinal analysis of the arterial stiffness revealed that rapid growing AAAs have
a lower arterial stiffness before the onset of rapid AAA growth, when compared to
AAAs with slow or no growth. (Chapter 6).
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e Verification experiments were performed using bi-axial tensile testing and revealed
moderate to good agreement in arterial stiffness between the in vivo and ex vivo
measurements for both AAAs and ATAAs (Chapter 7 and 8).

In the following sections, the main findings and implications are evaluated. Furthermore,
the limitations and future perspectives of this thesis will be discussed.

9.2 From evidence based to personalized medicine

Current clinical guidelines for AAA repair are based on large randomized controlled trials
which are designed to predict the best population-based outcome (The UK Small Aneurysm
Trial Participants, 1998; Lederle et al., 2002b). However, the best population-based solution
is not necessarily the ideal treatment option for the individual patient. In AAA rupture
risk management, this is reflected by early rupture in 2 - 10% of all AAAs in follow-up
before current thresholds for repair are reached (Nicholls et al., 1998). On the other hand,
approximately 25% of all patients with large, but stable AAA are currently subjected to
surgical repair, which result in unnecessary surgical risks for the individual patient (Darling
etal, 1977; Lederle et al., 2002a). Hence, in this thesis we want to move from population-
based evidence towards a more personalized approach.

As stated before in this thesis, aneurysms will rupture if the aortic wall stress exceeds
the mechanical strength of the AAA wall. Therefore, not the maximum aortic diameter, but
the state of the aortic wall (i.e., wall stress and wall strength) should be monitored over time.
Time-resolved 3D ultrasound (4D US) is therefore an ideal image modality which can be
easy implemented in clinical workflow since it is non-invasive and easy applicable. 4D US
can be acquired during regular outpatient follow-up, which only requires approximately 10
minutes of extra time. Therefore, in this thesis, we developed a method to characterize the
mechanical state of the AAA wall based on 4D US.

Of course, US imaging has some challenges. First of all, image quality can be limited
due to the presence of bowel gas, calcifications in the aortic wall, and the large depth of
the AAA. In addition, the field-of-view (FOV) of US imaging is restricted due to physical
constrains. To examine the effects of the limited FOV using 4D US imaging on the patient-
specific wall stress distribution, a methodological study was executed in Chapter 2. Ten
AAA patients with a variety of different AAA geometries were included and wall stress
analysis was performed based on CT data. By systematically reducing the FOV, changes
in the 99™ percentile peak wall stress (PWS) were observed. Finally, the PWS at different
locations in the original CT dataset were compared with the PWS in the reduced FOV which
was comparable with a single 3D US acquisition. Results revealed that a limited field-of-
view is not necessarily a concern, as long as both areas with high curvature ("shoulders" of
the aneurysm) were included in the FOV of the US acquisition.
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Since the FOV was not a limited factor for proper wall stress analysis, a first feasibility
study was performed to characterize the mechanical properties using 4D US in Chapter 3.
Forty patients with AAA geometries that fits in one single 4D US acquisition were enrolled,
and subjected to 4D US imaging. Using a forward iterative finite element approach, the
simulated wall displacements were matched with the measured US displacements resulting
in the patient-specific wall stress distribution and mechanical properties. This was the
first time that both wall stresses and mechanical properties were assessed simultaneously.
Moreover, since US imaging was used to capture the AAA geometry, this method can be
applied to the complete diameter range of patient in follow-up. This, in contrast to most
previous CT-based wall stress studies, where only patients were included with diameters
close to the threshold for surgery (Speelman et al., 2010; Gasser et al., 2014).

The 99" percentile PWS results were compared with the study by Speelman et al.
(2008) and showed similar results for the overlapping diameter range. The main difference
between both studies was that the AAA diameters ranged in our study between 27 and 52
mm whereas in Speelman’s CT-work the AAAs ranged between 44 and 57 mm.

Moreover, for 7 out of the 40 AAA patients not only 4D US data were acquired, but
also CT data were available. This data allowed direct comparison of the patient-specific
aortic geometry and percentile wall stresses. A good to excellent similarity between both
geometries was observed with similarity indices (i.e., Dice coefficients) between 0.90 and
0.96, which is in correspondence with a segmentation reproducibility study by Rouet et al.
(2017). Wall stresses comparison showed that the 257 to 95" percentile wall stress were
in agreement, while the 99" percentile PWS in the CT data exceed the US data by 5 - 58%.

9th

This is in contrast to the previous work by Kok et al. (2015) where the 99™ percentile PWS

was higher in the US data compared to the CT data. However, the overestimation of the ggth
percentile wall stress in Kok et al. (2015) was caused by registration errors in the US data,
whereas the difference in current study was most presumably induced by oversmoothing
of the US geometry after manual segmentation. This result advocated for an automated
segmentation approach to reduce smoothing artifacts, and to make the segmentation
approach less labor intensive and more robust (Chapter 5).

Furthermore, the measured material properties in Chapter 3 were compared with the
parameters of the well-established material model of Raghavan and Vorp (2000). Since in
vivo only the mechanical behavior of the AAA wall at the physiological blood pressure range
could be assessed, the material behavior was compared for this specific range. Results
showed that 80% of the in vivo determined material properties were within the, ex vivo
derived, 95% confidence interval.

First feasibility study revealed promising results, however, to prove the clinical value
of the current model it should be able to distinguish between healthy and diseased aorta
tissue. Therefore, arterial stiffness and the 99t percentile PWS were characterized for
young individuals, age-matched individuals, and AAA patients in Chapter 4. In total, 30

volunteers (max. diameter 13 - 29 mm) and 65 AAA patients with AAA diameters ranging



9.2. From evidence based to personalized medicine | 143

from relatively small (31 - 39 mm) to large (50 - 63 mm) were included, and differences in
mechanical properties and their relation to age, arterial pressure, diameter, and growth
were assessed.

A significant increase in arterial stiffness was observed between the age-matched indi-
viduals and the patients with a relatively small AAAs, even after correcting for differences in
mean arterial pressure and the effect of aging. This suggest that the AAA pathology causes
stiffening of the aortic wall already in an early stage of the disease. As a consequence,
following this arterial stiffness over time might help to predict possible formation and/or
growth of the AAA, especially since the arterial stiffness further increases when the AAA
pathology becomes more severe and the diameter enlarges.

Only a few studies compared the arterial stiffness between healthy volunteers and AAA
patients. Li et al. (2013) used pulse wave velocity imaging (PWVI) to assess the arterial wall
motion and reported average pulse wave velocities of 6.03 and 10.54 m/s for the normal
and AAA subjects, respectively. This corresponds with an arterial stiffness of 0.26 and 1.57
kPa-m (Equation (1.5)), which is similar as observed in Chapter 4. The study of Derwich
et al. (2016) did not focus on arterial stiffness, but characterized aortic strain between
volunteers and AAA patients. Differences in mean circumferential strain were measured,
and correspond to our findings by assuming similar physiological blood pressures in both
volunteer and AAA group.

Moreover, the 99™ percentile PWS was estimated for the young individuals, age-matched
individuals, and AAA patients in Chapter 4, and revealed a significant correlation with the
aortic diameter. Furthermore, AAA patients with PWS similar to age-matched volunteers
were observed whereas other AAA patients with an equivalent maximum diameter had an
increased PWS. An increased PWS has been associated with symptomatic and ruptured
aneurysms (Fillinger et al., 2002; Truijers et al., 2007; Khosla et al., 2014) and revealed a
higher sensitivity and specificity in rupture risk assessment compared to the maximum
diameter (Fillinger et al., 2003; Gasser et al., 2014).

Next steps for the current research would be to follow these patients over time, to
examine whether small AAAs with high PWS are more prone to rupture compared to large
AAAs with relatively low PWS. In addition, it would be interesting to assess how the arterial
stiffness evolves over time and their possible relation with AAA growth. A first longitudinal
study on the biomechanical properties of AAA patients was discussed in Chapter 6.

Such a long-term study would require an automatic analysis platform. Consequently,
in Chapter 5 an automatic segmentation method was developed for 3D US data of AAA
patients. In addition, based on the results in Chapter 2, a registration algorithm was
developed to merge a proximal and a distal 3D US acquisition to include AAAs with a larger
longitudinal length in our studies. In order to test the accuracy of this segmentation and
registration algorithm, 40 AAA patients were included in this study for which both CT and
US data were acquired. For 20 AAA patients, first registration of two multi-perspective 3D

US datasets was required before final automatic segmentation was applied.
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Good agreement was observed in AAA geometries (Figures 5.4 and 5.5) and wall stress
distribution (Figures 5.6 and 5.7) between the 3D US and CT data. The median local
mismatch between the AAA geometries was 4.6 mm, which is considerable, although in the
same range as reported in previous studies (Rouet et al., 2010; Kok et al., 2015; Rouet et al.,
2017). An advantage of proposed fusion algorithm is that high wall stress artifacts induced
by manual registration (Kok et al., 2015) were precluded.

Improvement in segmentation and fusion of multiple 3D US data resulted in a robust
and automated computer model which was able to assess the patient-specific arterial
stiffness and PWS based on 3D US acquisitions with only limited user interaction. This
opens the door for a longitudinal study to assess possible changes in arterial stiffness and
PWS over time, and to study their relation to AAA growth and rupture.

Therefore, in Chapter 6, 70 AAA patients were followed during regular follow-up for
a median period of 24 months. Besides the maximum AAA diameter, the aortic stiffness
and PWS were regularly measured. In addition, mechanical properties of patients with a
ruptured AAA (n = 4) were compared with the non-ruptured AAAs (n = 66).

First results of this longitudinal study revealed that most rapid growing AAAs have a
lower arterial stiffness at the moment before AAA growth is observed compared to slow
growing or stable AAAs. In addition, in 67% of all patients that exhibited rapid growth
between two follow-up intervals, a preceding decrease in arterial stiffness was observed.
This value increased up to 71% for all patients with at least 2.5 mm growth in 3 months,
which is comparable with current guidelines for surgical repair (i.e. 1 cm/year). A possible
explanation for this decrease in arterial stiffness might be that the AAA wall remodels
before it is able (or starting) to grow. Hence, a decrease in arterial stiffness might be a
requirement for this remodeling process. This finding is in accordance with findings by
Wilson et al. (1998) and results in a later study by the same group (Wilson et al., 2003) which
suggested that a decrease in aortic stiffness is associated with an increase in AAA rupture
risk. However, more patient inclusions with a long period of follow-up are required to
examine this possible relation between a reduced arterial stiffness and rapid subsequent
growth further.

Longitudinal analysis of the 9™ percentile PWS showed that PWS increases as function
of the maximum diameter, but for the individual patient it does not increase in a monotone
way and can fluctuate considerable over time (Chapter 6). In a comparable study by Stevens
etal. (2017), four AAA patients were followed over time and the peak wall rupture risk index
(PWRI) were assessed over time. Similar fluctuations in PWRI were observed, which might
be induced by adaptation (i.e. growth) of the AAA wall to reduce asymmetry and areas
with high curvature in the AAA geometry (Vorp et al., 1998). However, additional studies
should be conducted to confirm these findings. This is also the case for the risk of rupture
prediction, since the number of ruptured AAAs was too low to draw any conclusions.

Finally, verification experiments were performed in Chapter 7. Verification of the in

vivo measured aortic stiffness is only rarely possible, since only AAA patients who undergo
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open aortic surgery will be eligible to provide aortic tissue for bi-axial tensile testing.
Therefore, an experimental setup using porcine aortas was developed to verify the US-
measured aortic stiffness with ex vivo tensile testing. Results showed a good agreement
for the experimental setup, and a moderate agreement for the four included AAA patients
despite good reproducibility of the US measurements. The discrepancy in AAA stiffness
between the in vivo and ex vivo measurement was partially caused by the diseased state of
the AAA tissue which impeded adequate tensile testing. In addition, spatial variation in
aortic stiffness is a known phenomenon in AAA tissue (Vande Geest et al., 2006b), which
might cause differences between the global measured US aortic stiffness, and the local
tensile testing estimates.

As an aside, the current characterization method was applied to ascending thoracic
aortic aneurysms (ATAAs) in Chapter 8. ATAAs are subjected to large longitudinal motion
induced by the contraction and motion of the heart. Transesophageal US was used, which
results in images with little speckle or landmarks. Therefore, cyclic deformation estimation
based on affine transformation was required. An advantage in this study was that all in vivo
US-based measurements were accompanied with aortic tissue to mechanically test ex vivo.
Agreement between both methods was observed, although for some patients substantial
differences were found.

In summary, the first steps towards clinical applicability of personalized AAA wall
characterization were made in this thesis. However, this research is not without limitations
and these will be addressed in the next section.

9.3 Limitations

One of the limitations in this thesis is the relative low frame rate available (3 - 10 volumes/s)
and the use of DICOM data. These factors limit the precision of the 3D motion estimation.
Preferably, the radio-frequency (RF) data should be acquired before conversion into DICOM
data. These raw RF data will improve the 3D displacement estimation and subsequently
increase the accuracy of the aortic stiffness estimates (Lopata et al., 2011).

Ultimately, 3D US imaging using spherical waves instead of focused line-by-line 3D
imaging would be a step forward, which will increase the frame rate tremendously (Provost
et al., 2014; Papadacci et al., 2017). A disadvantage of the ultrafast imaging approach is
the reduced image contrast. This issue might be solved by compounding of multiple 3D
US acquisition from different positions and angles. Alternatively, a combination of both
imaging schemes could be developed. In this approach, the AAA geometry could be imaged
first with the highest resolution and contrast using focused 3D US imaging and then 2D
or 3D ultrafast US imaging could be employed to measure wall displacements with the
highest possible resolution.

A major limitation in the biomechanical modeling approach is the use of a uniform wall

thickness over the complete AAA geometry. Several studies, and results in Chapter 7 have
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indicated that AAA wall thickness varied between patients and within the individual AAA
geometry (Thubrikar et al., 2001; Di Martino et al., 2006; Raghavan et al., 2006). In the study
by Raghavan et al. (2006). It was shown that the wall thickness varied regionally within one
AAA from 0.23 mm at the rupture site to 4.26 mm at a calcified site. This variation in wall
thickness will have a direct and inevitable effect on the predicted peak wall stress and aortic
stiffness. Unfortunately, none of the currently available imaging techniques can provide
local wall thickness with sufficient accuracy yet. Intra-vascular ultrasound (IVUS) could
solve this issue, although it would make the current technology proposed more invasive,
which in turn limits the applicability for long-term follow-up studies.

Another limitation is the model complexity. In the current modeling approach solely
the AAA wall is considered, while in most aneurysms intraluminal thrombus (ILT) is found
between the flow lumen and the AAA wall, and the AAA is surrounded by different tissue
types. The ILT could be incorporated in the biomechanical model, however thrombus
segmentation in 3D US data is challenging due to the presence of different thrombus layers
and often low contrast. Moreover, each thrombus layer has different elastic properties (Tong
etal., 2011), which all will alter the echogenic properties of the ILT. Therefore, automatic
segmentation of the ILT is challenging and will require improved US imaging techniques
and sophisticated segmentation algorithms.

Furthermore, the biomechanical role of the ILT is still under debate. Studies have
suggested that the presence of ILT may serve as a mechanical buffer and prevent the AAA
from high aortic wall stresses and eventually rupture (Mower et al., 1997; Thubrikar et al.,
2003; Li et al., 2008). On the other hand, studies indicated that the AAA walls covered with
ILT had a lower wall thickness and revealed signs of inflammation, apoptosis of smooth
muscle cells, and degradation of extracellular matrix (Vorp et al.,, 2001; Kazi et al., 2003).
These studies suggested that localized hypoxia occurred when a thick layer of ILT was
present, which consequently causes wall weakening. These possible effects of ILT could
be studied with the presented biomechanical model once the thrombus is incorporated.
However, this was beyond the scope of the current thesis.

In addition, a relatively simple Neo-Hookean constitutive material behavior was used
to describe the mechanical behavior of the AAA wall. Although the AAA wall is known for
its non-linear behavior (Vande Geest et al., 2006b), a Neo-Hookean material model was
chosen to describe the stress-strain relation in this thesis since only a limited part of the
stress-strain behavior of the AAA wall could be assessed in vivo. Furthermore, at the physio-
logical pressure range the stress-strain relation of the aortic wall is predominantly linear.
Consequently, an incremental shear modulus was characterized which was subsequently
converted into the arterial stiffness. A non-linear material model (Raghavan and Vorp,
2000) or a more complex, an-isotropic, non-linear material model could be employed (e.g.,
Holzapfel et al. (2000) or Gasser et al. (2006)), however these models require more material
parameters which will introduce higher parameter uncertainties when assessed in vivo.

If the precision of the 3D US motion estimation will be increased in the future (by e.g.,
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RF-capture or ultrafast US imaging), more structural and non-linearity parameters could
be measured which could describe the AAA wall behavior more reliable. However, what
will never change, is the fact that the physiological pressure range in vivo is approximately
60/90 mmHg in diastole to 110/140 mmHg in systole, which renders the characterization
of the full non-linear behavior of the AAA wall to be highly unlikely.

9.4 Future model developments

Besides solutions to the aforementioned limitations, several additional improvements can
be implemented in future research to assess the patient-specific mechanical behavior more
reliable. In this section the most important model developments will be discussed.

First, the effects of surrounding structures and tissues are neglected and should be
included. Especially the spine, which is located closely to the abdominal aorta and serves
as a rigid boundary condition at the dorsal side of the aorta. When the aorta becomes
aneurysmatic, the distance between the spine and aorta reduces, and this boundary effect
become more predominantly present. The spine limits the pulsatile movement of the AAA,
which consequently will result in an inhomogeneous displacement pattern (Farsad et al.,
2015; Petterson et al., 2018). This displacement pattern is measured in vivo using 4D US,
however not incorporated in silico. Subsequently, this will lead to a mismatch between
the measured and simulated displacement fields. In the future, the location of the spine
relative to the AAA could be indicated in the US data and introduced in the model using
either a generic or patient-specific shape. This will reduce the discrepancies between the
in vivo and model displacements, and improve both the PWS prediction and the arterial
stiffness measurements.

Secondly, calcifications in the aortic wall are currently not considered in the biome-
chanical model. It is known that calcifications will significantly affect the local stiffness
and strength of the AAA tissue (Buijs et al., 2013; Volokh and Aboudi, 2016), and increase
the local peak wall stress (Speelman et al., 2007; Li et al., 2008). Calcifications will appear
as bright regions in the US acquisition, and could possibly be segmented using dynamic
thresholding. However, to include these calcifications in the model, accurate material pro-
perties (Marra et al., 2006) and a smooth transition between different material properties
should be assured.

Besides a global aortic stiffness measurement presented in this thesis, a more regional
stiffness map of the AAA could be examined and employed in future. A localized stiffness
distribution might help to understand the mechanical alterations due to the AAA pathology
(Chapters 4 and 6). In addition, the combination of a local aortic stiffness map together
with a regional wall stress distribution can improve the identification of weak spots in the
AAA wall by, e.g., calculating a local PWRI (Gasser et al., 2010), and finally identify regions
in the AAA wall with a high risk of rupture.
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Figure 9.1: Future clinical perspective of current biomechanical model: Left: Implementation of the
biomechanical model on a commercial US scanner which predict the patient-specific wall stress
and arterial stiffness and report the outcome to the physician. Right: After large clinical trials the
physician might not solely rely on the maximum diameter for surgical aortic repair, but also can take
the mechanical state of the AAA wall into consideration.

9.5 Clinical perspective

In this thesis, the first steps were made to assess the patient-specific stiffness and peak
wall stress of the AAA wall using a non-invasive image modality, which is easy accessible
and implementable in clinical workflow. Results revealed that the methodology is able
to distinguish between healthy and different stages of diseased aortic tissue (Chapter 4).
Furthermore, in a prospective longitudinal study (Chapter 6), the peak wall stress and
arterial stiffness were followed over time, and results hinted that rapid growth of the AAA is
preceded by a lower arterial stiffness compared to stable or slow growing AAAs.

From a clinical perspective, the next step is to employ a large (500+ patients) prospective,
single or multi-center study where the aortic stiffness and peak wall stress will be followed
over along period of time. A large patient group is required since aortic rupture is in present
day a relatively rare phenomenon, and, to detect statistically significant differences in
mechanical behavior between ruptured and non-ruptured AAAs. Moreover, this prospective
study could be used to examine the relation between mechanical properties and AAA
growth further.

Furthermore, if future research eventually reveals that AAA growth can be predicted by
measuring arterial stiffness, personalized AAA follow-up management will become a reality
(Moll et al., 2011). For example, a relatively small AAA which represent a sudden decrease

in aortic stiffness, might need more frequent follow-up in the upcoming year. While on
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the other hand, for a patient with a large yet stable AAA (in terms of diameter and arterial
stiffness), a 3-monthly follow-up (according to current guidelines) is not necessary, and
probably bi-yearly follow-up would be sufficient.

Finally, a randomized controlled trial (RCT) should be performed to prove the merit
of this biomechanical modeling approach. In this RCT, the decision whether to perform
aortic repair will be based on the maximum diameter in one group. In the other group, the
physician will also be provided with the mechanical state of the aortic wall and should be
able to freely decide whether to intervene or postpone surgery (Figure 9.1). Results of this
RCT will demonstrate eventually the added clinical value of current methodology.

In Chapter 8 the method was applied to aneurysms in the ascending aorta. It was
shown that characterization of the mechanical properties was feasible for this pathology.
Hence, the current method is not only applicable to AAAs. In case of ascending thoracic
aortic aneurysms (ATAAs), wall stress analysis and mechanical characterization could be
used to monitor the state of the aortic wall. Additionally, a method using these mechanical
parameters could be developed to predict dissection of the aorta (Thunes et al., 2018),
which frequently precedes rupture of the ATAA.

Moreover, mechanical analysis of thoracic or abdominal aortic aneurysms is not limited
to monitoring the deterioration of the arterial wall. It can also be used to predict the out-
come of intervention. In case of abdominal aneurysms, the AAA geometry can be extracted
from a pre-operative US acquisition, and could be extended with a stent-graft (Perrin et al.,
2015). By simulating the post-operative situation, the aortic wall displacements could be
compared with the pre-operative dataset to investigate the effect of the surgical interven-
tion. Using this in silico stent-graft placement, the best position, size, and stent-graft type
could be examined. Additionally, in the post-operative situation, a similar approach can be
used to detect endoleaks before these are even visible with Doppler ultrasound.

9.6 General conclusion

In this thesis, an image-based, biomechanical modeling framework was developed which
is able to assess the arterial stiffness and wall stress distribution of abdominal aortic aneu-
rysms (AAAs) using time-resolved 3D ultrasound. Validation using CT-imaging shows good
agreement in terms of geometry and wall stress distribution, which enabled opportunities
to perform long-term patient and volunteer studies.

First studies revealed that the AAA pathology causes a significant increase in arterial
stiffness, already in an early stage of the disease. In addition, first longitudinal analysis of
these mechanical parameters hinted that before rapid AAA growth a lower arterial stiffness
was observed, which stands in contrast to slow growing and stable AAAs. Future clinical
trials should prove the predictive value of biomechanical modeling in AAA monitoring and
rupture risk assessment. Nevertheless, using the US-based methodology presented, these
studies can be executed easily and in a non-invasive and harmless manner.
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