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Summary

Ultrasound-based mechanical modeling of abdominal aortic aneurysms: model input
and boundary conditions

Abdominal aortic aneurysms (AAAs) are local dilatations of the abdominal aorta that
exceed 150% of the normal diameter. AAAs are most prevalent in older men and are usually
asymptomatic until rupture. When rupture occurs, the mortality rate is high, as only 50%
of patients reach the hospital alive and up to 50% do not survive repair. When an AAA is
detected (typically by coincidence), patients undergo so-called ‘watchful waiting’, where the
diameter of the aneurysm is monitored with abdominal echography. The aortic diameter is
measured, since it is associated with the risk of rupture. Surgery is recommended when
the diameter exceeds a certain threshold. This threshold is based on large population
studies and represents the best outcome for the average patient, with the risks of rupture
outweighing those of surgery. However, it is known that small aneurysms can rupture
prematurely, whereas large aneurysms can remain stable. The unmet need is a patient-
specific criterion that can predict risk of rupture or further development of the aneurysm.

New stratification techniques include translating aneurysm geometry to computer mod-
els, where e.g. wall stress analysis can provide an alternative, bio-mechanical marker for
rupture risk. The results of these models rely heavily on both vessel geometry input and
model complexity and boundary conditions. Currently the gold standard for geometry as-
sessment is computed tomography (CT). However, ultrasound (US) has shown comparable
performance to CT when estimating geometry without the need for nephrotoxic contrast
agents. Moreover, US can capture the dynamic motion of aortic pulsation. However, US is
inherently hampered by the relatively low lateral contrast and resolution, which makes ge-
ometry and wall motion estimation only accurate in the direction of US propagation. Next
to geometry and motion, boundary conditions and choice of material model are important
in any mechanical modeling approach. Currently, most aneurysm models consist of just
the vessel wall, without any surrounding structures. In the body, however, the abdominal
aorta is surrounded with soft tissue and is located closely to the spine. Little is known about
the importance of these structures at the boundaries of the aortic model.

There is a need for improvement of US-based geometry and wall motion detection as well as
the assessment of adequate boundary conditions for accurate mechanical characterization
of AAAs. In this thesis, improvements for the model input and boundary conditions for the
mechanical analysis of AAAs are investigated. Mechanical characterization of AAAs was
performed using 4-D US (Chapter 2), and the complexity of the material model and bound-
ary conditions were investigated (Chapter 3 and 4). Multiperspective US imaging was
developed to overcome the low lateral contrast and resolution in conventional abdominal
echography (Chapters 5 and 6) and allow accurate assessment of the aortic geometry and
wall motion. These improved US input methods were combined with the advancements in
mechanical modeling into a complete framework for the mechanical characterization of
AAAs (Chapter 7).

v
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General introduction
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11.1 Abdominal aortic aneurysms

Abdominal aortic aneurysms (AAA) are defined as permanent abdominal aortic dilatations
of at least 30 mm or 150% of its healthy diameter (Moll et al., 2011). Although aneurysms
can develop in the entire arterial system, the most prevalent location is situated in the
abdomen (Figure 1.1). The size of the AAA is dependent on patient characteristics, such as
gender, body size, age, and its position in the abdomen (Johnston et al., 1991; Scott, 2002).
Furthermore, several risk factors contribute to the growth of an AAA, e.g. hypertension,
atherosclerosis, smoking, genetics, etc. (Lederle et al., 1997; Sidloff David et al., 2014).
Discovery of AAAs is predominantly coincidental, since the disease develops mostly without
any symptoms. Over the course of years, AAAs enlarge without symptoms mostly, until
they rupture or the patient dies of different causes. Ruptures result in large hemorrhages
that are known for a mortality rate between 75% and 90% (Reimerink et al., 2013).

To prevent rupture or associated emergency interventions, elective surgery can be per-
formed. These clinical interventions consists of open aneurysm repair (i.e. the aneurysm
is opened anteriorly, in which a prosthetic graft is sutured), or , most common nowadays,
endovascular aneurysm repair (i.e. a stent-graft is deployed in the aneurysm excluding the
aneurysm sac from circulation, using a catheter with guidewires through a small access
in the femoral arteries (Figure 1.2)). However, both procedures yield risks, resulting in
thirty-day operative mortality rates of one to five percent (Lederle et al., 2009; De Bruin
et al., 2010). Clinical intervention is performed only if the rupture risk outweighs the risk of
the surgical intervention.

Figure 1.1: Graphic representation of an abdominal aortic aneurysm. Image adopted from: Blaus
(2016).
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Figure 1.2: Illustration of endovascular aneurysm repair. A: the stent graft is guided to the aneurysm
using catheters. B: The stent graft contains the blood flow and blood pressure, preventing rupture of
the aortic wall. Image adopted from: (NIH, 2011).

1.2 Current clinical rupture risk estimators

Rupture risk is associated with AAA size and growth. As a result, the diameter of the AAA
is currently employed as the most important parameter for clinical decision making, i.e.,
determining the interval between checkups and the necessity for an intervention. The
yearly rupture risk in AAAs with a maximum diameter exceeding 60 mm is ten percent
(Lederle et al., 2002; Scott et al., 1998). However, surgical intervention in AAAs with a
maximum diameter smaller than 55 or 52 mm in men or women, respectively, yielded no
long-term survival benefit (Lederle et al., 2002; The UK Small Aneurysm Trial Participants,
1998). Accordingly, recommendation for surgery is given in case (1) the maximum anterior-
posterior diameter is at least 55 or 52 mm in men or women, respectively, (2) the diameter
has a growth rate exceeding 10 mm in one year, or (3) in case symptoms arise that indicate
rupture is pending (e.g. sudden severe back or abdominal pain, hemodynamic shock, or
a pulsating mass near the navel) (Moll et al., 2011; Chaikof et al., 2018). As a result, the
only thing a clinician can offer patients in the meantime is medication and, so-called,
‘watchful waiting’, monitoring the AAA diameter on regular intervals, until the criterion for
intervention is met.

Unfortunately, rupture still occurs in two to ten percent of the AAAs with a maximum
diameter smaller than 52 mm (Scott et al., 1998; Nicholls et al., 1998). Contrarily, some
AAAs with diameters exceeding 60 mm remain stable for long periods of time (Lederle
et al., 2002; Conway et al., 2001). Therefore, clinical decision-making based only on the
AAA diameter results in unnecessary rupture of smaller AAAs due to under-treatment, and
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1avoidable surgical risks caused by over-treatment of larger, stable AAAs. Hence, there is still
an unmet need for a more patient-specific rupture risk assessment, or growth prediction,
using alternative prediction estimators.

1.3 Alternative rupture risk estimators

From a mechanical point of view, rupture of the AAA will occur if the mechanical stress,
produced by blood pressure, surpasses the local strength of the aneurysmal abdominal
aortic wall. Therefore, the strength of the wall combined with the local wall stress could be
a better predictor for growth and rupture risk evaluation (Vande Geest et al., 2006a; Gasser,
2016).

Local wall stress computation can be performed in a very straightforward fashion using
Laplace’s law, in which the AAA is assumed to be a thin-walled cylinder. This method is
insufficient, however, due to the geometric complexity of AAAs (Hua and Mower, 2001).
Hence, AAA wall stresses are typically assessed by creating 3D finite element (FE) models
using the patient-specific AAA geometry (Figure 1.3), obtained from Computed Tomogra-
phy Angiography (CT-A), as input. The peak wall stress computed using these FE models
was suggested to be a better risk estimator in comparison to the AAA diameter (Fillinger
et al., 2003; Venkatasubramaniam et al., 2004). In addition, it enabled identifying AAAs with
an increased risk of rupture, despite having a relatively small diameter (Truijers et al., 2007).
Moreover, in comparison to peak stress, the 99th percentile wall stress was introduced,
which showed a higher reproducibility and less sensitivity to local inhomogeneities (Heng
et al., 2008; Speelman et al., 2008). Rupture risk predictability was even higher when both
the 99th percentile wall stress and the AAA’s wall strength were considered (Gasser et al.,
2010; Erhart et al., 2015; Gasser et al., 2014).

Figure 1.3: Example of abdominal aortic aneurysm wall stress analysis, showing high and low stress
regions throughout the aneurysm.
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AAA wall compliance (i.e. change in volume over pressure difference) or stiffness (which is
inversely proportional to compliance) have also been investigated for rupture risk assess-
ment. In literature, a big variety in AAA tissue properties have been reported, caused by
the diversity between patients, and heterogeneity within AAAs (Li et al., 2008; Buijs et al.,
2013). Ruptured AAAs generally have an increased compliance, whereas more stable AAAs
displayed stiffening of the wall (Wilson et al., 1998). A ten percent reduction in AAA stiffness
was correlated to a 28 % increase in rupture risk in comparison to AAAs with a stable wall
stiffness (Wilson et al., 1998).

1.4 Mechanical characterization and its limitations

Different mechanical properties of the AAA can be quantified, depending on the constitu-
tive model applied to define the mechanical behavior of the AAA wall. These constitutive
models can be chosen to be relatively complex or kept simple. Using a complex model
can help in the understanding of physical parameters involved in AAA mechanics such as
collagen fiber activation and anisotropic mechanical behavior. However, the drawback of
these models is their relative difficulty to fit to the limited available in vivo measurement
data, where more simple models could offer a solution.

Besides the choice of constitutive model, another challenge in mechanical characterization
of AAAs is the measurement of an already loaded geometry in vivo. Since a blood pressure
is always present in vivo, the measured geometry used in FE analysis is already under
loading. Before simulating the AAA, either the stresses present in the loaded geometry, or
the unstresses unloaded geometry must be determined. The optimal choice of material
model for in vivo AAA rupture risk assessment, and the methods for determining pre-stress
are discussed in greater detail in Chapter 3.

In AAA wall stress analysis, the wall thickness is one of the most important parameters with
the highest computational influence (Raghavan et al., 2006; Quicken et al., 2016). However,
usually, the assumption of a homogeneous wall thickness is used, since the wall thickness
cannot be measured using CT, MRI, or ultrasound.

Next to wall thickness, a choice can be made to incorporate the intra-luminal thrombus.
Typically, AAA FE analysis only considers the AAA wall, and sometimes the intra-luminal
thrombus and calcifications. The effect of the thrombus on the AAA’s wall properties has
been reported to reduce the stiffness and stabilize the mechanical load on the AAA wall
(Tong et al., 2011, 2013). Still, mechanical characterization of the AAAs is generally per-
formed using only the aorta (van Disseldorp et al., 2016b,c; Joldes et al., 2016; Riveros et al.,
2015). Sporadically, surrounding tissues are included in the computations (Farsad et al.,
2015; Kwon et al., 2015). A major mechanical influence can be expected from the spine. The
spine is closely positioned near the abdominal aorta and is a very rigid structure. Hence, it
is expected to confine the AAA wall’s pulsatile motion, resulting in an inhomogeneous wall
motion. However, the influence of the spine has not been examined, nor included, in any
AAA wall stress analysis nor mechanical properties assessment.
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11.5 Imaging modalities

To perform wall stress analysis and mechanical characterization of AAAs, varying imag-
ing modalities are used. Most studies employed CT, and occasionally MRI. However, CT
involves the use of harmful ionizing radiation and nephrotoxic contrast agents and lacks
temporal resolution for functional measurements. MRI has a high soft tissue contrast,
yet imaging and the measurement of patient-specific biomechanical parameters is rel-
atively expensive and time-consuming, which makes MRI not a suitable candidate for
pre-operative, frequent monitoring. These limitations prohibit the use of CT and MRI in
longitudinal studies, necessary for validation of any model. Studies have demonstrated the
99th percentile of wall stresses to yield comparable results when using US- or CT-based
patient-specific AAA geometries as input (Kok et al., 2015; van Disseldorp et al., 2019).

While wall stress analysis relies mostly on the AAA geometry, which can be measured by
the previously named modalities, the mechanical characterization requires not only a
measurement of geometry, but also some form of time resolved response of the AAA wall to
a pressure or force.

Local wall stiffness assessment can be performed using ultrasound pulse wave velocity
imaging (PWVI), which measures the wall motion caused by the blood pressure pulses in
2D using a high frame rate. Although computation of the stiffness in phantoms showed
good correspondence to mechanical testing, and the feasibility of PWVI was demonstrated
in volunteers and AAA patients, imaging depth and the complex AAA geometry limit the
accuracy and robustness of this method (Vappou et al., 2010).

Global AAA wall stiffness could be computed using segmented AAA volumes from magnetic
resonance images (MRI) and intravascularly acquired pulsatile pressure (van ‘t Veer et al.,
2008). Three-dimensional magnetic resonance elastography (MRE) can also be used for
global wall stiffness assessment, by tracking the propagation of external mechanical waves,
which were created by a pneumatic driver (Kolipaka et al., 2016).

Alternatively, the wall stiffness can be measured using the change in vessel diameter, caused
by the increase in blood pressure between diastolic and systolic phases. These measure-
ments are usually taken using a single 2-D cross-sectional ultrasound measurement taken
at the maximum anterior-posterior diameter of the AAA. Hence, compliance or stiffness
evaluation is biased by the location of the measurement and not taken at the most impor-
tant site, since most ruptures occur near the neck of the AAA and not at the max(Darling,
1970).

Extending the 2-D cross sectional measurements to 3-D, makes it possible to estimate
local AAA wall motion, and in turn, enabling the computation of wall strains and their
mechanical properties simultaneously (van Disseldorp et al., 2016c; Karatolios et al., 2013;
Wittek et al., 2013). The mechanical properties found were comparable to AAA magnetic
resonance elastography (Kolipaka et al., 2016). Hence, ultrasound imaging is clinically
favored due to its non-invasive character, lack of ionizing radiation, its high temporal and
spatial resolution, easy accessibility and portability, and low-cost.

Unfortunately, none of the previously described alternative risk estimators have been
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Figure 1.4: Schematic of beam stearing and multiperspective ultrasound methods. Showing the
possibility of deeper scans using multi-perspective ultrasound

widely implemented in the clinic. These new methods are either not easily implementable
in the daily workflow or require sub optimal image modalities for screening or surveillance.

Although ultrasound is the preferred image modality, its lateral contrast and lateral resolu-
tion are low, which limits the accuracy of AAA segmentation and speckle-tracking. These
disadvantages are even more evident in 3D imaging, in comparison to 2D, due to a reduc-
tion in the temporal and spatial resolution. However, these drawbacks can be overcome
with the application of multi-perspective ultrasound (MP-US), which fuses images ob-
tained from different angles from spatially distinct positions. Related approaches like
beam-steering and coherent compounding are not viable in the application to AAA imaging
because of the limited imaging depth achievable. At large depths these methods are limited
to the use of relative small angular variation to achieve overlapping fields-of-view, which
diminishes the image improvements gained (Figure 1.4). On the contrary, MP-US is not
limited to small angular variations because of the use of multiple acquisition sites on the
body.

1.6 Current need, objectives, and outline of this thesis

There is a need for improvement of ultrasound-based geometry and wall motion detec-
tion as well as the assessment of adequate boundary conditions for accurate mechanical
characterization of abdominal aortic aneurysms.

This thesis provides insights into the model input and boundary conditions of mechanical
analysis of abdominal aortic aneurysms and their improvements. Multi-perspective ultra-
sound imaging was implemented (1) to overcome the low lateral contrast in conventional
abdominal echography, and (2) to offer accurate aortic geometry and (3) full circumferential
vessel wall motion and strain imaging. These improved geometries and motion assessment
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1were used as model input for personalized FE models and mechanical characterization of
the aortas. Next, these models were extended with surrounding tissue, and the impact of
both surrounding tissue as well as pre-stress boundary conditions on mechanical analysis
were studied. The combined work shows how to obtain accurate model input and apply
adequate boundary conditions for improved mechanical characterization of AAAs.

The main body of this thesis is divided in the following chapters:

In Chapter 2, the application of mechanical models for the estimation of wall stress and
wall stiffness in AAA patients is described. Patient-specific aortic geometries and aortic wall
motion were obtained from 3-D and 4-D ultrasound. These geometries were converted to
mechanical models and the stiffness was estimated using an inverse approach. It is shown
that stiffness varies with age and that AAAs have a high stiffness compared to age-matched
healthy aortas.

In Chapter 3, the backward incremental method used to assess the pre-stress in the aortic
wall at diastolic pressure is investigated. It was demonstrated that the backward incre-
mental method using a simple neo-Hookean material model is adequate to describe the
pre-stress. The simple material model was not able to describe the stress-free geometry,
however, in peak wall stress analysis or stiffness estimation, the pre-stress in the measured
diastolic geometry was estimated accurately despite the use of a more simple material
model.

In Chapter 4, the inclusion of surrounding tissue in 3-D mechanical characterization of
AAAs was introduced. The addition of a spine and a layer of soft tissue surrounding the
aorta had a large influence on peak wall stress and wall stiffness estimates. The surrounding
soft tissue stabilizes the wall stress in the aortic wall, and the addition of the spine results
in a more realistic deformation pattern, including the introduction of regions of high shear
strain near the spine. These results point to the necessity of considering surrounding
structures such as the spine when creating models of aneurysms.

In Chapter 5, multi-perspective imaging was developed and applied to volunteers using a
clinical ultrasound system. Abdominal aortas were imaged from seven angles consecutively
and the images were automatically registered using an image feature detection algorithm.
An increase in vessel boundary contrast is shown, which can improve automatic geometry
segmentation as needed for mechanical analysis.

In Chapter 6, multiple ultrasound probes were simultaneously used to image the aorta
(and its dynamic behavior) from multiple angles. Besides the image quality improvements
(similar to Chapter 5), the wall motion detection of the aorta was improved significantly by
the combination of motion vectors obtained from multiple probes imaging the aorta from
different perspectives.

In Chapter 7, mechanical characterization of abdominal aortas is demonstrated, incorpo-
rating the techniques described in Chapters 2 to 5. Geometry and vessel motion of the
aorta and the spine were acquired from multi-perspective ultrasound images. These input
parameters were evaluated in a mechanical model incorporating the initial conditions
determined by the backward incremental method. Wall stress and stiffness were evaluated
and compared with the current state-of-the-art methodology.
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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 99th 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 25th, 50th, 75th, and 95th 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.



2.1. Introduction | 13

2

2.1 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., 1976; 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 99th 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 (2-D) and three-dimensional (3-D)
imaging, and is relatively cheap.

In current clinical practice, 2D-US imaging is used to detect and determine the aortic diam-
eter 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 volumetric
images, remain unused. Moreover, ultrasound allows longitudinal studies, also for 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.
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Karatolios et al. (2013) showed that 3-D US speckle tracking can be used to obtain 3-D
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 4-D
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.

2.2 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 2.1.

Data acquisition

Time-resolved 3-D ultrasound (4D-US) data of each AAA were acquired with a commercial
iU22 Philips System (Philips Medical Systems, Bothell, WA, USA) equipped with a 3-D
curved array X6-1 probe (center frequency = 3.5 MHz). Volume data were acquired for 5

Table 2.1: 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 2.1: Example of three dimensional (3-D) ultrasound data and the corresponding geometry
of the abdominal aortic aneurysm (AAA). A longitudinal cross section is shown (A), with the corre-
sponding coronal (B) and transversal plane (C). (D) A 3-D render of the entire volume is visualized.
(E and F) The manual segmentation of the AAA is shown (red lines).

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.,
2016b), 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 2.1A), whereas the x-direction corresponds with the width of the aneurysm in the
transverse plane (Figure 2.1C). 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 3-D volume of the US dataset. The end-diastolic 3-D volume was denoted
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Figure 2.2: 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.

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 2.1E-F. 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 2.2). Again, the wall thickness was assumed to be 2 mm for all
patients.

The segmented end-diastolic AAA wall was tracked over time using 3-D speckle tracking of
the 4D-US data. A 3-D coarse-to-fine block matching algorithm, using 3-D cross correlation
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.
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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
et al., 2016b). 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 Systèmes, 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.

Figure 2.3: A graphical overview of the iterative process to determine the patient specific shear
modulus and its 99th percentile wall stress. XDIA and XSYS represent the geometry at diastolic and
systolic pressure, UUS and UFEA the displacement in z-direction determined by ultrasound (US) and
finite element analysis (FEA) and Wtot a weighting function.



18 | Chapter 2. Patient-specific mechanical modeling of AAAs using 4D ultrasound.

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 99th 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 2.3). 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 (Wtot) 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 (Wtot = 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 (Wtot = 0.2).

The optimization procedure to estimate the incremental shear modulus (Ginc) was termi-
nated when the mean nodal displacements in the FEA and 4D-US acquisitions differed
less than 1%. When the patient-specific Ginc was determined, the model was subsequently
pressurized to the peak-systolic pressure of 140 mmHg to compare the 99th 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
SI is a measure for the percentile overlap between the two geometries, which is calculated
by:
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SI = 2(P US ∩P CT)

(P US +P CT)
2.1

with P US and P CT the number of pixels in the US and CT geometry, respectively. Moreover,
the 25th, 50th, 75th, 95th, and 99th percentile wall stress were calculated for all AAAs.

For the US-based FEA results, the 99th 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 99th 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.

2.3 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 2.4A 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 2.4B.
For all seven matched geometries a good similarity (defined as SI ≥ 0.7) was achieved, with
mean SI-indices ranging from 0.90 to 0.96. In Figure 2.4C 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 25th to 95th percentile wall stresses of all seven patients. For
the 99th percentile wall stress, the CT based geometry revealed higher stresses than those
obtained using US in four out of seven patients.

99th Percentile Wall Stress

In Figure 2.5A-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 2.5D-F, whereby the elongation of the AAA geometry is represented by the mesh.

For all patients, the mean 99th percentile wall stresses of the multiple segmented AAA
geometries are shown in Figure 2.6A. Regression analysis of the 99th percentile wall stress
and the maximum diameter did not result in a significant linear relationship (R = 0.16,
p-value = 0.31).
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Figure 2.4: 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,
75th, 95th, and 99th 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).

Figure 2.5: 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.

Subsequently, all patients were equally divided in three groups (Figure 2.6B) and the
patient-specific incremental shear moduli were visualized for each group in Figure 2.6C.
No significant differences were observed when comparing these three groups. When the
99th 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
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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 2.7A. The median and IQR
of the patient-specific moduli are within the 95% confidence interval of the Raghavan and
Vorp model.

In Figure 2.7B 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 2.7C 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
“stiffer” aortic wall.

2.4 Discussion

In this study, wall stress analysis of AAAs was performed using 4-D ultrasound for the
entire diameter range. The advantage of using 4-D 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 99th 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

Figure 2.6: In (A) the regression model for the 99th percentile wall stress as a function of the aortic
diameter is shown (R = 0.16, p = 0.31). Based on the 99th 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 Ginc) is shown for the low, medium and
high stress groups with its interquartile range.
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Figure 2.7: (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 (Ginc) 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 Ginc) 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.

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 99th 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
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 3-D volume datasets. Another possible drawback
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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 dis-
crepancies found between US and CT-data. Ultimately, one would desire the intravascular
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.

2.5 Conclusion

4-D 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

Objectives: Rupture risk indication of abdominal aortic aneurysms can be improved with
the use of biomechanical analysis of wall stress and other mechanical parameters. Wall
stress analysis is most commonly performed using a patient-specific geometry and a mate-
rial model based on ex vivo experimental data. The use of in vivo data (e.g. ultrasound)
to personalize the model parameters has been introduced, however, this is hampered by
the limited pressure and strain range encountered in vivo. From this limited range, the
non-linear behavior of the aortic wall is not easily, or even impossibly, captured and the
stresses in the wall present at diastolic blood pressure are unknown. This study investi-
gates the validity of the use of a more simple, linear material model to personalize and
estimate material parameters compared to a non-linear material model. In view of this,
the hypothesis is tested that the pre-stress calculation, needed to find the initial stresses in
the measured geometry, can be performed using the same simple (neo-Hookean) material
model using the backward incremental method.
Methods: Pre-stresses were calculated in both parametric and patient-specific geometries
of abdominal aortic aneurysms using the backward incremental method. The use of a
single parameter neo-Hookean material model was compared to the multi-parameter
Raghavan and Vorp model. Furthermore, to investigate the suitability of these two models
for patient-specific parameter estimation in vivo, 100 synthetic stress-strain datasets were
generated with a known ground truth. Both models were fit to these datasets, and the
precision and accuracy of the model parameter estimates were evaluated.
Results: Results showed a negligible mean error in pre-stress calculation (<1kPa with re-
spect to the ground truth) between the neo-Hookean and the Raghavan and Vorp material
models. The main differences are found in the regions with the extreme high and low stress
values. The standard deviation of the errors in nodal stress between models was 5.8% and
8.7% of the maximum stress in pre-stress and systolic stress calculations, respectively. The
estimation of material parameters using the limited strain range available in vivo showed a
large spread in model parameters using the Raghavan and Vorp model, i.e.,α and β showed
an interquartile range relative to the ground truth parameters of 26% and 52%, respectively.
The single parameter neo-Hookean model showed a smaller spread of 19% on the shear
modulus estimates. Furthermore, a bias of estimated parameters was found, the median of
estimated parameters of the two-parameter model was 21 kPa and -527 kPa for α and β,
respectively, while the single parameter model showed a bias of -72.4 kPa.
Conclusions: This study shows the estimation of pre-stress to be achievable with the use of
a relatively simple neo-Hookean material model. Furthermore, the same material model is
able to describe well the material behavior within the limited strain range between diastolic
and systolic blood pressure measured in vivo. Ongoing work includes the application
of these methods to the mechanical characterization of abdominal aortic aneurysms in
patients and relating the resulting wall stress and stiffness to rupture risk indication.
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3.1 Introduction

Wall stress analysis of abdominal aortic aneurysms (AAAs) is widely investigated for rupture
risk stratification, as an alternative to the currently used criterion, the anterior-posterior
diameter guidelines (Raghavan and Vorp, 2000; Gasser et al., 2010; de Putter et al., 2007).
Fillinger et al. (2003) showed that patient-specific wall stress calculations have a better
indicative value for rupture risk compared to maximum aneurysm diameter. Required for
wall stress analysis are the aortic geometry, wall thickness, blood pressure, and material
properties. The geometry can be obtained from both computed tomography (CT) or
ultrasound, however, local wall thickness is very difficult to measure due to the low contrast
of the outer vessel wall to tissue interface in both imaging modalities. To account for this,
a uniform wall thickness is assumed in almost all mechanical modelling of abdominal
aneurysms. The central blood pressure is typically assumed to equal the brachial arm
pressure, measured easily in patients with an arm-cuff. Lastly, the choice of material model
varies within the literature (Riveros et al., 2015; Polzer and Gasser, 2015; van Disseldorp
et al., 2016a; Wittek et al., 2013; Vande Geest et al., 2006b).

Material properties of AAAs have been established using different models. One of the first
approaches was reported by He and Roach (1994), who used an exponential two-parameter
model to describe the stress-strain relation of AAA tissue based on uni-axial tensile testing.
This model described a relatively soft behavior at low strains and relatively stiff behavior at
higher strains. This stiffening is related to the increasing contribution of collagen fibers to
the stress-strain curve during stretching. Later, Raghavan and Vorp (2000) described the
material behavior with a two parameter, hyper-elastic, isotropic, incompressible material
model. A more elaborate model was created by Holzapfel et al. (2000) to capture the
structure of the aneurysm wall. This model consists of five parameters to describe the wall
behavior, including the anisotropic behavior based on fiber directions within the tissue.
These more complex models are very useful to describe the full mechanical behavior of the
aneurysmal tissue and for investigating in-depth structural features and disease progression
on a macro to microscopic level. However, when fitting these models to patient-specific
data, model complexity introduces an uncertainty in the model parameter estimates. In
fact, to identify the model parameters accurately, a large strain range is required, starting
from the stress-free condition. While this large strain range is available in e.g. ex vivo tensile
tests, only a limited strain range is available in vivo. The blood pressure is always acting on
the vessel wall, ranging from diastolic to systolic pressure, therefore keeping the vessel in
a stretched state. A zero-pressure configuration is not available in vivo. It can be argued
that for the pressure/strain range present in vivo a simpler approach suffices. The collagen
fibers are already recruited and the material behaves approximately linear. A linearization
of the material model around the in vivo strain range reduces complexity and simplifies
the estimation of parameters greatly. This simplification enables the estimation of a single
stiffness parameter using a measurement of strain and pulse pressure. Previous work has
used such a linearized model (neo-Hookean) to estimate mechanical properties (wall stress,
stiffness) of AAAs (van Disseldorp et al., 2016a).

Since the unloaded geometry is not available due to the always present blood pressure, the
pre-stress in the vessel wall is unknown. To tackle this, methods have been developed to
calculate the stresses present in the aortic wall at the moment the geometry is measured,
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i.e., at diastolic pressure. Among the different pre-stress calculation methods found in liter-
ature, two flavors can be distinguished: methods based on determination of the unloaded
geometry first and inflating it to the diastolic pressure to obtain the pre-stress, or, methods
estimating the pre-stresses directly, assuming equilibrium between stress and pressure load
for the diastolic geometry measured. Examples are the backward displacement methods for
the first approach Bols et al. (2013) and the backward incremental method de Putter et al.
(2007) for the latter. These approaches can be used in combination with all types of material
models, however, the description of the unloaded geometry using the first approach will
not be accurate when a linearized model is used. This is also true for the second approach,
in both cases the computed unloaded geometry will depend on the material model. The
unloaded geometry can only be calculated when the softening behavior at low strains is
incorporated in the material model. The influence of the exclusion of the soft, low strain,
behavior can be seen in work by Man et al. (2018), where it is shown that linearization
of the material model leads to false peak wall stress calculations. However, they used a
pre-stress calculation scheme which involved the calculation of the unloaded geometry,
which is impossible to do accurately with the simplified linear material models. The use
of direct pre-stress calculation from the diastolic measured geometry could alleviate the
dependence on non-linear material models.

In this study, the validity of using a relatively simple material model when performing in
vivo pre-stress calculation and mechanical characterization of AAAs is investigated. The
pseudo-linear neo-Hookean model is compared to the more elaborate non-linear Raghavan
and Vorp material model, which incorporates the lower stiffness of the aortic wall at lower
strains. Parametric tube and aneurysm geometries as well as patient specific geometries
based on imaging are evaluated using both material models. The performance of the
backward incremental method is investigated for the estimation of pre-stress in models.
Furthermore, parameter estimation is tested for both models using synthetic data sets,
accounting for in vivo available pressure and deformation ranges as well as measurement
noise.

3.2 Materials and Methods

3.2.1 Backward incremental method

The backward incremental method used in this study is based on the work of de Putter
et al. (2007). Considering its prominent role in this study, the methodology of said paper is
summarized in this section.

The following reference configuration is given:

Ω(X,0) 3.1

in which X are the coordinates of the reference geometry at zero pressure and the second
argument signifies there is zero stress in this unloaded geometry (residual stresses are
ignored in this study). During measurements of the vessels the blood pressure, p, is exerted



3.2. Materials and Methods | 29

3

on the material, creating a deformed geometry and stresses in the wall of the vessel.

Ω(x,σ) 3.2

Here, x denotes the measured deformed geometry and σ are the internal stresses. Calcu-
lation of this deformed state can be done using a structural solver, S, and the unloaded
reference configuration

Ω(x,σ) = S(Ω(X,0)) 3.3

However, the unloaded geometry is not known in a clinical setting, since a significant level
of blood pressure (diastolic pressure) is always present inside the vessels. The backward
incremental method can estimate the internal pressures by incrementally calculating the
wall stress for an increasing pressure load, while using the measured geometry unaltered.
It starts by applying a small pressure, p1, to the measured geometry

Ω(x1,σ1) = S(Ω(x,0), p1) 3.4

subsequently iterating using an increasing pressure p i

Ω(xi ,σi ) = S(Ω(x,σi−1), p i ) 3.5

This method is repeated until the applied pressure, p i , approaches the measured pressure
p. Most important to note is that the geometry is not updated, i.e., the same measured
geometry is used for every incremental increase in pressure. Finally, the geometry and the
calculated pre-stress can be represented by

Ω(x,σn) 3.6

As noted in the work by de Putter et al. (2007) it is necessary to have a small pressure
increment in the last step to obtain an equilibrium configuration and as such minimize
the error of the calculated pre-stress. Note that since the configuration is in equilibrium,
the pre-stress state computed is unique providing convexity of the material model. The
following pressure function is used for the increment scheme

p i = p sin(
iπ

2n
) 3.7

After the pre-stress has been computed by the backward incremental method, and if the
stability of the computational scheme allows, the unloaded configuration (Ω(X0,0)) can be
found by solving for the measured geometry and calculated pre-stress in case the pressure
is released to zero (deflation).

Ω(X0,σ0) = S(Ω(X,σn),0) 3.8

where X0 is the unloaded geometry and σ0 is the residual stress in the unloaded configu-
ration, which is expected to be close to zero. The unloaded geometry obtained from this
method is dependent on the constitutive model used to describe the material behavior of
the vessel wall.
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3.2.2 Constitutive models

In this study, two material models are used to describe the vessel wall, a neo-Hookean
hyper elastic model and the model described by Raghavan and Vorp (2000). Both models
describe a relation between deformation of a solid and the internal stresses in the material.
The neo-Hookean model is geometrically non-linear (non-linear strain measure B) and
constitutively linear (linear relation between the stress measure and this strain measure).
An expression for the Cauchy stress is given by

σ=−pI+G(B− I) 3.9

Where σ is the Cauchy stress tensor and B is the Left Cauchy-Green tensor (B = FFT , where
F is the deformation gradient tensor) and p is the hydro-static pressure. The neo-Hookean
material model uses a single parameter, G , which is the shear modulus of the material. The
Raghavan and Vorp model uses two parameters to describe the relation between Cauchy
stress and the deformation

σ=−pI+2[α+2β(IB −3)]B 3.10

The Raghavan and Vorp model is able to describe the non-linear material behavior of the
aortic wall accurately for the entire stress-strain range, whereas the neo-Hookean model
can cope with large deformations but not with the non-linearity found in aortic tissue.
However, within the in vivo pressure range, the material behavior can be linearized van
Disseldorp et al. (2016a). In this study, the values of α and β are used, that were identified
on experimental tensile test data in the study of Raghavan and Vorp (2000), i.e., α= 17.4
N/cm2 and β= 188.1 N/cm2. A default shear modulus is used which corresponds to the
value obtained via a linearization of the Raghavan and Vorp model within the physiological
stretch range, G = 724 kPa (see Figure 3.1).

3.2.3 Geometries

Three geometry types are used to investigate the impact of a neo-Hookean material model
on the simulation of pre-stresses in the aortic wall. To study the theoretical impact, a
straight tube and a parameterized aneurysm (tube with a symmetrical dilatation) are
created. These models represent an ideal healthy and aneurysmatic abdominal aorta.
Furthermore, five patient-specific aneurysm geometries are used. These patient-specific
geometries are acquired from manual segmentation of 3-dimensional (3-D) ultrasound
(US) imaging of patients suffering from an AAA. The local medical ethics committee of
the Catharina Hospital Eindhoven approved this study. Informed consent was given by all
subjects prior to inclusion.

3.2.4 Model evaluation

The pre-stress in all geometries is calculated using the backward incremental method
described in the first section of this chapter. In the case of parametric geometries, the
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Figure 3.1: Geometries of the aorta used in this study, A: healthy aorta (straight tube); B: Parametric
aneurysm; C: Example of a patient-specific geometry.

Figure 3.2: A: Stress vs stretch relation of neo-Hookean and Raghavan and Vorp models, with the
circles indicating the physiological pressure range. B: Synthetic data sets created for estimation of
parameter sensitivity.

diastolic pressure was set to 80 mmHg. All geometries are evaluated using both the neo-
Hookean and Raghavan and Vorp material models. After pre-stress calculation, the models
are inflated to the patient-specific systolic pressures or 120 mmHg in case of the parametric
geometries. Both the obtained pre-stress and systolic wall stresses are compared per node
between the two material models.

3.2.5 Parameter estimation

To investigate the precision and uncertainties in parameter estimation for a single- and
multi-parameter material model, a theoretical experiment was performed. In this experi-
ment, synthetic measurement data were created, based on the Raghavan and Vorp material
model in the physiological stretch range of abdominal aortic aneurysms. Data points were
created by evaluating the model for five different measurements between λ= 1.082 and
λ= 1.104, the estimated in vivo strain range between diastolic and systolic blood pressure.
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To investigate the influence of measurement errors, a total of 100 datasets were created by
adding normally distributed noise on the stretch values. For the measurement noise to be
realistic, the amplitude was based on measurement uncertainties found in 4-dimensional
ultrasound speckle tracking (∆λ≈ 0.01). No noise was applied to the systolic and diastolic
pressure values, since brachial pressure measurements, typically used as model input, are
shown to be accurate Wilson et al. (2001) although a small bias can be present in the systolic
pressure measurement. Both the neo-Hookean and Raghavan and Vorp material models
were fitted to all 100 synthetic data sets. The relative spread of the fitted parameters was
compared to investigate the sensitivity of both models to input noise.

3.3 Results

3.3.1 Pre-stress and calculated systolic stress

The pre-stress calculated with the backward incremental method showed very similar
results between the neo-Hookean and the Raghavan and Vorp material models. Examples
are shown in Figure 3.3, where the pre-stress distribution in the geometries is shown.
Overall, higher stresses were observed in the regions with higher curvature as expected. This
inhomogeneous pattern was more pronounced in patient-specific geometries, where the
curvature of the vessel is also more variable. Comparing the neo-Hookean and Raghavan
and Vorp material models, the differences with respect to the ground truth were relatively
small, below 10% of the maximum stress, in all cases. Overall, the neo-Hookean model
showed a more homogeneous stress field compared to the Raghavan and Vorp model. The
parametric models showed a slight overestimation of the stresses (∼2 kPa) using the neo-
Hookean model compared to the Raghavan and Vorp model. In patient-specific geometries
the differences showed an underestimation in the high stress regions (∼ 10 kPa) and an
overestimation in the low stress regions (∼4 kPa).

Figure 3.4 illustrated the distribution of differences in stress between the two material
model approaches in both diastolic and systolic state. In pre-stress calculation, between
30% and 50% of the nodal errors between the neo-Hookean and Raghavan and Vorp
methods lie below 1 kPa. This value drops to 12-18% of the nodal errors at systolic pressure
in patients, indicating slightly higher nodal differences at systolic pressure state. Systolic
stress calculation also shows a slight positive shift of the distribution where the peak is
located at a bias of +2 kPa. Average standard deviation of the nodal errors in patients was
4.1 kPa in pre-stress and 9.3 kPa in systolic stress state. Relative to the maximum found
stresses this translated to a standard deviation of the nodal errors of 5.8% and 8.7% in
pre-stress and systolic stress states respectively.

A quantitative analyses of all the stress errors in all geometries at both diastolic (pre-stress)
and systolic pressure is found in Table 1. Both in parametric geometries as in patient-
specific geometries, the mean difference between the models remained below 1 kPa. The
mean stress difference at systolic pressure was similarly low, however the standard deviation
of the errors show a higher value. Most nodal differences remain below 5 kPa for parametric
and below 10 kPa for patient specific geometries.
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Figure 3.3: Pre-stresses calculated with the backward incremental method using the neo-Hookean
and Raghavan and Vorp material models in a tube (A), parametric AAA (B) and in a patient AAA
geometry (C). The right column shows the stress difference between the two methods.
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Figure 3.4: Distribution of nodal differences in stress between the neo-Hookean and Raghavan and
Vorp material models. Pre-stress difference is shown in A and C, difference in stress at systole is
shown in B and D.

Table 3.1: FEA wall stress results - mean and standard deviation of the stresses and differences
(indicated by ∆) between neo-Hookean and Raghavan and Vorp material models.

Stress analysis (kPa)
Pre-stress ∆Pre-stress Systolic stress ∆Systolic stress
Mean SD Mean SD Mean SD Mean SD

Tube 51 9 0.01 1.2 78 13 -0.74 3.3
Parametric 65 22 0.19 2.8 101 35 1.1 5.4
Patients (mean) 63 28 0.36 4.1 95 42 0.7 9.3
Patient 1 60 36 0.74 6.1 88 52 -0.03 12.7
Patient 2 73 29 0.33 3.4 113 44 2.0 8.3
Patient 3 69 30 0.39 4.7 104 45 1.0 10.6
Patient 4 55 18 0.11 1.9 84 27 0.5 5.2
Patient 5 58 29 0.22 4.1 87 43 0.03 5.2
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Parameter ranges for Raghavan and Vorp (α and β) and neo-Hookean (G) models

3.3.2 Parameter estimation

Synthetic data sets were successfully created by adding noise to 5 data points of the Ragha-
van and Vorp (2000) model. Both the neo-Hookean and Raghavan and Vorp models were
fitted to all synthetic data sets (Figure 3.5). The parameters of all 100 model fits showed a
wide variation, as can be seen in Figure 3.5C. Remarkably, all parameters showed a small
bias to the ground truth data, with α slightly overestimated with a median value 114% of
the true value, and β and G being underestimated with median biases at 73% and 86%,
respectively. Parameter β showed the largest spread, from 10% to 150% of the ground
truth. This indicated that it is very difficult to extract sufficient information within the
physiological measurement range, and with realistic noise applied, for identification of
material parameters in a non-linear model. The neo-Hookean model showed variations
between 75% and 150% of the baseline measurement data. While this is still significant, it
is much less than the Raghavan and Vorp material parameter ranges.

3.4 Discussion

In this study, pre-stresses in abdominal aortic aneurysm geometries are calculated using
the backward incremental method and a linear material model. The results were compared
to pre-stresses calculated using the more elaborated two-parameter model developed by
Raghavan and Vorp. Results showed the use of a simple single parameter material model
can adequately calculate pre-stress in abdominal aortic aneurysms. Furthermore, to test
the impact of a simplified material model on parameter estimation, given the limited strain
range available in vivo, synthetic data were constructed and fitted with both the one- and
two-parameter models. It is shown that the two-parameter model showed a larger relative
spread of estimated parameters compared to the single parameter model. This result
encourages the use of single parameter material modeling in vivo.

In general, pre-stress calculation in diastolic geometries performed equally well between
the single- and multi-parameter material models. In the description of the stress-strain
curve, the single parameter neo-Hookean model differs most from the two-parameter
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Raghavan and Vorp model in the low strain region. When trying to calculate the unloaded
geometry, the neo-Hookean model does not suffice, because you will not get the real
geometry. While this is true, the backward incremental method used does not rely on the
unloaded geometry, and only uses the measured geometry and the internal pressure to
calculate the pre-stress in the geometry measured. An equilibrium is found between the
applied pressure inside vessel and the pre-stress in the vessel wall, while minimizing the
nodal displacements when the internal pressure is equal to the measured pressure. Once
this equilibrium is found, using either simple or complex material models, the model could
be deflated using a complex material model to find a probably more accurate description
of the unloaded geometry. However, when monitoring patients, the unloaded geometry
is often not of interest, since this state is never reached in vivo, whereas the total stress at
systole or peak pressure is. The calculation of pre-stress and the subsequent calculation of
systolic wall stresses can thus be done using a single-parameter model.

The systolic stresses calculated by the linear neo-Hookean model showed a slight overesti-
mation and a wider spread in nodal errors compared to the Raghavan and Vorp model. The
larger spread in absolute nodal differences can partially be explained by the higher total
stresses found in the wall. The standard deviation of the absolute nodal errors more than
doubled from 4.1 to 9.3 kPa. Relatively speaking the errors only increased from 5.8% to 8.7%.
However, this still implies that the neo-Hookean and Raghavan and Vorp models will show
larger differences at higher applied internal pressure. This is not fully unexpected, since
the linearization of the two-parameter Raghavan and Vorp model is only valid when small
deformations are applied. Aneurysms are relatively stiff, and in vivo relatively small strains
are encountered. However, localized high curvature areas are presented with relatively
large stresses and possible large deformations. In these regions the linearization does not
provide similar wall stress estimates to the more complex multi-parameter models . This is
expressed by the higher errors in regions with high curvature.

Considering in vivo patient specific estimation of model parameters, the choice of material
model needs to fit the application, and should be simple enough to be useful, but complex
enough to be accurate. Since the available strain range in vivo is small, the available data
to fit model parameters is limited. This limited available data range, combined with the
relatively linear behavior within this range, hampers the estimation of complex models
with multiple parameters. The two-parameter Raghavan and Vorp model is one of the
simplest non-linear models, but already showed a larger range in estimated parameter
values compared to the single parameter neo-Hookean model. This larger range is expected,
as the Raghavan and Vorp model describes the behavior in both the low and high strain
regions. Due to the sample data only available in the stiff (high strain) region, the part of the
curve in the lower strain estimate is not part of the input data. This allows a large freedom
in estimated parameters leading to large uncertainties. The single parameter neo-Hookean
model is thus more robust.

Mechanical characterization of the abdominal aortic aneurysm has been performed by
using a variety of material models (Riveros et al., 2015; Polzer and Gasser, 2015; van Dissel-
dorp et al., 2016a; Wittek et al., 2013; Vande Geest et al., 2006b). Often, the optimization of
multiple parameters, covering a large strain range, is attempted with the use of the limited
in vivo strain range. Studer et al. (2012) have shown that to describe a complex material
behavior, multiple different loading situations have to be recorded in order to describe the
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material behavior over the full strain range. Since the experimental data range is poor in
clinical assessment of abdominal aortic aneurysms, it cannot be expected to be able to
accurately describe the material behavior outside of the measurement range. This leads to
the argument that to describe the relatively linear part of the material behavior within in
vivo conditions, a linear material model can suffice. However, the calculation of pre-stress
in mechanical analysis of AAAs sometimes relies on the description of more than the in vivo
strain range alone. For example, Man et al. (2018) showed that the use of a linear material
model influences the calculation of wall stresses in AAAs. However, in that study, it relied
on the use of a pre-stress calculation involving the unloaded geometry. In contrast, this
study shows that the use of the backward incremental method for pre-stress calculation
allows the use of a linear material model, since it does not rely on the detection of the
unloaded geometry.

One of the major limitations of this study is the low number of AAA geometries used. It is
shown that high curvature regions show a deviation in wall stress between the material
models used. More extreme geometric shapes of aneurysms could show more deviation
between material models. Furthermore, only two material models were investigated in
this study. Many more modeling approaches are available and could be of effect in the
estimation of material parameters. The effects of adding more parameters to the material
description are investigated in this study by a relatively simplistic approach of fitting the
model several times to synthetic data. This is a valid approach to get a sense of the variations
one can expect from the fitting of these models to experimentally available data. However,
more extensive parameter sensitivity analysis methods are available.

Future work should focus on a more elaborate sensitivity analysis of parameter estimation
for mechanical characterization of AAAs. A better understanding of the parameter sensitiv-
ity could lead to improved expected parameter ranges and might even enable the fixation
of some material parameters that do not contribute significantly in the mechanical char-
acterization efforts. This in turn could lead to the use of more complex, multi-parameter,
models, while still keeping the number of estimated parameters to a minimum. This could
provide a best-of-both-worlds scenario of using a relatively simple low-parameter estima-
tion approach within the in vivo data range, in combination with, the ability to describe
the unloaded geometry based on ex vivo estimated parameters.

In conclusion, this study shows that estimation of the pre-stress in abdominal aortic
aneurysms using the backward incremental method is possible and sufficiently accurate
using only a relatively simple single parameter neo-Hookean model. The more complex
multi-parameter Raghavan and Vorp material model yielded similar results in both para-
metric and patient-specific geometries. Furthermore, estimation of model parameters
using the limited strain and pressure range available in vivo, showed a better performance
of the neo-Hookean model compared to a non-linear model, thereby validating it’s use for
patient-specific modeling and monitoring of patients during AAA follow-up.
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Abstract

Objectives: In this study the influence of surrounding tissues including the presence
of the spine on wall stress analysis and mechanical characterization of abdominal aortic
aneurysms using ultrasound imaging has been investigated.
Methods: Geometries of 7 AAA patients and 11 healthy volunteers were acquired using 3-D
ultrasound and converted to finite element based models. Model complexity of externally
unsupported (aorta only) models was complemented with inclusion of both soft tissue
around the aorta and a spine support dorsal to the aorta. Computed 3-D motion of the
aortic wall was verified by means of ultrasound speckle tracking. Resulting stress, strain,
and estimated shear moduli were analyzed to quantify the effect of adding surrounding
material supports.
Results: An improved agreement was shown between the ultrasound measurements and
the finite element tissue and spine models compared to the aorta-only models. Peak and
99-percentile Von Mises stress showed an overall decrease of 23–30%, while estimated shear
modulus decreased with 12–20% after addition of the soft tissue. Shear strains in the aortic
wall were higher in areas close to the spine compared to the anterior region.
Conclusions: Improving model complexity with surrounding tissue and spine showed a
homogenization of wall stresses, reduction in homogeneity of shear strain at the posterior
side of the AAA, and a decrease in estimated aortic wall shear modulus. Future research
will focus on the importance of a patient-specific spine geometry and location.
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4.1 Introduction

Current clinical guidelines for abdominal aortic aneurysm (AAA) repair use the maximum
anterior-posterior diameter as criterion to assess the risk of rupture (Moll et al., 2011). In
general, when the diameter exceeds 5.5 cm for men and 5.2 cm for women, or the growth
rate surpasses 1 cm per year, the risk of rupture is deemed higher than the risks involved
with aortic aneurysm repair (Schermerhorn and Cronenwett, 2001). These guidelines are
based on large population studies but are not tailored to predicting the rupture risk for the
individual patient (Nicholls et al., 1998). As a consequence, ongoing research focuses on
improving the patient-specific rupture risk assessment to prevent premature rupture.

Multiple strategies to determine the personalized rupture risk have been proposed, mainly
focusing on the geometry and biomechanics of the vessel wall (Erhart et al., 2015; Fillinger
et al., 2003; Gasser, 2016; Raghavan and Vorp, 2000). Wall stress analysis has been proposed,
and many groups have investigated the use of image-based, discretized, (semi)patient-
specific geometries determined with computed tomography (CT) (Indrakusuma et al.,
2016), magnetic resonance imaging (Merkx et al., 2009), or ultrasound (US) (Kok et al.,
2015; van Disseldorp et al., 2018) to determine the stresses in the wall of AAAs. Ruptured
aneurysms have shown higher peak wall stresses compared to non-ruptured aneurysms
(Fillinger et al., 2002). Wall stress analysis either by itself or in combination with other
factors (intra-luminal thrombus thickness, relative diameter increase, sex, etc.) has the
potential to produce a risk indicator superior to the maximum diameter (Leemans et al.,
2017; Maier et al., 2010).

Besides wall stress analysis, mechanical characterization of AAAs has been investigated.
Wittek et al. (2013) showed it was possible to obtain an estimate of the mechanical proper-
ties of the abdominal aorta using the 3-D strain field measured with 4-D ultrasound. An
iterative inverse method was used where a mechanical model of the aorta is pressurized
with an initial guess of material properties, where after the 3-D strain field of the model is
compared with that measured by ultrasound. The error between strain fields was used to
generate a new guess of material properties. This iterative approach yields subject specific
material properties. van Disseldorp et al. (2016a) showed this method is also viable by
matching displacements rather than strain fields.

Current research on AAA wall stress analysis include the aortic wall and often the intra-
luminal thrombus, or post-operative models of stented vessels, while mechanical char-
acterization of the aorta is usually guided by modeling the aorta only (Joldes et al., 2016;
Riveros et al., 2015; van Disseldorp et al., 2016c). Surrounding tissues are only sparsely used,
and efforts found in literature focused on numerical investigation of long term AAA growth
(Farsad et al., 2015; Kwon et al., 2015) or the development of a fluid structure interaction
methodology (Gasbarro et al., 2007). However, since the spine is located very close to the
abdominal aorta, the pulsatile movement of the aortic wall will be confined by the pres-
ence of this rigid structure. This will result in an even more inhomogeneous wall motion,
which in turn will influence both wall stresses and strains. The aforementioned studies
on US-based mechanical characterization use an aorta-only model, without surrounding
structures, which may potentially lead to mismatches between the displacement fields
simulated and measured.
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Table 4.1: Subject demographics.

Volunteers (n = 11) AAA Patients (n=7)
Age 21 - 64 68 - 81
Gende (M:F) 3:8 7:0
Anterior - posterior diameter 14-24 mm 33 - 52 mm
Diastolic blood pressure 61-104 mmHg 74-95 mmHg
Systolic blood pressure 105-186 mmHg 118-173 mmHg

Hence, this study will investigate the effects of surrounding tissue and spine on the me-
chanical parameters determined with US-based finite element models of abdominal aortas.
Models of increased complexity were created for subject specific aortic geometries in both
healthy volunteers and AAA patients and compared to in vivo ultrasound motion tracking
data. The influence on wall stress, wall strain and estimated shear modulus were examined
and compared to conventional (aorta-only) models.

4.2 Materials and Methods

4.2.1 Population

In this study, 11 healthy volunteers and 7 AAA diagnosed patients were included. Informed
consent was given by the subjects prior to inclusion. The local medical ethics commit-
tee of the Catharina Hospital Eindhoven approved this study. For volunteer and patient
demographics, see Table 4.1.

4.2.2 Data acquisition

A Philips iU22 ultrasound scanner equipped with a 3D matrix probe (type:X6-1, center
frequency: 3.5 MHz) was used to acquire all ultrasound images (Philips Medical Systems,
Bothell, WA, USA). 3D + time images were recorded to assess the motion of the aorta during
the cardiac cycle, which resulted of a volume rate of 5–7 Hz. Subjects were lying in supine
position and were asked to hold their breath during the acquisition of the images, which
took approximately 5 s. The subject’s blood pressure in the brachial artery was measured
with an arm cuff while in supine position. The brachial pressure is assumed to be equal to
the pressure in the abdominal aorta.

4.2.3 Segmentation

Segmentation of the aortas was done manually in MATLAB (The Mathworks, Natick, MA,
USA). First, the aortic wall was segmented in two longitudinal slices located near the
maximum diameter of the vessel. These were used to determine the end-diastolic and
end-systolic frames of the 4D dataset. Secondly, cross-sectional 2-D images were analyzed



4.2. Materials and Methods | 43

4

slice-by-slice to segment the aorta in the end-diastolic volume frame. These contours
were regularized and up-sampled in 3-D to create a smooth surface (van Disseldorp et al.,
2016a).

4.2.4 Ultrasound motion tracking

Coarse-to-fine speckle tracking was used to determine 3-D wall displacements from the
diastolic to the systolic phase of the cardiac cycle. A two-step correlation approach was
used, with an initial kernel size of 1.9 mm x 2.2 mm x 2.3 mm and a search region of 13.1 mm
x 11.2 mm x 11.4 mm. The second stage enhanced the accuracy of the first displacement
estimate by reducing the search region and kernel size to 5.6 mm x 6.7 mm x 6.8 mm.
Median filtering was used to reduce outliers. Finally, the segmented, end-diastolic contours
of the aorta were tracked using the frame-to-frame displacement values to determine the
end-systolic geometry.

4.2.5 Mechanical modeling

The aorta geometry obtained from manual segmentation was used to create a 3D mechan-
ical finite element model. The segmented contours served as the inner wall surface of
the aorta, which were extended by 3 cm in both proximal and distal direction to prevent
boundary effects to influence the FE results within the region of interest (van Disseldorp
et al., 2016a). The wall volume was created by extruding the inner wall surface in the radial
direction by 2 mm. Hence, a constant wall thickness was assumed over the modelled part
of the aorta.

The constitutive behavior of the aorta was based on a linearization of a model by Raghavan
and Vorp (2000) at the physiological pressure range. Here, the aorta material behavior for
this limited strain range was modelled as an incompressible, hyperelastic, neo-Hookean
solid (Speelman et al., 2008). The shear modulus of the model was estimated for each
subject using an iterative forward finite element approach. In this method, the model is
simulated for an initial guess of the shear modulus. Next, the shear modulus is adjusted
while minimizing the absolute difference between the modelled displacements and the
measured displacements obtained from the 3-D ultrasound data using speckle tracking
(van Disseldorp et al., 2016a). Since the end-diastolic geometry of the aorta obtained from
the 3-D US data was not stress free, the backward incremental method was used to calculate
the initial stresses in the wall, present at diastolic blood pressure (de Putter et al., 2007).

Two additional models were created to simulate the tissue surrounding the aorta. An
example of the three models for an individual case can be seen in Figure 4.1. The first
extension was the addition of an abdomen-like block of surrounding soft tissue. The aorta
was placed at a depth that is similar to the depth measured in the ultrasound images and
an additional 10 cm of surrounding soft tissue was added below the aorta. The block of
tissue had the same length as the aorta whereas the width was set at 20 cm (Figure 4.1B).

The second extension was the inclusion of a spine model, i.e., a stiff rod simulating the
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Figure 4.1: Finite element mesh geometries of an abdominal aortic aneurysm (A), an aneurysm with
surrounding soft tissue (A-T), and an aneurysm, surrounding soft tissue, and the spine (A-TS).

spine. The spine had a diameter of 5 cm and was oriented along the axis of the aorta.
Physiologically, the aorta is not located centrally above the spine. CT images showed the
center axis of the spine was generally located five mm to the left of the center axis of the
aorta and the distance between the aorta and the spine surface was one millimeter. The
spine was positioned in the models accordingly.

Mechanical constitutive behavior of both the surrounding soft tissue and the spine was
modelled as an incompressible, hyperelastic, neo-Hookean solid with shear modulus of 20
kPa for surrounding soft tissue (Geerligs et al., 2008) and 900 MPa for the spine (Speelman
et al., 2008).

Boundary conditions of both displacement and pressure were applied to evaluate the
mechanical models. Displacement of the surrounding soft tissue’s bottom surface was fixed
in all directions as were the front and rear exteriors of the spine. The front and rear ends of
the aorta were fixed in the longitudinal direction to prevent elongation while allowing radial
motion. For computational stability, the model containing just the aorta had displacements
at both ends of the aorta fixed in all directions. The models were inflated from the patient-
specific, measured, diastolic to systolic blood pressure to obtain the displacements of the
aortic wall.

4.2.6 Data analysis

Validation of the increasingly complex mechanical models was performed by calculating
the mean absolute difference (MAD) of the displacements of the inner aortic wall between
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Figure 4.2: Stress in the aortic wall in the three complexity models in volunteers and patients. Left:
Median Von Mises stress. Middle: Peak Von Mises stress. Right: 99-percentile Von Mises stress.

ultrasound and mechanical models. This analysis took into account the displacements
of the inner wall contours of the aorta in the part that is visible with ultrasound. The
improvement in modeling accuracy was quantified by computing the reduction in MAD
for each addition to the mechanical model. The aortic motion was chosen as this was the
primary target, hence, the motion of the surrounding tissue was not analyzed.

Moreover, Von Mises stresses, shear strains, and aortic shear moduli obtained in the models
including the surrounding tissue (A-T) and the spine (A-TS) were compared to the AAA-only
model.

4.3 Results

4.3.1 Stress

Both peak and 99-percentile Von Mises stresses were higher in patients than in volunteers
as expected. Figure 4.2 shows however a clear declining trend when the model is extended
with surrounding soft tissue. Addition of the soft tissue showed a relative decline in 99-
percentile Von Mises stresses of 30± 4% and 23± 5% in volunteers and patients, respectively.
The median Von Mises stresses showed a decrease of 14 ± 6% and 4% ± 4% in volunteers
and patients, respectively. The addition of the spine did not show large differences. In
Figure 4.3 it can be seen that mainly the high peak stresses are decreasing when the model
complexity is increased. This showed a more homogeneous stress distribution over the
aneurysm wall.

4.3.2 Moduli

Estimated moduli revealed higher values and a higher variance for patients (694 ± 328 kPa)
compared to volunteers (144 ± 61 kPa) as can be seen in Figure 4.4. Addition of soft tissue
resulted in a decreasing effect on estimated shear modulus, i.e., 20 ± 5% for patients and
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Figure 4.3: Von Mises stress distribution in a healthy aorta (left) and an abdominal aortic aneurysm
(right) visualized in the anterior and posterior view.

Figure 4.4: Evolution of shear modulus in models A-T and A-TS, compared to the standard single
aorta model (A).

12 ± 4% for volunteers. The addition of the spine showed only minor influence on the
estimated shear modulus compared to the embedding of the aorta in soft tissue.

4.3.3 Validation

In Figure 4.5 it can be depicted that the displacement of the simple aortic model of both
volunteers and AAA patients has a large error on the posterior side, close to the spine. The
addition of the soft tissue and especially the spine reduces the posterior displacement
errors both in volunteers (0.96 mm to 0.51 mm) and in patients (0.46 mm to 0.38 mm).
However, the anterior displacement error in volunteers stays similar (0.53 mm to 0.54 mm),
while in patients the anterior displacement error increases (0.40 mm to 0.51 mm). The
residual error of all 18 cases between ultrasound and mechanical model displacements
are shown in Figure 4.6 and clearly reveals a reduction in the axial (z) -displacements
when model complexity increases. Figure 4.7 shows displacement vectors from both
ultrasound displacement tracking and output of the mechanical models in a cross-section
of a volunteers aorta. The displacements found in the mechanical model approach the
measured displacements the best when both generic surrounding tissue and the spine are
included in the model.
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Figure 4.5: Absolute error between the displacements found in the mechanical model and those
found with ultrasound measurements. Left: anterior and posterior views of a healthy aorta. Right:
anterior and posterior views of a AAA.

Figure 4.6: Mean absolute difference (MAD) improvement of the local displacements between the me-
chanical model and the ultrasound measurements for all subjects. Left: Displacement improvement
in the x direction. Right: Displacement improvement in the z direction.

Figure 4.7: Displacement vectors of a slice of the aorta. Red arrows: tracking results of ultrasound
speckle tracking of the aorta wall; Black arrows: displacements of the aortic wall estimated by the
mechanical models.
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4.3.4 Shear strain

Shear strain in the radial-circumferential direction (erc) showed very similar results be-
tween the basic aorta model and the more complex surrounding soft tissue model. Shear
strain magnitude is 2.0% ± 1.0% (mean ± std) and 0.4% ± 0.2% (mean ± std) for volunteers
and patients respectively. The cases without a spine show a very homogeneous strain
pattern across the circumference. This is expected since the radial aortic motion is axi-
symmetric. However, addition of the spine shows an increase of shear strain around the
part located closest to the spine in both volunteers and patients. Figure 4.8 shows the
magnitude of tissue and spine induced shear strains between the models with added tissue
and spine compared to the aorta-only model. The magnitude of spine-induced shear
strain lies in the same order of the total shear strain measured in the aorta-only model,
namely 2.4% ± 1.1% (mean ± std) and 1.0% ± 0.9 (mean ± std) for volunteers and patients
respectively.

4.4 Discussion

In this study, the influence of surrounding tissues on the estimated wall stress, strain, and
shear modulus in mechanical models of the abdominal aorta was investigated.

Results show a large (23–30%) reduction of 99-percentile wall stresses when surrounding
tissue is included in the model for both healthy volunteers and AAA patients. The reduction
in median wall stresses is minor compared to the decrease in peak and 99-percentile
stresses. This indicates a homogenization of wall stress over the entire aorta rather than
an overall reduction. Speelman et al. (2010) showed a reduction in 99-percentile wall
stresses when including intra-luminal thrombus (ILT). The effects of the ILT are of similar
magnitude as the effect of soft tissue inclusion. This implies the importance of both the ILT
and soft tissue when performing wall stress analysis.

Estimated shear moduli of the aortic wall were significantly reduced by adding surrounding
soft tissue. This is expected from a theoretical point of view, i.e. due to the soft tissue taking
up some of the stresses. Therefore, a lower shear modulus with additional surrounding
tissue will result in the same displacements measured for the pressure present. This
finding emphasizes the difficulty and possible biases involved when estimating mechanical
parameters of the vessel as well as the importance of other structures nearby the AAA.

Comparing ultrasound measured displacements with model output reveals an improve-
ment of model accuracy when incorporating both soft tissue and the spine. While a good
improvement in the posterior error between model output and measurement data was
found in both patients and volunteers, in patients the anterior error increased with addi-
tion of surrounding tissues. This might possibly be caused by a low shear modulus of the
surrounding tissue, or the omission of the pressure exerted by the probe on the abdomen
in the current modeling framework. These issues require further investigation in future
studies. Unfortunately, the displacement measurements of DICOM ultrasound have an
anisotropic signal to noise ratio. This makes tracking in the direction perpendicular to the
ultrasound propagation direction challenging. Furthermore, stiff aneurysms show minor
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Figure 4.8: Shear strains induced by addition the spine (A-TS).
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displacements, which fall close to the DICOM image resolution. These two issues could be
solved in the future by using multi-view, raw, radiofrequency ultrasound data.

The introduction of the spine showed a predominant effect on shear strain compared to
the other strain directions. Therefore, the strain analysis of this paper focused on radial-
circumferential shear strains. Several studies have looked into in vivo aortic strain (Brekken
et al., 2012; Karatolios et al., 2013; Mix et al., 2017), however no shear strains were reported.
Wittek et al. (2013) did report shear strains, yet no link with geometric features surrounding
the aorta was made. The demonstrated effect of the spine on shear strain is an interesting
finding of this study. Largest changes in shear strains were found in the posterior side of
the aorta, near the spine. A study of Darling et al. (1976) showed that most AAA ruptures
occur on the posterior side of the aorta, which is closest to the spine. The elevated levels in
shear strain should be further examined to see whether there is a relation between rupture
location and elevated shear strain.

One of the major limitations of this study is the low quality aortic wall motion estimation in
patients using 4-D ultrasound. The main problem lies with the low amplitude of AAA wall
motion, which is not the case in volunteers. Since these vessels are both stiff and dilated,
the wall motion decreases towards the image resolution of DICOM ultrasound (~0.5 mm).

Another large drawback of these methods is the low fidelity of surrounding soft tissue
characterization. Numerous organs surround the aorta, however, in this study all organs
and content in the abdominal cavity were modelled as a continuum, with the exception
of the spine. However, it is expected that some structures, e.g. the vena cava and large
intestines, will resist motion less than others such as fat. This can influence the outcome of
the wall stress analysis. Future work, investigating the differences of a patient-specific cavity
model vs. the continuum approach used in this work, needs to be conducted, possibly
including the influence of probe pressure.

Moreover, the sensitivity of the biomechanical analysis to the patient-specific spine ge-
ometry and location should be quantified. Since the distance of the spine to the aorta is
minimal, small variations in spine geometry, e.g. intervertebral discs, can have a large
influence on local wall stress. Although ultrasound is not the optimal modality for bone
imaging, it can in fact detect the spine surface, which will suffice for this framework as only
the interface between the bone and the aorta is of importance. Furthermore, a thrombus
can be incorporated in the patients that have an AAA with ILT, this will ensure all possible
load-bearing structures present around the abdominal aorta are present in simulations.

In conclusion, this study shows that adding surrounding soft tissue and a spine have a
significant effect on AAA rupture-risk related parameter estimates, i.e., peak stress, shear
strain, and modulus. Increasing model complexity demonstrates homogenization of wall
stresses, reduction in homogeneity of shear strain, and a decrease in estimated aortic wall
shear modulus.
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Abstract

Objectives: Vascular ultrasound imaging is inherently hampered by low lateral resolu-
tion and contrast. To overcome these limitations in superficial artery imaging, steering
of the ultrasound beams can be used, since the aperture to depth ratio is relatively high.
However, in deeper lying arteries the steered beams do not overlap for larger steering
angles.
Methods: In this study, the ultrasound probe is physically translated over the abdomen
to create large angles between acquisitions, while maintaining overlap on the abdominal
aorta. In eleven volunteers, 2-D cross-sectional multiperspective ultrasound images of
the abdominal aorta were acquired using seven angles between -45◦ and +45◦. Automatic
registration of the recorded images was performed by automatic feature detection of the
aorta and spine.
Results: Automatic image registration of the 2-D ultrasound acquisitions was successful
in 62 out of 77 image-sets. Compounded multiperspective images showed an increase of
contrast-to-noise ratios from 0.6±0.1 to 1.2 ± 0.2 overall, with axial and lateral increases
from 0.9 ± 0.2 to 1.6 ± 0.2, and from 0.5 ± 0.2 to 1.1 ± 0.2 respectively. The improved
contrast to noise ratios remained stable during the entire heart cycle.
Conclusions: Automatic image registration in 2-D ultrasound images of the abdominal
aorta is possible using aorta and spine generated features. The combination of multiple
angled ultrasound acquisitions, so-called multi-perspective imaging, was able to improve
aortic wall contrast greatly and especially increased the visibility of the lateral wall. Future
work should focus on extending this work into 3-D ultrasound imaging and apply its merits
to mechanical analysis of abdominal aortic aneurysms.
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5.1 Introduction

Ultrasound is extensively used in the diagnosis of vascular diseases due to its non-invasive
nature, real-time capabilities, high resolution, and low cost. In vascular diagnoses, the
arterial wall geometry is very important. Narrowing or dilation of the arteries can lead
to an obstruction of the blood flow or indicate a weakened arterial wall. For example, in
abdominal aortic aneurysms, a local increase of arterial diameter of more than 50% is
an important indicator for rupture risk(Schermerhorn and Cronenwett, 2001). However,
more and more research is performed on volumetric assessment of aneurysm size, growth,
and rupture risk (Long et al., 2013; Rouet et al., 2010), as well as risk assessment based
on mechanical properties of the arterial wall (Fillinger et al., 2003; Wittek et al., 2013; van
Disseldorp et al., 2016c; Gasser et al., 2010; Petterson et al., 2019; van Disseldorp et al.,
2018). Current models rely heavily on the accurate assessment of the complete vessel
geometry. However, ultrasound is hampered by anisotropic contrast and resolution, which
complicates the delineation of the lateral vessel wall. This is illustrated by Ellis et al. (1991),
who showed that transverse diameter measurements are considerably less accurate than
those in the anterior-posterior direction.

The main issues with vascular geometry assessment, i.e., low arterial wall contrast and
resolution in the lateral direction, arise from the physical principles of ultrasound imaging.
In the direction of sound propagation high resolution and contrast can be obtained, due to
the high sampling frequency and the specular reflection of the ultrasound on perpendicular
structures. However, in the lateral direction, the ultrasound beams travel tangent to the
arterial wall, leading to refraction and lower levels of backscatter. This has a negative impact
on the quality of abdominal aortic aneurysm echography Rouet et al. (2010). Moreover,
regions of the arterial wall at 5 and 7 o’clock in cross-sectional view are effected by refraction
and shadowing artifacts (Thompson et al., 2004).

Methods to tackle ultrasound’s directional dependency have been investigated. Most
commonly these methods are applied to improve image quality as well as ultrasound
motion tracking, where accurate measurement of the 2-D deformation field is hampered
by the low lateral resolution (Foster et al., 1993; Righetti et al., 2003). Methods have been
proposed where the ultrasound beam is steered under multiple angles (Hansen et al., 2009;
Treece et al., 2007). With the steering of the ultrasound beam, the angle of ultrasound travel
direction changes. This can increase and/or homogenize contrast, by increasing the angle
between the ultrasound propagation direction and the vessel wall, increasing specular
reflection and backscatter levels, and reducing shadowing. Conventional beam steering
uses a stationary ultrasound transducer with a relatively large aperture width and a small
pitch. The aperture should be relatively large with respect to the imaging depth to ensure
overlap of the steered beams or planes. The overlap becomes smaller with increasing
imaging depth (Hansen et al., 2010). Despite the improvements in both image quality,
motion tracking and/or strain imaging, this technique is not applicable to abdominal aortic
scanning, or deeper lying structures in general, due to the insufficient overlap of the steered
ultrasound images.

To overcome the insufficient overlap, methods have been developed using multiple in-
sonification locations. For example, Yao et al. (2011) developed 3-D ultrasound image
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compounding for cardiac imaging, where a single transducer was placed on multiple acous-
tic windows consecutively. In the abdomen, Zimmer et al. (2018) demonstrated the viability
of multi-transducer imaging applied to fetal ultrasound. Both of these studies incorporated
incoherent compounded, where beamforming is performed before the combination of
multiple images. Coherent compounding has also been investigated(Peralta et al., 2018),
however, these methods are more difficult to translate to in vivo imaging due to sensitivity
to small changes in speed of sound in the imaged tissue.

This study investigates image compounding of the abdominal aorta, where steering of
the ultrasound imaging plane is achieved by physically moving the transducer step-wise.
This method of imaging the abdominal aorta from multiple perspectives ensures that
overlap of multiple images is still feasible at large depths (>10 cm), with steering angles
up to 45 degrees. In this study, this so-called multiperspective ultrasound imaging is
performed on abdominal aortas of healthy volunteers, where the transducer is moved over
the abdomen, acquiring 2-D images from seven different angles ranging from -45◦ to +45◦.
Images are registered by using an automatic detection method of the aorta and the spine.
The automatically detected organs are compared to manual selection, and image quality is
quantitatively compared using the contrast-to-noise ratio of the lumen-wall interface of
the aorta.

5.2 Materials and Methods

Data acquisition

In this study, eleven volunteers were included and ultrasound imaging of the abdomen
was performed. Informed consent was given by all subjects prior to inclusion. The local
medical ethics committee of the Catharina Hospital Eindhoven approved this study.

Ultrasound images were acquired with a Philips iU22 ultrasound scanner equipped with a
3-D curved matrix probe (type: X5-1, center frequency: 3.5 MHz). The ultrasound probe
was attached to a metal arch over the examination bed (Figure 5.1). This arch enabled the
probe to be rotated and translated while keeping the transverse imaging plane constant,
and served for verification of the image registration results. The volunteer was positioned
so that the abdominal aorta was near the rotational center of the arch. The probe was
positioned under seven predefined angles: -45◦ to +45◦ incremented by 15◦, after which
it was lowered to make contact with the abdomen wall. Cross-sectional views of the
abdominal aorta were imaged between the renal arteries and the iliac bifurcation. These
images were recorded for multiple heartbeats during breath hold. After the experiment
a single heartbeat was extracted from each recording. The cardiac cycle was determined
from M-mode images showing the dilation of the aorta by selecting the smallest diameter
at end-diastole. These data were loaded into MATLAB R2019a (The Mathworks, Inc. Natick,
Massechusetts) and processed further for automatic detection of the aorta and the spine
(see next section). Next, the angles between images were detected automatically and the
images were compounded to form a multiperspective ultrasound image. An overview of
this workflow is provided in Figure 5.2.
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Figure 5.1: Imaging setup. a) schematic overview of image acquisition positions for angles -45◦, 0◦,
and 45◦. b) picture of the imaging setup attached to a bed.

Detection of the aorta candidates

The aorta was detected with a vessel candidate search method adapted from Smistad
and Lindseth (2016). Smistad et al. investigated the femoral artery but demonstrated the
broader applicability in the carotid artery as well. Image gradients were calculated on a
Gaussian-blurred image (σ = 1.5 mm). An exhaustive search for ellipses was performed by
varying the location and radii (r = 5-9 mm) of the ellipses. For each location and radius, the
dot product of the outward normal and the normalized image gradient was calculated on
35 points distributed along the ellipse. This resulted in an artery score. For each location,
the highest artery score among all radii was stored. From this likelihood image, the top 3
non-overlapping candidates were selected for further processing.

Detection of the spine candidates

To detect the spine, two main features were used: a bright reflection on the top of the spine
and two dark shadow regions at the sides which continue to the end of the ultrasound image
(Figure 5.3a). Since it is difficult to track both bright and dark features simultaneously, the
normalized cross correlation (NCC) of image segments were calculated over one cardiac
cycle. This NCC will give high values for stationary image features such as the top and side
shadow regions of the spine. A sliding NCC kernel of 4 x 4 mm with 80% overlap was used
to determine the coherence between all frame pairs within one cardiac cycle. Hereafter, the
NCCs were time-averaged over the entire cardiac cycle. The time-averaged NCC image was
spatially filtered with a Gaussian kernel (σ = 3 mm) after which a watershed operation was
performed (Meyer, 1994). This watershed led to a binary skeleton image where the ridges
of the image were highlighted.
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Figure 5.2: Schematic overview of the total workflow from seven angled ultrasound acquisitions to a
multiperspective compounded image (with the aorta and spine detected).

The binary skeleton image was used for a custom Hough transform searching for a ’horse-
shoe’ like feature. The feature was described as a half ellipse (r = 22.5 - 27.5 mm) with
two lines extending downwards from its ends. In each pixel of the binary skeleton, all
possible horse-shoe curves were fit. For each horse-shoe curve, the position of the top of
the half ellipse was voted as a possible candidate for that position. After all pixels of the
skeleton were processed, the position with the most votes represented the best fit. Besides
the position of the curve, also the axes of the ellipse were varied. Each spine candidate
was assigned a likelihood value based on the normalized number of votes times the NCC
value at its position. The 15 candidates with the highest likelihood values were chosen
as possible candidates, where the minimal distance between candidates was 5 mm. The
center of the spine was defined as the position one radial length r below the top of the
spine in the direction of the ultrasound propagation. An example of the spine detection
process can be seen in Figure 5.3.

Selecting final aorta and spine position

After aorta and spine candidate selection, three aorta and fifteen spine candidates were
presented. All possible combinations were evaluated and were considered valid when the
center of the aorta lies between 2 and 25 mm on the outside of the spine surface. The total
likelihood was calculated by multiplying the individual likelihoods of the aorta and the
spine candidates. The combination of candidates with the highest combined likelihood
was chosen to be the final detected aorta and spine locations. These locations were checked
manually to evaluate the accuracy of the method used. False detections were manually



5.2. Materials and Methods | 59

5

Figure 5.3: Automatic detection of aorta and spine. a) B-mode image of the abdomen. The white
arrow indicates the bright reflection on top of the spine, the black arrows indicate the shadow regions
next to the spine down to the end of the image. b) Schematic overview of aorta detection (left) and
spine detection (right). c) B-mode image of the abdomen with the automatically detected aorta and
spine regions.
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Figure 5.4: Automatic registration based on spine features. a) spine edge feature (SEF) of an abdomi-
nal ultrasound image showing the spine edge annotated by the white arrow. b) two overlaying SEFs
not overlapping correctly at 30◦. c) the same SEFs as in b), but now correctly overlapping at 13◦. d)
Root mean square error (RMSE) between the SEF images showing a clear minimum.

corrected to be used in subsequent registration and compounding analysis.

Automatic registration of ultrasound images

Based on the detected locations of the aorta, all seven perspective images were translated
to make the aorta centers overlap. To find the rotation between the images, the spine
feature was highlighted using a similar normalized cross-correlation approach to the spine
candidate detection method. However, in this case, averaging was not performed on the
NCC images but on the watershed skeleton images. These skeleton images were summed,
which led to one non-binary spine-edge feature (SEF) image per perspective (Figure 5.4a).
Next, the angles were determined iteratively, starting with the center image at 0◦ and
finding the correct angle for the first image on the right hand side acquired from a different
perspective. After this, the SEF images of the matched images were combined and used as
a reference to fit the next one. This method was repeated, alternating between fitting the
perspective to the right and left of the center image, each time combining the results into
the baseline SEF image. The overlap score of the SEF images was determined by the root
mean square error (RMSE), where the lowest RMSE determined the best matching angle.
An example of this procedure can be seen in Figure 5.4b-d.

Compounding

After registration of the ultrasound views, all envelop data were linearly interpolated sepa-
rately on an identical 2-D grid with uniform pixel size. The size of the pixels was chosen
as λ/2 (0.22 mm x 0.22 mm) to make sure that no information was lost. The interpolated
images were averaged spatially to combine the seven angled images into one. For visual
evaluation, the ultrasound images are displayed in B-mode, where the brightness range is
based on the maximum envelope signal in the image. The maximum envelope signal of
the averaged multiperspective image will be different from the single perspective image,
usually smaller, and therefore the multiperspective image will look brighter. To equalize
these images for better comparison, both visually and quantitatively, the averaged image is
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Figure 5.5: Regions of interest used in determining contrast-to-noise ratios (CNR) superimposed on
a compounded recording. A: Total CNR; B: Axial CNR; C: Lateral CNR.

scaled. The scaling of the multiperspective image brightness (BMP ) is based on average
image brightness in the center region of the spine (Bspi ne,SP ,Bspi ne,MP ), where a regularly
speckled texture is expected:

BMP = Bspi ne,SP

Bspi ne,MP
BMP 5.1

Data analysis

The angle of the acquired images, based on automatic registration, was compared to
the predefined angles under which the probe was positioned. Furthermore, the contrast
between the bright vessel wall and the dark lumen were quantified with the contrast-to-
noise ratio (CNR). These CNRs were compared between the 0◦ and the 7-angle compounded
image. The CNR of the entire vessel was calculated, as well as the separated axial and lateral
CNR. Before the CNR could be calculated, the vessel wall was segmented manually. The
inner lumen-wall interface was traced manually. The obtained geometry was extruded
by 2 mm to obtain the outer boundary of the wall, i.e., the interface between aorta and
the surrounding tissue. The wall thickness is assumed because the contrast from wall to
surrounding tissue is low. The CNR was calculated by dividing the absolute difference of
average envelope values of the vessel wall (µvessel ) and the lumen (µlumen) by the square
root of their summed variances (σvessel , σlumen):

C N R = |µvessel −µlumen |√
σ2

vessel +σ2
lumen

5.2

To calculate the axial contrast, i.e., the contrast in regions aligned with the sound propaga-
tion direction, the top and bottom 25% of all pixels in the vessel wall were used. The lateral
contrast was calculated by using the leftmost and rightmost 25% of pixels of the vessel wall.
An example of this method is shown in Figure 5.5.
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Figure 5.6: True angle versus detected angles based on rotation around the spine center matching
the spine edge feature. In two cases the angles were not successfully found, these are marked by the
crosses.

To compare the multiperspective imaging fairly to single perspective imaging, the effect
of temporal averaging of single perspective images is also investigated. Seven consecu-
tive frames were taken from the end of the diastolic phase from single perspective data
sets. Compounding and CNR calculation was performed similar to the multiperspective
methodology.

5.3 Results

All measurements were performed without complications. Automatic detection of the
aorta and the spine was successful in 81.8% and 80.5% of the 77 data-sets. In 7 cases, the
vena cava was erroneously identified as the aorta. In these cases the vena cava was not
collapsed. In datasets where the Vena Cava was collapsed due to probe pressure, the error
was not possible.

Automatic registration of the images was performed successful in most cases, with all angles
identified close to the true value, in 9 out of 11 volunteers. A summary of the automatically
found angles versus the measured angles is shown in Figure 5.6.

Compounding of images from seven perspectives show increased image clarity and more
distinguishable shapes of the aorta and the spine. Examples of volunteers 3 and 4 are
shown in Figure 5.7. Zoomed-in regions focusing on the aorta and the spine are shown in
Figure 5.8. The visibility of the aorta has increased in all cases. A larger part of the surface
of the spine is visible, and is brighter in general, in the compounded images compared to
the 0◦ acquisitions. Some image artifacts are reduced as can be seen in the compounded
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Figure 5.7: Single (left) and multiperspective (right) images of the abdominal aorta of volunteers 3
and 4.

image of volunteer 3, where a horizontal line artifact inside the aorta is present in the single
perspective image.

Contrast-to-noise ratio (CNR) of the abdomen aortic wall in the multiperspective images
has increased vastly in all cases, see Figure 5.9. The total CNR increased from 0.6 ± 0.1 to
1.2 ± 0.2, axial CNR increased from 0.9 ± 0.2 to 1.6 ± 0.2, and lateral CNR increased from 0.5
± 0.2 to 1.1 ± 0.2. Temporal averaging also showed an increase in total CNR, however, this
increase is very small. The separated axial and lateral contrast showed a similar increase,
while overall the axial contrast is higher than the lateral. During the entire heart cycle, the
increase in CNR is maintained despite tissue motion as can be seen in Figure 5.10.

5.4 Discussion

This study investigated the use and feasibility of multiperspective imaging for improvement
of image quality in abdominal aortic ultrasound imaging. Specifically, the detection of the
human aorta in volunteers and the improvement in wall-lumen contrast was studied. Ul-
trasound acquisitions from seven angles between -45◦ and 45◦ were acquired by physically
moving the transducer over the subject’s abdomen restricted to a single imaging plane.
Automatic detection of the aorta and spine was performed and images were automatically
registered. Multiperspective compounded images were constructed and compared to
standard, single-angle, recordings by evaluation of contrast-to-noise ratio.

Aorta and spine were automatically detected in 4 out of 5 cases. The main cause for
erroneous aorta detections was the vena cava. This vessel looks very similar to the aorta
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Figure 5.8: Zoomed in 0◦ recordings (left) next to the compounded results (right) for volunteers 1-11.
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Figure 5.9: Contrast-to-noise ratios for single perspective (SP) and multiperspective (MP) ultrasound
images. The contrast is calculated for the total lumen-wall interface as well as the axial (ax) and
lateral (lat) sections separately.

Figure 5.10: Increase in contrast-to-noise ratios from single perspective to multiperspective ultra-
sound images during an entire cardiac cycle.

and is therefore always a very likely aorta candidate in the automatic detection algorithm.
This problem could be solved in the image acquisition step by applying some more probe
pressure. However, this might create more blurring of the image in the surrounding areas
due to changes in geometry and influence the geometry of the aorta. A more elegant
solution would be to measure wall motion in the two detected vessels. The aorta and vena
cava have different blood pressure waves and therefore different distention patterns. These
patterns can be investigated in the future to distinguish the aorta and vena cava.

Automatic angular registration of the multiperspective images was achieved by minimizing
the root-mean-squeare-error (RMSE) between spine-edge-feature images. The registration
was successful in most cases. In two volunteers (7 and 9), the registration was not able
to find a minimum inside the allowed search range of 30◦. This caused the algorithm in
the first step to select a maximum angle in one case, and a minimum angle in the other.
This erroneous first step resulted in the wrong SEF image to be merged into the 0◦ image
(an example could be Figure 5.4b). This compounded image proved to be inadequate for
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further detection of angles and, thus, resulted for these two volunteers to be classified as
incorrect. It could be interesting to investigate other orders of combining the images, e.g.,
first finding the angles in both neighboring recordings prior to merging.

After image registration, the seven perspective images were compounded by averaging
the envelope data, and transformed to brightness images for display and image contrast
analysis. Compounding of the envelope data was chosen over B-mode data because the
maximum of B-mode images are scaled to the highest reflection signal in the image. This
scaling is different for each imaging angle and signal intensities could be unfairly matched.
The envelope data does not have this disadvantage. It can be seen in the resulting com-
pounded image (Figures 5.7 and 5.8) that the speckles are smoothed and a higher contrast is
achieved. One could argue that temporal averaging of seven acquired frames has a similar
smoothing effect. However, in this approach, the lateral wall-lumen interface is more clearly
defined. This can be appreciated in for example volunteers 6, 7, and 10 in Figure 5.8 and
quantitatively seen in Figure 5.9, which shows the multiperspective method outperforming
temporal averaging vastly. Another benefit of spatial averaging over temporal averaging is
that the movement of the vessel wall over time does not influence image sharpness, in case
the heart rate and blood pressure do not change between acquisitions. The methods shown
in this paper also illustrate the feasibility of angular compounding of entire heart cycles.
Where, since the image contrast is maintained over the entire cardiac cycle. However, a
multi-probe system that can do interleaved scanning in semi-realtime, would circumvent
potential problems, such as misalignment caused by changes in hemodynamic variable.

Future research should focus on implementing multiperspective imaging for the improve-
ment in motion tracking. Hansen et al. (2009); Treece et al. (2007) showed that motion
tracking in ultrasound is inherently hampered by anisotropic contrast and resolution of the
images, and can be improved by beam steering. The probe-steering as used in this study is
expected to yield a similar improvement of motion tracking results in the abdominal aorta.
Moreover, methods that can estimate the speed-of-sound could be incorporated, which
will improve image reconstruction and alignment.

Extending the current workflow to 3D, combined with the extraction of the aorta and spine
features can results in fully automatic 3D registration of the multiperspective ultrasound ac-
quisitions. This automatic registration makes it possible to apply multiperspective imaging
to free-hand scanning, without the use of an arch, which enables translation of multiper-
spective imaging to the clinic. This can be useful for validation of the obtained geometries
and motion with other imaging modalities such as computed tomography and magnetic
resonance imaging. Furthermore, clinical application allows multiperspective imaging to
be investigated for the use in geometry assessment in abdominal aortic aneurysms.

In conclusion, combining ultrasound images of the abdominal aorta from multiple angles
around the abdomen greatly improves aortic wall contrast. The determination of acqui-
sition angles can be done with the use of image features, i.e., the aorta and spine. This
automatic registration and image compounding can aid in the visualisation and monitoring
of aortic malformations. A challenge remains to expand this technique towards 3D and
real-time, so it can be easily adopted in the clinic.
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Abstract

Objectives: Current decision-making for clinical intervention of abdominal aortic aneurysms
(AAAs) is based on the maximum diameter of the aortic wall, but this does not provide
patient-specific information on rupture risk. Ultrasound (US) imaging can assess both
geometry and deformation of the aortic wall. However, low lateral contrast and resolution
are currently limiting the precision of both geometry and local strain estimates. To tackle
these drawbacks, a multiperspective scanning mode was developed on a dual transducer
US system to perform strain imaging at high frame rates.
Methods: Experimental imaging was performed on porcine aortas embedded in a phantom
of the abdomen, pressurized in a mock circulation loop. US images were acquired with
three acquisition schemes: Multiperspective ultrafast imaging, single perspective ultrafast
imaging, and conventional line-by-line scanning. Image registration was performed by
automatic detection of the transducer surfaces. Multiperspective images and axial dis-
placements were compounded for improved segmentation and tracking of the aortic wall,
respectively. Performance was compared in terms of image quality, motion tracking, and
strain estimation.
Results: Multiperspective compound displacement estimation reduced the mean motion
tracking error over one cardiac cycle by a factor 10 compared to conventional scanning.
Resolution increased in radial and circumferential strain images, and circumferential
signal-to-noise ratio (SNRe) increased by 10 dB. Radial SNRe is high in wall regions moving
towards the transducer. In other regions, radial strain estimates remain cumbersome for
the frequency used.
Conclusions: Multiperspective US imaging was demonstrated to improve motion tracking
and circumferential strain estimation of porcine aortas in an experimental set-up.
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6.1 Introduction

An abdominal aortic aneurysm (AAA) is a localized increase in the diameter of the ab-
dominal aorta. Degeneration of the elastic properties and bulging of the arterial wall
leads to adaptive growth, further deforming the local geometric structure and morphol-
ogy (Lasheras, 2007). When the wall stress exceeds the wall strength, rupture occurs and
the subsequent hemorrhage is associated with a mortality rate of >8% (Reimerink et al.,
2013). Clinical intervention is performed when the estimated rupture risk exceeds the
risk of the procedure. The current estimator for rupture risk in the clinic is based on the
anterior-posterior diameter of the AAA. The guidelines for surgical intervention advise
surgery at aortic diameters of ≥ 5.5 cm for male, and ≥ 5.0 cm for female subjects according
to evidence-based medicine (Wanhainen et al., 2019). Diameters are typically measured
and monitored with 2-D transabdominal ultrasound.

However, some large diameter (≥ 5.5 cm) AAAs remain stable for a long period of time,
whereas the risk of rapid growth causes uncertainty regarding the management of AAAs
in the range of 4.0 - 5.0 cm in diameter, despite their statistically low rupture risk (Powell
et al., 2008, 2011; Rango and Verzini, 2011). For this reason, an additional, more patient-
specific approach is required to improve patient-selection for clinical intervention. It has
been found that the distensibility (Wilson et al., 2003) and local weakening (Vande Geest
et al., 2006a) of the wall play an important role in rupture risk assessment of AAAs. The
assessment of these properties can be performed with the use of strain imaging, based
on tracking deformation of the arterial wall over the cardiac cycle. Next to geometrical
and functional measurements, studies have demonstrated that the peak wall stress is an
accurate, reproducible indicator for rupture risk of AAAs, which can be estimated by the
use of finite element analysis (FEA) (Fillinger et al., 2003; Speelman et al., 2008; Polzer and
Gasser, 2015). The input for these models requires the geometry of the AAA, the mechanical
properties of the AAA wall of the subject, and blood pressure.

Typically, computed tomography (CT) imaging is used as the gold standard for geometry
assessment of AAAs (Fillinger et al., 2003; Speelman et al., 2008; Polzer and Gasser, 2015)
in combination with population based material properties of AAA tissue for wall stress
analysis (Raghavan and Vorp, 2000). However, the drawbacks of CT, such as the exposure
to ionizing radiation and contrast agents limit its use to perform geometry assessment
during longitudinal clinical trials. Moreover, CT imaging provides little or no temporal
information, making it difficult to perform strain imaging and estimate patient-specific
material parameters for the AAA wall. Magnetic resonance imaging (MRI) has been used as
an alternative imaging modality to obtain both the geometry for image based modeling
(Speelman et al., 2008) and cyclic wall strain estimates (Draney et al., 2002; Satriano et al.,
2015). The main disadvantages of MRI include the high costs and scanning time, moderate
resolution, and motion and susceptibility related artefacts (Hoskins et al., 2011).

For this reason, US has been proposed as the imaging modality of choice, because it benefits
from a high spatial and temporal resolution, it is cheap, and it has the ability to acquire
real-time, three-dimensional (3D) images noninvasively. US has shown to be a reproducible
method for geometrical measurements of AAAs (Long et al., 2013; Rouet et al., 2017), and
for functional measurements of AAA wall strain (Brekken et al., 2006; Derwich et al., 2016;
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Figure 6.1: (a) Imaging plane of a cross-section of a blood vessel wall. Geometry and wall motion per-
pendicular to the ultrasound (US) beam (white regions) is more difficult to obtain due to low contrast
and resolution. (b) By imaging the vessel from multiple perspectives with a second transducer, the
geometry and motion can be estimated accurately for a larger segment of the vessel (orange regions).

Mix et al., 2017). Moreover, with the use of time-resolved 3D-US, a more patient-specific
wall stress analysis could be performed, whereby the global elasticity of the AAA wall was
estimated by inverse FEA (van Disseldorp et al., 2016a, 2019).

The main limitation of US imaging is that the image contrast and resolution are lower
in aortic wall segments that are aligned with the insonification angle. In these regions,
the precision of AAA geometry and motion estimates is much lower and require heavy
regularization (van Disseldorp et al., 2016a). Therefore, both ultrasound-based FE modeling
and strain imaging of the aorta would significantly benefit from higher quality images and
strain estimates.

The low lateral contrast and resolution in segments of the aortic wall could be improved by
introducing multiperspective ultrasound, i.e., imaging the aorta from multiple perspectives.
This can be achieved by the addition of an extra transducer during the image acquisition
to transmit and receive US beams from a different perspective as is illustrated in Figure
6.1. Multiperspective US images can be compounded in order to increase the resolution,
field of view, and contrast between the aortic wall and its surroundings (Peralta et al.,
2019). Furthermore, similar to Hansen et al. (2010), high precision axial displacement
estimations from two perspectives can be combined to obtain a more accurate motion and
strain estimation over larger circumferential segments of the aortic wall. The latter is not
feasible with a single probe, since the overlapping region in compounding at large depths
would be too low. Finally, the implementation of ultrafast US acquisition schemes, i.e.,
coherent compounding of diverging unfocused beams, can minimize image decorrelation
by decreasing the transmit time between transducers (Hasegawa and Kanai, 2011). This
makes dual transducer strain imaging feasible.

The purpose of this study is to explore the benefits of using an additional transducer for US
strain imaging of aortic tissue. To investigate this, a method for multiperspective ultrafast
US imaging is compared in performance to single perspective conventional focused line-
by-line imaging and ultrafast imaging. The multiperspective scanning mode was developed
on a dual-probe, experimental US system. Moreover, a method was developed to perform
multiperspective motion and compound strain estimation. The method’s performance
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Figure 6.2: Schematic overview of the mock circulation set-up used for inflation testing of porcine
aortas. The aorta is fixated between two cannulas inside a container, where the inflow side of the
aorta is connected to a piston pump circulating physiological saline solution. The distal side of
the aorta is connected to a three-element Windkessel model and the pressure is monitored using
a pressure wire inside the aorta. A 3-D printed spine and a gelatin solution were added to mimic
the surrounding tissues in the abdomen. Ultrasound data were acquired with two curved array
transducers. (b) Abdomen phantom consisting of a gelatin-filled container embedding the aorta,
spine, US-transducers, and two nylon wires used for image registration.

was assessed experimentally on pressurized porcine aortas in a mock circulation loop and
model of the abdomen. Furthermore, a qualitative and quantitative comparison was made
in terms of image quality, motion tracking, and strain estimation precision between the
conventional method, the current state-of-the-art, and the proposed method.

6.2 Materials and Methods

6.2.1 Experimental set-up

For this study, thoraco-abdominal porcine aortas (N = 3) were used for experimental
imaging due to their accessibility and their similarity in geometry and material properties
to human aortas (de Beaufort et al., 2018). These aortas, originating from healthy young
pigs between 5 and 7 months old and weighing between 100 and 120 kg, were obtained
from the local slaughterhouse right after excision and stored in phosphate-buffered saline
(PBS) solution. Most of the excessive tissue was removed and the aortas were individually
stored in PBS in a -20◦ freezer, thereby preserving the mechanical properties of the tissue
until experimental measurements (Stemper et al., 2007; O’Leary et al., 2014).

Prior to inflation testing, one aorta was thawed in lukewarm water (~30◦ C) and remaining
connective tissue was removed. Side-branches were closed firmly using sutures. Next, the
aorta was tested for leakage and persisting leakages were patched using tissue glue (Locite
superglue-3 PowerFlex, Henkel, Germany).

After preparation, the aorta was fixated in a mock circulation set-up. A longitudinal pre-
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stretch of 1.3 was applied, mimicking physiological conditions (Han and Fung, 1995; Horny
et al., 2012). The mock circulation set-up, shown in Figure 6.2a, has been previously used
and described by Mascerenhas et al. (2016) and van Disseldorp et al. (2020), and aims
to mimic in vivo hemodynamics by inflating the aortas at a physiological pressure range
(Mascarenhas et al., 2016; van Disseldorp et al., 2020). During the inflation experiments, the
mock-circulation set-up was filled with saline solution of 9 g/L NaCl to obtain an osmolarity
in the same range as blood (Cheuvront et al., 2014). Physiological saline solution was
pumped through the aorta by a piston pump with a pulse interval of 0.8 s. A mechanical
valve before and after the pump ensured unidirectional flow. The distal side of the aorta was
connected to a 3-element Windkessel afterload model to obtain physiological pressures
within the aorta (Westerhof et al., 2009). This model was realized by the addition of a
vertical column storing saline solution as a compliant element (C), and an adjustable inlet
(Rin) and outlet (Rin) resistance. The pressure was monitored with a pressure wire inside
the aorta, connected to a PC with a LabView interface (National instruments, Austin, TX,
USA). Resistances were adjusted such that the pressure in the aorta was 130 - 70 mmHg
during the inflation measurements.

The porcine aortas were embedded in a phantom of the abdomen, designed to add realism
(compared to inflation in water) and mimic the mechanical properties of the surround-
ings of the human abdominal aorta. This phantom was created by embedding the aortas
in a gelatin-filled container including a recreated human spine (Figure 6.2b). The addi-
tion of the spine will contribute to an inhomogeneous deformation pattern of the aorta
(Farsad et al., 2015; Petterson et al., 2019). The 3D geometry of the spine was obtained
by segmentation of the abdominal part of the human spine in a CT dataset using Mimics
segmentation software (Mimics Research 17.0, Materialise, Leuven, Belgium). The spine
was created using 3D printing (Polyamide 12, Shapeways Inc., Eindhoven, The Netherlands)
and was positioned closely underneath the aorta. Inside the container, two notches were
made for the positioning of two curved array transducers in the same plane at an angle of
approximately 85◦ from each other.

After correctly positioning the spine, aorta, and transducers, a gelatin solution was added to
the container, mimicking surrounding tissue. The gelatin solution was prepared by heating
up tap water to 70◦ C on a hot plate stirrer while gradually adding 8 wt. % gelatin (300 bloom,
FormX, the Netherlands). Once the gelatin was fully dissolved in the solution, 2 wt. % of
silicon carbide (SiC) was added to the solution to function as an acoustic scatterer during
the US acquisition, generating a speckle pattern in the images. A gelatin concentration of 8
% wt. was chosen such that the Young’s modulus of the gelatin solution is approximately
25 ± 10 kPa (Hall et al., 1997), similar to surrounding abdominal tissue (Geerligs et al.,
2008). Whilst being stirred, the solution was cooled down to 28◦ C and then poured into
the container within the mock circulation set-up. The gelatin solution was left overnight to
solidify, awaiting inflation experiments the next day.

6.2.2 Ultrasound acquisition

US image acquisitions were performed using a 256-channel Verasonics Vantage research
ultrasound system (Verasonics Inc., Redmond, WA, USA). The system was equipped with
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Figure 6.3: Ultrasound acquisition schemes: (a) Single perspective conventional focused line-by-line
imaging showing beam focus for number of lines (Nl i nes ); (b) Single perspective ultrafast spherical
wave imaging showing transmit field for number of angles (Nang l es ); (c) Multiperspective ultrafast
spherical wave imaging showing an interleaved scanning sequence for two transducers that acquire
Nang l es for each frame.

two curved array transducers with a center frequency of 3.7 MHz (Verasonics C5-2v, 128
elements), a similar transducer type and frequency that is used for in vivo abdominal imag-
ing. Three different acquisition schemes were designed: Conventional single perspective
focused line-by-line imaging, single perspective ultrafast imaging, and multiperspective
ultrafast imaging. These acquisition schemes are visualized in Figure 6.3.

Multiperspective ultrafast imaging was performed by designing an interleaved scanning
sequence between two curved array transducers, where each transducer performed a
set number of transmits (Nang l es ) over different steering angles. In order to minimalize
decorrelation of US signal between the image acquisition of two transducers, high frame
rates were required. This was realized by transmitting and receiving simultaneously with
all elements of one transducer, thereby creating spherical waves. This allows for ultrafast
imaging at the cost of lateral resolution in comparison to conventional scanning, whereby
focused scanlines are transmitted line-by-line. To improve lateral resolution, multiple
steered spherical waves were transmitted by implementing linearly increasing element-
specific electronic delays and were coherently compounded. For each transducer, 11
steered spherical waves were transmitted and received ranging between -10◦ and 10◦ with
respect to the transducer origin. The number of transmits was chosen according to a
trade-off between image quality and frame rate (Alomari et al., 2014). The time between
transmits was set to 0.25 ms to prevent interference between acquisitions. As a result, the
frame rate of ultrafast multiperspective US acquisitions was 180 Hz for each transducer.

Single transducer image acquisitions were acquired with both ultrafast spherical wave
imaging and focused line-by-line imaging, in the same perspective as the left-hand trans-
ducer. The image parameters for single probe ultrafast imaging were equal to the ultrafast
multiperspective acquisition, using a frame rate of 180 Hz and 11 steering angles ranging
from -10◦ to 10◦. The image parameters for line-by-line imaging were set to closely mimic
conventional, focused, line-by-line scanning as is typically performed with clinically used
scanners. In this case, a moving sub-aperture of 14 elements (~7.1 mm) was used to record
128 consecutive scanlines with a transmit focus positioned at the depth corresponding to
the center of the aorta. The interval between focused scanline transmissions was set to
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0.25 ms, and acquisitions were performed at a frame rate of 30 Hz. The received channel
radiofrequency (RF) data were sampled at four times the transmit frequency and stored
to perform image reconstruction after the acquisition. The RF channel data were recon-
structed using the Verasonics system in polar coordinates on a sector shaped grid with
respect to the transmit transducer. The speed of sound of the propagation medium was
assumed to be 1510 m/s according to the gelatin concentration (Cook et al., 2011). The
pixel spacing of the reconstructed US images was equal to 0.05 mm in axial direction (∼ 1

8λ)
and 0.51 mm (≈ transducer pitch) in lateral direction, increasing with imaging depth. The
reconstructed data were stored as in-phase quadrature (IQ) data of which the real part was
used for further processing in MATLAB R2019a (The MathWorks, Natick, MA, USA).

6.2.3 Image fusion

The images obtained with multiperspective ultrafast imaging were first registered to al-
low for image fusion. This was done by identifying the transducer surface of the non-
transmitting transducer in each image using a shape-based feature extraction algorithm.
The envelope detected images of both perspectives were binarized using locally adaptive
thresholding. A circular Hough transform was applied to the binarized images, where a
circle is drawn and accumulated in a parameterized matrix (Hough space) for each positive
pixel with a radius of 49.6 mm, equal to the radius of the curved array transducers. The
parameterization of the 2-D Hough space can be described by the following equation with
(a, b) the coordinates of the Hough space, (x, y) the coordinates of the pixels in the binarized
image, and the angle ϕ ranging between -180◦ to 180◦:

a = x −cosϕ, and b = y − sinϕ 6.1

The spacing of ϕ was set to 0.1◦; the resolution of the Hough space was set to 0.13 mm x
0.18 mm (axial x lateral). The coordinates (a, b) of the highest voted pixel in the Hough
space trace back to the midpoint of the detected curvature, in this case the transducer
origin. Using the transducer locations in both perspectives, the rotation and translation
were derived.

Images obtained with multiperspective ultrafast imaging were fused using a weighted
compounding method to improve the segmentation of the aortic wall. The distance and
rotation angle between the two images were registered by manually selecting the midpoint
of the aorta and the reflection of one of the nylon wires between the aorta and the spine.
Next, the pixel coordinate systems of both imaging perspectives were aligned by performing
a rigid rotation and translation of the coordinates of a single image. The pixel spacing
remained the same after this transformation. To benefit from the high axial resolution of
US imaging, a new Cartesian pixel grid was defined, with an axial and lateral pixel spacing
equal to the axial pixel spacing of a single perspective reconstructed US image, being 1/8 λ.
The envelope images of both transducers were then interpolated onto this new grid using a
scattered interpolant function.

A mask was designed to perform weighted compounding of the interpolated images in order
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Figure 6.4: (a) Illustration of the angle θ, which represents the angle between each pixel and the
transducer origin seen from the midpoint of the aorta. θ = 0 represents the segment of the wall that is
perpendicular to the wave propagation. (b) The wall was divided into eight regions (R1-R8) for the
analysis of image quality, motion, and strain in different wall segments.

to optimize the contrast-to-noise ratio between the aortic wall and its surroundings. The
ultrasound resolution and contrast are optimal when the wave propagation is perpendicular
to the surface of acoustic impedance transition between two different media. For this
reason, the angle σ from the midpoint of the aorta with respect to the transducer origin
was calculated. Figure 6.4 provides a simple illustration of this angle. Using the angle θ
for every pixel (i, j) in the interpolated images of each transducer, two masks were created
using the following periodic function:

M(i , j ) = 1

2
cos(2θ(i , j ))+ 1

2
6.2

Next, the masks were made complementary by dividing each mask with the sum of both.
The interpolated images were then multiplied with its corresponding mask and summed to
obtain a weighted compound envelope image. Compound B-mode images were obtained
after log compression and normalization by subtraction of the maximum pixel intensity of
the dataset, similar to the display of conventional US imaging.

6.2.4 2D displacement estimation

The aortic wall was segmented in the compounded B-mode image in end-diastole by
manually selecting the border between the inner wall and the lumen of the vessel. Using
these selected points, a mesh of the aortic wall was created with a uniform wall thickness
of 1.7 mm. As speckle tracking works more accurately with RF data, the coordinates of this
mesh were transformed back to the coordination systems of each transducer to perform
motion tracking using both the envelope and reconstructed RF data, obtained with the
individual transducers, i.e., before fusion. The pixels in and surrounding the segmented
aorta were tracked for the duration of one cardiac cycle. In the single perspective ultrafast
and focused ultrasound images, the segmentation was obtained in a similar fashion. The
motion tracking was performed with a two-dimensional (2D) coarse-to-fine displacement
estimation algorithm (Lopata et al., 2009b). Using normalized cross-correlation as an index
of similarity between frames, initial coarse displacements were estimated using kernels
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of envelope data within a confined search area (SA), followed by a fine displacement
estimation of RF data with the use of more confined kernel size and SA. Please note that
lateral kernel sizes are depth-dependent due to the diverging lines in the polar coordinate
system of the RF-data. The size of the image kernels is a trade-off between tracking accuracy
and precision and was based on image resolution and the thickness of the aortic wall. Based
on the length of the transmitted waveform, two period cycles, the axial resolution is equal
to 1 λ, being 0.41 mm. The lateral resolution is estimated to be at least 1.4-2.9 mm, based
on the aperture size used (= 7.1 mm) for a line-by-line acquisition at an imaging depth
between 25 and 50 mm.

The kernel size and SA consisted of a fixed number of pixels. The coarse axial kernel size was
set to cover the full wall thickness, while the fine kernel size was set to approximately half
the wall thickness to be able to measure radial strain. The lateral kernel size was set to be at
least as large as the estimated lateral resolution at the highest tracking depth, to include
enough characteristic image features for motion tracking. For ultrafast US acquisitions,
image kernels of 2.6 mm x 4-5.3 mm (axial x lateral) were used in a SA of 3.1 mm x 4.8-6.3
mm to estimate coarse displacements, and image kernels of 0.8 mm x 2.4-3.2 mm were
used in a SA of 1.0 mm x 3.2-4.2 mm to estimate fine displacements. For focused US
acquisitions, similar kernel sizes were used and the SA was increased to 3.7 mm x 7.1-9.5
mm for coarse displacements, and 1.3 mm x 4-5.3 mm for fine displacements. Axial and
lateral displacements were filtered using a median filter of 0.6 mm x 4-5.3 mm (11 x 5
pixels).

6.2.5 Strain imaging

The resulting axial displacements of the multiperspective ultrafast imaging acquisitions
were combined with weighted compounding masks to improve the tracking of the aortic
wall. Estimated lateral displacements were not used, due to their comparatively low accu-
racy compared to axial displacements. First, axial displacements µax were converted to
radial displacements µr ad using the angle from the midpoint of the aorta with respect to
the transducer origin θ:

µr ad = µax

cos(θ)
6.3

The radial displacement fields of each perspective were aligned and interpolated on a
new grid. Next, a mask was designed that combines the most accurate displacement
estimations of each transducer, which is at wall regions where the displacement aligns with
the insonification angle. To achieve this, a higher weight was assigned to the most accurate
estimated displacements at θ = 0◦, yet rejects the 70 – 110◦ regions where displacements
can be overestimated because of the division by a small number in the conversion from
axial to radial displacements. This two-dimensional mask M was described for the pixel
positions (i, j) for -180◦ ≤σ≤ 180◦. The coefficient of 18/7 creates a half period of 70◦ and
was chosen to obtain smoother transitions at the cutout regions at |θ| = 70◦ and |θ| = 110◦.
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Figure 6.5: Masks used for the radial displacement compounding estimated by multiperspective
ultrasound acquisitions. On the left, the mask used on the displacement fields of transducer 1 is
shown. Right shows the complementary mask used on the displacement fields of transducer 2. The
dotted lines represent θ = 0, where the midpoint of the aorta connects to the transducer origin.

M(i , j ) =


cos( 18

7 θ),0◦ ≤ |θ| ≤ 70◦

0,70◦ ≤ |θ| ≤ 110◦

cos( 18
7 θ+40),180◦ ≤ θ ≤−110◦

cos( 18
7 θ−40),110◦ ≤ θ ≤ 180◦

6.4

Each mask was then divided by the sum of both masks to create complementary masks.
These resulting masks, also shown in Figure 6.5, were multiplied with the interpolated
radial displacements of each perspective and summed to obtain compounded radial dis-
placement fields. Compounded radial displacements were converted back to axial and
lateral displacements used to track the position of the segmented aortic wall between each
frame. The conversion was performed using the following equations:

µax =µr ad cos(θ), and µl at =µr ad sin(θ) 6.5

Axial and lateral strains of the aortic wall were estimated for the single- and multiperspective
datasets by means of a 2D least-squares strain estimator (2DLSQE) (Lopata et al., 2009a).
A strain kernel with a fixed size of 5 radial x 9 circumferential mesh points (1.7 mm x
4.6 mm) was used for single perspective displacements. A smaller strain kernel of 3 x 3
mesh points (1.0 mm x 1.5 mm) was used for the compounded displacements, to achieve
higher precision at the possible cost of accuracy. The resulting axial and lateral strains were
converted to radial and circumferential wall strain for further analysis with the use of the
following equation (Hansen et al., 2009)

[
εr ad εy

εy εci r c

]
= R

[
εxx εx y

εy x εy y

]
RT , 6.6

where

R =
[

cos(θ) sin(θ)
−sin(θ) cos(θ)

]
. 6.7
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εr ad and εci r c are respectively the radial and circumferential strain, calculated from axial
(εy y ) and lateral wall strain (εxx ) with rotation matrix R. εy , and εx y and εy x represent shear
strain in polar and Cartesian coordinates, respectively.

6.2.6 Analysis of results

A qualitative and quantitative comparison was made between the three acquisition schemes
in terms of image quality, motion tracking, and strain estimation. For comparison of differ-
ent wall segments, the wall was divided into eight regions based on the incidence of the
ultrasound wave, as illustrated in Figure 6.4b. The increase of visibility of the aortic wall in
the B-mode images was quantified by the contrast-to-noise ratio (CNR) according to the
following equation

CNR = 20log10
|µw −µl |√
(σw +σl )2

, 6.8

where µw and µl denote the mean pixel intensities of the wall and lumen respectively, and
σw and σl their variance.

To compare the motion estimation performance for each image acquisition scheme, the
mean tracking drift error was estimated between the estimated positions of the middle
wall layer before and after inflation. The drift error should decrease with a higher precision
in the estimated displacements. The mean error (ME) was calculated using n segmented
pixel positions (xi , yi ) in the middle layer of the segmented wall in two frames; one at begin
systole (bs) and one at end diastole (ed):

ME = 1

n

n∑
i=1

√
(xi ,bs −xi ,ed )2 + (yi ,bs − yi ,ed )2 6.9

The precision of the strain estimations was quantified by calculating the elastographic
signal-to-noise ratio (SNRe ) using the mean (µ) and standard deviation (σ) of the end-
systolic radial or circumferential strain, as measured in the middle layer of the segmented
wall:

SNRe = 20log10
µ

σ
6.10

The middle wall layer was chosen as metric since the strain magnitude is expected to
gradually increase towards the inner wall layer (H. G. Hansen et al., 2012). To verify the
magnitude of circumferential wall strain, the global circumferential strain was calculated
by the change in circumference between manual segmentation in begin systole and end
systole.
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6.3 Results

6.3.1 Image quality

The B-mode images of one of the aortas embedded in the abdomen phantom, acquired with
line-by-line, ultrafast, and multiperspective ultrafast US acquisitions is shown in Figure 6.6,
respectively. The images show a cross-sectional view of the porcine aorta, positioned above
the spine, resembling the illustration in Figure 6.2b. The surface of the non-transmitting
transducer is visible in the top part of the images, which was successfully used in both
perspectives for the registration of the multiperspective ultrasound acquisitions of every
acquired dataset.

The single perspective images (Figure 6.6a-b), both show normal bright reflections of the
aortic wall at 10 and 5 o’clock positions (R1, R5), where the wall surface is perpendicular to
the US propagation of the transmitting left-hand transducer. Shadow regions appear at the
3 and 7 o’clock positions (R3, R6), due to refraction and the absence of reflections at the
gelatin-wall transition. The ultrafast image in Figure 6.6b also shows beam width artefacts
in the lumen artefact and at the height of the spine as a result of the use of unfocused
spherical wave transmissions. For this reason, the line-by-line acquisition outperforms the
ultrafast acquisition in terms of image contrast, as supported by a 4 dB higher overall CNR,
at the cost of a lower frame rate.

The fused images of the multiperspective ultrafast acquisitions, displayed in Figure 6.6c,
show bright reflections over a larger segment of the aortic wall compared to single perspec-
tive images. At the top of the image, each transducer surface is visible and coincides with
the field of view of each other. Although some beam width artefacts from multiperspective
images are suppressed by the weighted image fusion, artefacts are still visible as clutter
in parts of the lumen and at the depth of the spine. Hence, the CNR of multiperspective
ultrafast images surpassed the CNR of single perspective ultrafast images but not that of
focused line-by-line images.

Noise in the fused image can be expressed more strongly compared to the single perspective

Figure 6.6: B-mode images of the abdomen phantom visualizing the porcine aorta above the spine
embedded in gelatin. Image acquisitions were obtained with (a) line-by-line imaging, (b) ultrafast
imaging, and (c) multiperspective ultrafast imaging.
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Figure 6.7: Top-down B-mode images of the abdomen phantom comparing (a) an ultrafast coherent
compound image of 11 angles -10◦ – 10◦ beam steering with (b) a single transmit ultrafast image
without beam steering. Beam width artefacts resulting from unfocused wave transmits remain and
do not originate from grating lobes.

Figure 6.8: Segmentation and 2D motion tracking results of the aortic wall in systole and diastole. (a,
b) show the positions of the wall obtained by tracking single perspective ultrafast and line-by-line
images, respectively. (c) shows the wall positions tracked by compounded axial displacements of
the multiperspective ultrafast images. Top icon serves as transducer position marker for regional
analysis.

ultrafast image. This effect originates from the normalization step of envelope to B-mode
data, where the log compressed envelope data is scaled to the highest pixel intensity value.
The highest pixel intensity is typically lower in compounded images due to averaging,
which thereby decreases the dynamic range of the B-mode image as shown in Figure 6.6c.
This can also result in higher signal levels of the backscattered US in the gelatin.

One might argue that the occurrence of image artefacts originates from grating lobes, as
beam steering of -10◦ – 10◦ was performed with a wavelength / transducer pitch ratio of 0.81.
To investigate this, we compared the single perspective 11-angle coherent compound image
to a single transmit image without beam steering. These images are displayed in Figure 6.7
and show that the image artefacts visible in the ultrafast images do not disappear when no
beam steering is applied. In fact, artefacts at acoustic boundary transitions appear brighter
without the use of coherent compounding of unfocused wave transmits, demonstrating
the presence of beam width artefacts.
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6.3.2 Motion estimation

Figure 6.8 visualizes the tracking error (drift) over a full cardiac cycle, also quantified by the
mean error. The wall contours of the line-by-line acquisitions (Figure 6.8a) show that both
in systole as in diastole, the wall coordinates are more uniformly distributed in the upper
and lower wall segments than at the sides. This agrees with the expectation that motion
tracking performs better in the axial direction, i.e., the propagation of the ultrasound wave.
The error drift increases by 0.1-0.4 mm at the sides of the aorta, where the wall motion
is mainly in the lateral direction. The contours of the ultrafast motion tracking (Figure
6.8b) have a similar shape but wall coordinates are more dispersed in the lateral direction,
resulting in larger mean errors (SP line-by-line: 0.57 mm; SP ultrafast: 1.55 mm; MP ul-
trafast: 0.05 mm). Figure 6.8c shows how motion tracking performs using compounded
axial displacements. The contours show uniformly distributed wall coordinates in systole
and diastole, and the mean error in diastole decreases to 0.05 mm. In systole, an underesti-
mation appears at the 6 o’clock wall segment, where the displacements tracked by both
transducers weigh equally to the resulting estimated wall motion. The shadow regions at
4 and 8 o’clock (80◦ < |top-down angle| < 115◦) are left out of the analysis. These regions
benefit the least of the current dual-probe strategy due to the inter-probe angle and the
luminal artefacts.

6.3.3 Strain imaging

For each acquisition scheme of one dataset, the circumferential and radial strain images
are visualized as an overlay on top of the B-mode images in Figure 6.9. The size of the
strain kernels used is indicated by a red outline on the aortic wall meshes. The global
circumferential strain for the displayed aorta was measured to be 0.08 ± 0.01.

In the single perspective line-by-line image in Figure 6.9a, an average circumferential strain
was measured of 0.04 ± 0.06. The circumferential strain pattern is most uniform at the
lateral sides of the aorta (R3, R6), where the direction of strain is equal to the US wave
propagation and SNRe reaches up to 9 dB. A similar trend is seen in the circumferential
SNRe of ultrafast images, although the overall magnitude is lower due to a larger error drift
and lower image contrast. When performing strain imaging using the compounded axial
displacements from multiperspective ultrafast acquisitions, the overall circumferential
SNRe increases from -3.0 ± 3.1 dB to 6.8 ± 1.0 dB. Regional analysis shows that strain
precision is highest at wall regions that move into the direction of the US propagation from
the left-hand (R1, R5) and right-hand (R3, R7) transducer. In the compound strain image
in Figure 6.9c, an average circumferential strain was measured of 0.07 ± 0.03, agreeing
with the globally measured circumferential strain. The difference in strain magnitude
between the upper and lower wall layer is caused by the spine, inducing inhomogeneous
wall motion during inflation, which also seen in the wall contours in Figure 6.8.

In the radial strain imaging performance of line-by-line images, regional analysis also shows
that strain precision is higher where the strain direction is equal to the US wave propagation
(R1, R5). R4 and R7 also have a high SNRe, however the total variation between datasets is
high with a SNRe of -6.0 ± 11.6 for the entire wall. The total SNRe of the single perspective
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Figure 6.9: (a-c) Circumferential and (d-f) radial strain images of the aortic wall in systole obtained
with (a, d) line-by-line imaging, (b, e) ultrafast imaging, and (c, f) multiperspective ultrafast imaging.
The strain kernel size is depicted by a red outline on the wall mesh. Top icon serves as transducer
position marker for regional analysis.

ultrafast strain estimates is lower with a value of -7.5 ± 2.8. The variation in SNRe is reduced,
however the wall mesh and corresponding strain pattern (Figure 6.9e) look irregular due to
lateral motion drift. After weighted compounding of axial displacements, negative radial
wall strains are measured at wall segments where the strain direction coincides with the US
wave propagation (Figure 6.9f). High SNRe is found at R1 and R5, and in lesser extent at
R3 and R7. In the segments between the two transducers, the expanding movement of the
inner wall layer is estimated to be lower than that of the outer layer, thereby resulting in
overestimations at small segments. As a result, the total radial SNRe does not exceed that of
other acquisition schemes. At non-overlapping regions where wall motion was aligned with
the sound propagation of each transducer, difference in magnitude between wall layers
can be distinguished in radial and circumferential strain estimates.

6.4 Discussion

In this study a dual transducer multiperspective US acquisition scheme was developed and
used to image and estimate the wall strain of porcine aortas in a controlled experimental
set-up. The value of using an additional transducer was demonstrated as well as the
feasibility of incoherently compounding multiperspective images and axial displacements
as a means for improving the imaging and characterization of aortic tissue. Moreover, a
comparison was made with single perspective line-by-line and ultrafast imaging in terms
of image quality, motion tracking, and strain estimation.

The incoherent compounding of multiperspective ultrafast images increased the visualiza-
tion of the aortic circumference, providing more information for the manual segmentation
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of the aortic wall. In the experimental phantom, the image contrast did not outperform
conventional scanning due to the beam width artefacts in the lumen and the gelatin-aorta
boundary. Although grating lobes were not the origin of image artefacts, the use of a
transducer with a smaller element pitch would allow for beam steering at larger angles,
suppressing these artefacts. Increasing the current number of steering angles might benefit
the image quality but would also extend the acquisition time and thereby lead to more
decorrelation of the US signal between transducers.

In motion tracking, it was shown that tracking single perspective line-by-line images
outperformed the tracking of ultrafast images in terms of precision. This can be explained
by the poorer lateral resolution of transmitting spherical waves and the higher number of
frames during one cardiac cycle, in which potential block matching errors are accumulated.
After the weighted compounding of axial displacement estimations from two perspectives,
the error drift decreased from 0.5 mm to 0.05 mm over one cardiac cycle compared to
conventional scanning. Although the exclusion of lateral displacement estimates decreases
motion tracking errors, it is challenging to track the wall in shadow regions spanning a
total of 19% on the circumference of the vessel wall. This was both due to the lack of US
signal because of refraction and the present beam width artefacts. Acquisition time versus
image quality is also a trade-off here, since large acquisition times could pose a problem in
displacement compounding when each transducer visualizes a different part of the cardiac
cycle, where displacements are not equal.

In strain estimation using single perspective line-by-line images, strain estimates were
most precise at wall segments where the strain directions were in the same direction as the
ultrasound propagation, as also described in Hansen et al. (2009) and H. G. Hansen et al.
(2012). Single perspective ultrafast strain estimates were lower in precision, with a SNRe
drop of 7.2 dB circumferentially and 1.5 dB radially compared to line-by-line estimates.
Multiperspective strain imaging improved circumferential strain estimates with a SNRe
increase of 9.8 dB opposed to line-by-line estimates, while using a smaller 2DLSQE kernel
size of 3x3 pixels. The use of a smaller strain kernel size improves strain resolution making
it possible to distinguish strain magnitudes between different wall layers. This is on the
condition that the kernel size for motion tracking is smaller than the wall thickness (Lopata
et al., 2009a). This effect was demonstrated most strongly in the non-overlapping wall
segments where radial wall displacements were in alignment with the ultrasound propa-
gation of each transducer. In these regions radial and circumferential strain magnitudes
gradually decreased towards the outer border in agreement with theoretical strain patterns
in homogeneous tubes with a concentric lumen (H. G. Hansen et al., 2012).

In wall segments between transducers, overestimations were observed, especially in radial
strain estimations. This occurs quickly, when performing vascular strain imaging using
a relatively low transmit frequency of 3.7 MHz. In most cases, the tracking of the outer
layer of the upper wall was affected by the beam width artefact caused by the reflection of
the gelatin-wall boundary, leading to a small overestimation of axial motion displacement.
The motion tracking in the lower wall segment was affected by acoustic shadowing of
the right-hand transducer, causing a small bulge in the inner wall layer. For this reason,
radial strain SNRe from multiperspective images did not exceed that from conventional
US-imaging in this abdomen phantom. The radial SNRe could be increased by using a
larger strain kernel size but at the cost of the strain resolution.
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Assessing the accuracies of the estimated strains would be essential to measure more exactly
how much strain imaging in the aortic wall has improved. The lack of such verification is a
common problem in experimental strain imaging studies and not specifically for this study.
Verification experiments could include uni- or bi-axial tensile tests (Lopata et al., 2014),
ultrasound simulations, or the use of other imaging modalities for validation.

The created phantom of the abdomen allowed for the first acquisitions and processing of
multiperspective abdominal strain images under dynamic conditions, mimicking physio-
logical pressures and the mechanical surroundings of the abdominal aorta (van Disseldorp
et al., 2020). In terms of acoustics, an in vivo situation was recreated by use of curved
array transducers at a clinically used transmit frequency, and a 3D printed spine and a
scattering surrounding medium were added. The limitations of our current set-up were
the relatively shallow depth of the aortas (∼4 cm) and the homogeneity of the surrounding
medium. The latter minimized speed of sound inhomogeneities which will be encountered
in vivo but also resulted in more distinct transitions in acoustic impedance, causing beam
width artefacts in ultrafast acquisitions. These artefacts affecting our image quality, motion
tracking, and strain estimations, are expected to be less prevalent in in vivo measurements,
where transitions in acoustic impedance appear more gradually and sound is scattered
differently.

Because new acquisition schemes were developed and tested on an experimental US
scanner, in vivo measurements on volunteers were yet beyond the scope of this study, due
to safety regulations on medical devices and ethics approval. The next step will be to apply
these techniques in vivo and investigate if strain imaging of the abdominal aorta can also
improve with the benefits of multiperspective ultrafast imaging. However, the translation to
in vivo will also introduce new challenges. User operability will become more difficult with
handling two transducers. A solution could be to fixate one probe and use the other one
freehand, to find a good viewing angle. However, in 2-D it would be difficult to remain in the
same imaging plane, requiring an extension to volumetric imaging. A good probe holder
device or the use of an arch above the patient could also be used, providing additional
information on the relative angle and distance between the transducers. The viewing angles
will depend on the anatomy of each person, but we expect that especially less echogenic
patients can benefit from additional perspectives as field-of-view is limited. Differences
in speed of sound will likely introduce mismatches in the compounding of images and
displacements, which could be resolved with the use of speed-of-sound mapping (Sanabria
et al., 2018). The time-of-flight information obtained with a multi-transducer approach
could also provide additional information about speed-of-sound relating to the transducer
element positions and vice-versa.

In this study, image registration was performed by localization of the transducer surfaces
through a shape-based feature extraction algorithm. The method performed well in this set-
up; however, it is unconfirmed whether curved array transducer surfaces will be sufficiently
visible in vivo. Still, detecting image features in multi-perspective images can be promising
for image registration. Examples of useful features could include the shape of the spine
and aorta, but also patient-specific artefacts such as bowel gas and calcifications.

Moving towards the use of multiperspective US imaging in the clinic could further increase
the precision of vascular strain imaging of AAAs and/or FE analysis to analyze rupture risk.
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The increase in wall surface visibility, and precise motion and strain estimates, could de-
crease the regularization of the wall segmentation and use larger segments of the vessel wall
for the estimation of global wall stiffness (van Disseldorp et al., 2016c). Also, the increase in
strain resolution would allow for the estimation of local wall strains and stiffness, creating
a more realistic simulation of wall stress in AAAs containing thrombus and calcifications
(van Disseldorp et al., 2019).

In conclusion, multiperspective ultrasound imaging improves the performance of motion
tracking and circumferential strain estimations after compounding of axial displacement
fields. More optimization of ultrafast ultrasound imaging in terms of image acquisition
and reconstruction is recommended to make more use of the multi-transducer acquisition
set-up proposed. To make the step towards multiperspective strain imaging of AAAs in
vivo, more research is required. Recommendations for future research include in-vivo
measurements, the testing development of image registration and speed of sound mapping
techniques, and an extension towards multiperspective 3-D imaging.
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Abstract

Objectives: Mechanical characterization of abdominal aortic aneurysms using personal-
ized biomechanical models is being widely investigated as an alternative criterion to assess
risk of rupture. These methods rely on accurate wall motion detection and appropriate
model boundary conditions. In this study, multi-perspective ultrasound (US) is combined
with finite element (FE) models to perform mechanical characterization of abdominal
aortas (AAs) in volunteers.
Methods: Multi-perspective biplane US recordings were made under seven angles (-45◦ to
45◦) in eight volunteers. The recordings were merged using automatic image registration
and 2-D displacement fields were estimated in the seven longitudinal ultrasound views,
creating a sparse, high resolution 3-D map of the wall motion at relatively high frame rates
(20-27 Hz). The displacements were used to personalize the subject-specific FE model of
which the geometry of the aorta, spine, and surrounding tissue were determined from a
single 3-D US acquisition.
Results: Automatic image registration of the multi-perspective was successful in 6 out
of 8 cases with an average error of 5.4◦ compared to the ground truth. Displacements
of the aortic wall were measured and a dilation of the AA diameter was found ranging
from 4.2% to 8.6%. The subject-specific mesh and FE analysis was performed yielding
shear moduli estimates for the wall between 104 and 215 kPa. Comparative results from a
single-perspective workflow revealed very low aortic wall motion signal, which resulted in
relatively high modulus estimates, between 230 and 754 kPa.
Conclusions: Multi-perspective biplane US imaging was used to personalize FE models of
the AA and its surroundings, and performing mechanical characterization of the aortic stiff-
ness. The method was found to be a more robust method compared to a single-perspective
3-D US approach. Future research will focus on investigating the use of multiple 3-D US
acquisitions, the feasibility of free-hand scanning, the creation of a full 3-D automatic
registration process, and with that, enable a clinical continuation of this study.
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7.1 Introduction

Abdominal aortic aneurysms (AAA) are large dilatations of the abdominal aorta that can
rupture, leading to a life-threatening hemorrhage. Surgical intervention is only performed
in case the AAA rupture risk surpasses the risks associated with AAA repair (The UK Small
Aneurysm Trial Participants, 1998). The main decision-making parameter used for rupture
risk evaluation prior to clinical intervention is currently the maximum anterior-posterior
diameter of the AAA (Moll et al., 2011). Patients are operated upon in case the AAAs
maximum diameter exceeds 55 mm, or when its growth rate is at least 6 mm per six months.
However, rupture still occurs in two to ten percent of the AAAs that have not yet reached
these criteria (Scott et al., 1998; Nicholls et al., 1998), whereas several larger AAAs have
been reported to remain stable (Lederle et al., 2002; Conway et al., 2001). Hence, there
is a need for a more tailored approach for individual patients to avoid both under- and
over-treatment in smaller and bigger AAAs, respectively.

In the last decades, numerous studies have introduced patient-specific rupture risk evalua-
tion approaches, consisting of a biomechanical analysis of the AAA using finite element
(FE) analysis (Erhart et al., 2015; Gasser, 2016; Fillinger et al., 2003; Raghavan and Vorp,
2000). Based on these studies, the peak wall stress has been proposed as a rupture risk eval-
uation parameter, after it was found that relatively high peak wall stresses were observed
in ruptured AAAs (Fillinger et al., 2003). The AAA wall stresses are computed using AAA
geometries obtained from computed tomography (Indrakusuma et al., 2016), magnetic
resonance imaging (Merkx et al., 2009), or ultrasound (van Disseldorp et al., 2018).

In addition to wall stress analysis, characterization of the wall strain or material properties
of the AAA wall has been explored using MRI and US (van ‘t Veer et al., 2008; Wilson et al.,
2003). An augmented compliance was generally observed in ruptured AAAs, whereas
stiffening of the wall occurred in more stable AAAs (Wilson et al., 1998). Indirect estimates
of the mechanical AAA properties can be acquired by further personalizing a mechanical
model of the aorta in which the 3-D strain field of the model is iteratively compared to
a strain field determined directly from the ultrasound data. (Wittek et al., 2013). With
ultrasound it is possible to estimate local AAA wall motion at high resolution, which can be
converted into local strain estimates (Karatolios et al., 2013; Han and Fung, 1995). In this
iterative approach, an initial guess of the material properties was used as input. Consequent
estimates of the material properties were generated by minimizing the difference between
the strain fields of the model and those measured with US. Besides strain fields, AAA wall
displacements can also be used to match the model to the ultrasound data (van Disseldorp
et al., 2016b,c).

In AAA wall stress analysis, incorporation of the intra-luminal thrombus is regularly per-
formed. Contrarily, mechanical characterization of the AAA is generally performed for
the aorta wall only (van Disseldorp et al., 2016c; Joldes et al., 2016; Riveros et al., 2015).
Occasionally, surrounding tissues are included in mechanical models used for long-term
growth modelling of aneurysms (Farsad et al., 2015; Kwon et al., 2015). However, as can be
found in Chapter 4 it has been shown that inclusion of the spine in mechanical models
influences the outcome of wall stresses computations, and increases the agreement of the
wall displacements and strains between the model and the ultrasound data. Addition of
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soft tissue improved strain computations even further. Hence, inclusion of a spine, and soft
tissue surrounding the AAA have a significant effect on rupture risk parameter estimates,
and the accuracy of model personalization.

Despite the ability to determine AAA geometry and motion, ultrasound is limited by its
anisotropic contrast and resolution, complicating AAA wall segmentation and strain mea-
surements in the US lateral direction. Accordingly, transverse AAA diameter measurements
are much less precise in comparison to the anterior-posterior diameter (Ellis et al., 1991).
This inaccuracy in the transverse diameter might affect rupture risk evaluation based on
the maximum AAA diameter, but also the patient-specific geometry and strain needed for
patient-specific FE analysis. Several methods were introduced to overcome these limita-
tions. Most methods aim to improve image quality and motion tracking (Foster et al., 1993;
Righetti et al., 2003), whereas other methods use beam steering (Hansen et al., 2010, 2009;
Treece et al., 2007). However, these beam steering techniques are inadequate for vessels
situated deeper in the body (e.g. the abdominal aorta), due to small overlap between the
steered ultrasound beams.

The anisotropic contrast and resolution in US can be overcome in vessels situated deeper
in the body using so-called multi-perspective ultrasound. Multi-perspective ultrasound
yielded increased contrast and field-of-view in the abdominal aorta (see also Chapter 5).
Hence, multi-perspective ultrasound has the potential to improve the input for patient-
specific model-based rupture risk estimation even further.

In this study, mechanical characterization of abdominal aortas is performed using multi-
perspective ultrasound imaging in a pilot study with healthy volunteers. Multiple 2-D
biplane ultrasound images of the abdominal aorta are collected in eight volunteers, and
merged using automated image registration. Aorta wall motion was estimated in the
longitudinal ultrasound images and the resulting sparse 3-D, high resolution motion data
were used as input for an iteratively updating mechanical model. The mechanical models
include the subject-specific 3-D geometries of the aorta, spine, and surrounding tissue.
The resulting aortic wall displacements, estimated shear moduli, and wall stresses were
compared to mechanical characterization based on a single time-resolved 3-D ultrasound
dataset shown in Chapter 2.

7.2 Materials and Methods

7.2.1 Data acquisition

To perform mechanical characterization of abdominal aortas, ultrasound recordings were
made in eight volunteers (age: 25-30 years). Informed consent was given by all subjects
prior to inclusion and the study was approved by the local medical ethics committee of
Catharina Hospital Eindhoven. The volunteers were in supine position on a bed on which a
translatable arch was mounted (see also Chapter 5). The ultrasound probe was attached to
a linear slider which in turn was connected on the arch. The arch constricted the ultrasound
probe to a consistent transverse imaging plane and the linear slider enabled ultrasound
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Figure 7.1: A: Representation of the ultrasound biplane recordings of the abdominal aorta using a
mechanical arch. B: examples of the cross-sectional and longitudinal views resulting from a single
biplane acquisition. C: Recordings were made under angles from -45◦ to +45◦ with the aorta centered.
D: Example recordings of the longitudinal images under all angles.

body contact in all imaging angles. A schematic overview of the setup can be found in
Figure 7.1, however, for simplicity sake, the linear slider is not shown.

The imaging protocol comprised two steps, first the ultrasound probe was positioned in the
0◦ imaging angle and the volunteer was asked to move laterally until the aorta was in the
center of the image. This ensured that the the probe rotated (along the arch) with respect
to the center of the aorta. Before continuing, a single 3-dimensional (3-D) ultrasound
recording was made under the default angle, later to be used for 3-D image segmentation.
In the second step of the imaging protocol, biplane ultrasound acquisitions were made
under seven angles, ranging from -45◦ to 45◦ in increments of 15◦. The biplane acquisitions
yielded simultaneous recordings of a 2-dimensional (2-D) cross-sectional and longitudinal
view. The cross-sectional views are later used for automatic image registration whereas the
longitudinal images are used for wall motion estimation by performing block matching on
the radio frequency data (RF).

All ultrasound acquisitions were performed with a Philips iU22 ultrasound system using the
X6-1 3D curved matrix probe (center frequency: 3.5 MHz). Approximately 5 seconds of data
were recorded during each ultrasound acquisition, while the volunteers were asked to hold
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Figure 7.2: A: Registration result of seven longitudinal ultrasound views, containing a 3D segmen-
tation of the aorta in red. B: 3D ultrasound volume used for segmentation of the vessel (red) and
the top surface of the spine (white line). C: Meshed representation of the abdominal aorta (red), the
spine (white), and the surrounding tissue (gray).

their breath. The 3-D ultrasound data were stored as DICOM images and the 2-D biplane
data were stored as raw radio frequent (RF) signals post beamforming. The acquisition
frame rates were 4-6 Hz and 20-27 Hz for 3-D and 2-D biplane respectively.

7.2.2 Image processing

Image processing was performed using MATLAB (version 9.6, The MATHWORKS inc.,
Natick, MA, United States of America). Temporal segmentation was performed by viewing
the M-mode image of the central line in the ultrasound recording, showing the distension
of the aorta over time. The frame with the smallest aortic diameter was chosen as the
end-diastolic frame, whereas the next frame with the aorta reaching its maximum diameter
was chosen as the end-systolic frame.

Automatic angle detection was performed on the biplane data sets as described in Chapter
5. In short: the aorta is automatically detected using a vessel candidate search, based
on image gradients (Smistad and Lindseth, 2016), and rotation between the different
US images (obtained from different perspectives) is found by matching coherence maps
created by cross-correlation of frames over time. These coherence maps enhance static
features in the images and serve as matching features for the rotation. The found angles are
used to map the 2-D longitudinal image views to 3-D space. An example of this registration
is shown in Figure 7.2A.

In this study, all segmentation of the aorta was performed manually, in both 3-D recordings
and the longitudinal planes of the biplane datasets. The 3-D acquisition was used for
manual segmentation of the 3-D aorta geometry, consisting of around 20 circular slices
along the vessel’s centerline. The spine was segmented by manually selecting 2 points,
indicating the location and orientation of the spine. An example can be seen in Figure 7.2B.
In the seven longitudinal biplane views, the aorta was segmented by drawing a line along
the upper and lower aortic wall – lumen interfaces. The outer wall was not segmented,
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instead a wall thickness of 2 mm was assumed (see next section).

Displacement tracking was performed on the segmented ultrasound data to find the aortic
wall motion between diastolic and systolic pressure. The displacement fields were calcu-
lated using a frame-to-frame coarse-to-fine block matching approach (Lopata et al., 2009b).
This resulted in a sparse 3-D displacement data set for the seven (registered) longitudinal
views, and a full 3-D displacement field in the 3-D DICOM recording. To compare the
results of these methods, a subset of motion vectors from the full 3-D data set was selected,
matching the location of the motion vectors available in the sparse longitudinal data sets.

7.2.3 Mechanical modeling

Mechanical models were generated by creating a mesh from the acquired 3-D geometry
of the ultrasound acquisitions. The segmented aortic wall was elongated in longitudinal
direction by 1 cm on both sides to account for boundary effects in the simulations. The
wall was then extruded outward by 2 mm (van Disseldorp et al., 2016a). In accordance to
a previous study, surrounding tissues were added around the aorta to provide accurate
boundary conditions (Petterson et al., 2019). A generic spine model was added to the mesh
at the subject-specific location determined in the US images (see previous section). The
spine was modeled as a half-cylinder with a diameter of 5 cm. The position and inclination
angle were matched with the spine segmentation from the 3-D ultrasound acquisition. The
aorta and spine meshes were enclosed with a surrounding tissue with a width of 15 cm
extending upward up to the ultrasound probe location and downward to 1 cm below the
spine. An example of the created mesh can be seen in Figure 7.2C.

A hyperelastic neo-Hookean material model was chosen to simulate the mechanical behav-
ior of the aorta, spine, and surrounding tissue, with shear moduli of 150 kPa, 0.9 GPa, and 10
kPa respectively (Petterson et al., 2019). The lower boundary of the spine was fixated, which
will ensure a stable simulation. Moreover, no movement is allowed in the longitudinal
direction of the aorta at the proximal and distal ends. To find the pre-stress at diastolic
pressure the backward incremental method was used (see also Chapter 3).

Subject-specific mechanical characterization of the aorta was performed using an iterative
method described by (van Disseldorp et al., 2016c). A starting initial estimate for the shear
modulus of 150 kPa was used. The diastolic mesh, including the calculated pre-stress, is
inflated to the systolic pressure. After inflation, the displacements of the aortic wall in the
simulation are compared with the displacements measured with ultrasound, and the shear
modulus of the aorta is updated accordingly. When the difference in displacement fields
between model and measurement are minimized, the iterative process stops and the final
estimated shear modulus is stored.

7.2.4 Data analysis

The outcome of the angles found by automatic image registration were compared to the
ground truth values taken from the metal arch where the ultrasound probe was attached to.



96 | Chapter 7. Mechanical characterization using multi-perspective ultrasound

Table 7.1: Quantitative analysis of results

Volunteer ps y s /pdi a(∆p) ||∆θ|| εr ad ,ang l e ||∆rus || ||∆r f em || Gest i mate

1 136 / 85 (51) 4◦±6◦ 5.9±1.8 0.42 0.47 131
2 136 / 65 (71) 3◦±6◦ 6.7±3.3 0.39 0.54 138
3 120 / 70 (50) 3◦±2◦ 8.6±3.7 0.56 0.63 104
4 136 / 89 (47) 10◦±13◦ 4.9±2.8 0.30 0.24 215
5 103 / 59 (44) 1◦±2◦ 5.5±1.4 0.38 0.35 194
6 116 / 65 (51) 15◦±9◦ 7.8±3.7 0.51 0.47 135
7 121 / 74 (47) 4◦±4◦ 4.7±2.3 0.36 0.34 202
8 111 / 69 (42) 3◦±3◦ 4.2±1.8 0.34 0.31 141
mean 122 / 72 (50) 5.4◦ 6.0 0.41 0.42 157
std. 13 / 10 (8.9) 4.7◦ 2.6 0.09 0.13 40

Next, the wall motion tracking results of the seven 2-D biplane images were compared to
those found in the single 3-D ultrasound recording. Matching these methods is not straight-
forward, since in contrast to the 3-D ultrasound acquisitions, the biplane recordings show
a sparse displacement field. To overcome this, the location of each biplane displacement
vector was matched with the closest 3-D motion vector. Only these matched nodes were
considered when comparing the displacements. The same method was used to compare
the motion tracking fields between ultrasound and mechanical models. Next to the wall
motion tracking, mechanical characterization of the aortas was performed using both the
biplane and 3-D ultrasound methods. Resulting shear moduli, peak wall stresses, and
99th-percentile wall stresses were compared between the two methods.

7.3 Results

All data acquisition and segmentation were performed without any issues. Ultrasound
frame rates of 4 and 20 Hz were achieved for 3-D and 2-D biplane imaging, respectively. The
volunteers’ blood pressure averaged 122/72 mmHg for systolic/diastolic blood pressure,
the individual data are listed in Table 7.1. Automatic image registration showed overall
good results averaging a 3◦ error compared to the ground truth in 6 out of 8 cases. In two
cases (volunteers 4 and 6) the algorithm showed a larger error of 10◦ and 15◦ respectively,
as can be seen in the second column of Table 7.1.

Displacement estimation of the aortic wall motion in 2-D biplane images showed an
average diameter increase of 6%. There were some differences found between multiple
angle recordings of the same volunteer, resulting in a standard deviation of diameter
increase between the different US angles of 2.6% on average (details are found in Table 7.1).
An example of the displacement vectors measured can be found in Figure 7.3A, where it
can be seen that the biplane displacement vectors are aligned and point in the outward
direction of the vessel wall. Figure 7.3B shows an example of biplane displacement vectors
averaged per recorded angle, where the variation in displacement magnitude across angles
can be seen. The displacement vectors on the aorta wall distal from the probe, closest
to the spine, show consistently smaller movement in radial direction compared to the
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Figure 7.3: Displacements found in 2-D biplane and 3-D ultrasound, compared to the resulting
displacements found in the finite element methods (FEM). A: A 3-D representation of the sparse
displacement field. B: Average of the displacements found per multi-perspective angle recorded.

proximal wall, averaging 1.0 ± 0.2 mm and 0.13 ± 0.1 mm for distal and proximal walls
respectively. This difference is expected due to the presence of the spine near the lower
aortic wall, which restricts movement of the aortic wall.

Displacement estimation using 3-D ultrasound was not achieved in 4 out of the 8 volunteer
data sets due to very low signal of the motion tracking data (≤0.2 mm). The other four data
sets, where a wall motion signal was detected, showed lower overall displacements com-
pared to the 2-D ultrasound measurements. Comparing the proximal wall displacement,
where the motion signal is strongest and easiest to measure, revealed average radial dis-
placements of 0.46 mm in contrast to the 1.0 mm average displacements found in the 2-D
data. A detailed comparison of displacement data between these volunteers can be found
in Figure 7.4, showing proximal and distal wall motion for all four volunteers obtained from
both 2-D and 3-D data.

Estimated shear moduli found in volunteers ranged from 104 kPa to 215 kPa, averaging at
157 kPa. The final execution of the model with the estimated shear moduli showed that
the average radial displacements of the model (0.41 ± 0.13) matched closely with those
found with ultrasound (0.42 ± 0.09). Volunteers showing larger wall displacements were
found to have lower estimated shear moduli and visa versa, as expected. An overview can
be found in Table 7.1. Estimation of shear moduli was performed in 4 out of 8 cases also on
3-D ultrasound displacement data. This yielded high shear moduli ranging from 230 to 754
kPa, averaging to 423 kPa.

Figure 7.5 shows an example of the Von Mises stress distribution in the aortic wall. Volun-
teers showed 99th-percentile and maximum von Mises wall stresses of 95 ± 8 kPa and 118 ±
17 kPa, respectively. The stress distribution across the wall shows an expected high to low
stress from inner to outer surface. Furthermore, stress variations can be found throughout
the aortic geometry, with higher curvature areas showing increased wall stress (see Figure
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Figure 7.4: Proximal and distal aortic wall motion in 2-D biplane and 3-D ultrasound recordings of
volunteers 1, 3, 4, and 7.

Figure 7.5: Von Mises stress distribution in the abdominal aorta, A: Longitudinal, B: Cross-sectional.

7.5C. Contrary to the estimated wall stiffness, the wall stresses showed a very similar result
when using the 3-D wall motion tracking compared to the 2-D biplane method. Von Mises
peak wall stresses and 99th-percentile wall stresses were 99 ± 8 kPa and 127 ± 11 kPa. Anal-
ysis of differences in stress distribution over the aorta geometry between the 2-D biplane
and 3-D approaches revealed an overall similar distribution, with higher stresses around
higher curvature areas. However, the stiffer estimated wall stresses of the 3-D approach
showed slightly higher stresses within high stress regions (∼1-4 kPa) and slightly lower
stresses in low stress regions (∼3-8 kPa). These differences are small, but indicate a more
homogeneous stress distribution when using the lower shear modulus found using the 2-D
biplane methods.
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7.4 Discussion

In this study, mechanical characterization of abdominal aortas was performed using multi-
perspective 2-D longitudinal ultrasound imaging to create a personalized model of the
artery and its surroundings. Displacement estimation was performed on individual record-
ings and automatic registration was performed to create a sparse 3-D displacement field.
Displacements of a mechanical model were successfully matched to the ultrasound found
displacement field to find an estimate of the stiffness of the aortic wall.

Alignment of multiple 2-D biplane ultrasound recordings worked well in 6 out of the 8 cases
with estimated angle error below 4◦. In 2 cases, the registration was hampered by low image
quality of surrounding structures around the aorta (mainly bowel gas artifacts). These
artifacts mainly manifested to the sides of the aorta in the cross-sectional imaging plane.
Therefore, the aorta remained well visible in almost all cases, especially in the longitudinal
views, which made motion tracking of the aortic wall still viable.

Displacement matching between mechanical model and ultrasound measurements per-
formed well with an average radial displacement error of 0.05 mm left after optimization,
relative to an estimated average displacement of 0.41 mm. The shear moduli found by
mechanical characterization of the aortas ranged from 104-215 kPa, averaging at 157 kPa.
This is within the expected range of healthy volunteers and corresponds well to the starting
shear modulus estimate of 150 kPa initiating the optimization. Displacements found in the
3-D ultrasound data were much lower than those found with the multi-perspective biplane
method. The proximal aortic wall displacement was twice as high in the biplane datasets.
Hence, the low displacements found with 3-D imaging may have led to an overestimation
of the shear modulus (423 kPa vs. 163 kPa).

The 99th Von Mises stresses simulated were more similar between the 3-D ultrasound
measurements and the 2-D multi-perspective approach (99 kPa vs. 95 kPa). This can be
explained by the fact that these solid FE simulations find an equilibrium between the blood
pressure in the lumen and the stresses in the wall, which is primarily dominated by the wall
geometry rather than the wall stiffness. So, for wall stress analysis 3-D imaging is suitable,
but for estimation of the vascular stiffness the acquisition type and accuracy of the wall
motion estimates are paramount.

One of the major limitations of this study is the lack of ground truth displacement data. The
amount of vessel dilation derived from the measured displacements in the longitudinal
views correspond with literature, and in turn, the estimated wall stiffness is within the
expected ranges (Wittek et al., 2013; van Disseldorp et al., 2018; Derwich et al., 2016).
However, there remain variations between multiple angle recordings (standard deviation
between angles: 2.6%), which is unexpected. One could argue that these variations were
caused by a varying heart rate or blood pressure, since the recordings were not made during
the same cardiac cycle. However, the volunteers were resting and were not familiar for any
cardiovascular problems. Hence, the heartbeat and blood pressure are expected to be fairly
consistent. A more feasible explanation can be a misalignment between the longitudinal
plane and the longitudinal cross-section of the aorta, where not the maximum diameter
is measured and therefore, the vessel dilation is underestimated. This might be solved



100 | Chapter 7. Mechanical characterization using multi-perspective ultrasound

by recording the aorta for a longer time to increase the chance of recording the absolute
minimum and maximum diameter image frames.

Comparison between the 3-D and 2-D methods in this study is difficult because of the low
volume rate (4-6 Hz) in the 3-D acquisitions. This low volume rate made it likely that the
true end-diastolic and end-systolic volumes are not present in the data set. Not imaging the
aorta at the absolute maximum and minimum volumes creates an underestimation of the
wall geometry and motion, and that in turn leads to an overestimation of the shear modulus.
However, the difficulty in selecting diastolic and systolic frames in 3-D ultrasound, due
to low frame rate, strengthens the claim for alternative high frame rate solutions like the
multiperspective 2-D biplane method in this study. The biplane method showed to be a
viable solution, capturing accurate displacement fields with sufficient frame-rates, and
providing a sparse 3-D motion tracking field of the abdominal aorta. In future research, the
use of 3-D plane wave imaging should be investigated for the purpose of high frame rate,
full 3-D displacement estimation of abdominal aortas. Plane or spherical wave imaging
enables a very high frame-rate (Correia et al., 2016; Provost et al., 2014) at the cost of image
resolution and contrast. The combination of a low frame-rate 3-D acquisition used for
geometry detection and a high frame-rate plane wave acquisition used for displacement
estimation has the potential to yield superior results for mechanical characterization of
abdominal aortas.

Furthermore, future work should be focused on the automatic registration of free-hand
multi-perspective ultrasound recordings. In this study, the ultrasound probe was fixated
to a mechanical arch, keeping the imaging plane constant and only requiring a single
rotation and translation for image registration. The acquisition of all multi-perspective
images took some time, about 20 minutes per volunteer, because of the operation of the
mechanical arch. While this is an acceptable time frame in a research setting, clinical
implementation of this method will require a faster and easier to use system. Such a system
could consist of free-hand biplane or 3-D US imaging, in combination with automatic
image registration or probe tracking. This will enable the clinical use of multi-perspective
mechanical characterization of abdominal aortas.

In conclusion, this study shows the feasibility of mechanical characterization of the abdomi-
nal aorta in eight volunteers, combining biplane motion tracking in seven multi-perspective
longitudinal ultrasound views. Displacements tracking yielded more consistent results
compared to a single 3-D ultrasound acquisition. The multi-perspective high frame-rate
2-D biplane ultrasound recordings can yield well needed high quality input data for me-
chanical characterization of abdominal aortas compared to low frame-rate 3-D ultrasound
measurements.







CHAPTER 8
General discussion

.
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8.1 Motivation and main findings

This thesis deals with ultrasound-based mechanical modeling of abdominal aortic aneurysms
(AAAs), diving deeper into the pros and cons of the methodology proposed with a focus on
model input and boundary conditions. Interest into the mechanical modeling of AAAs as a
possible advancement for AAA rupture risk assessment has increased in the past decade.
These personalized mechanical models enable wall stress analysis and mechanical char-
acterization of AAAs, which are all promising new indicators to describe the condition, or
‘mechanical state’, of the AAA. However, the accuracy of these models relies heavily on the
input parameters (e.g., aneurysm geometry and wall motion) and model complexity and
boundary conditions. Therefore, in this thesis, improved ultrasound imaging techniques
are developed to generate accurate model input and their effect on mechanical character-
ization was investigated. Furthermore, the influence of different constitutive models on
pre-stress calculation, and the inclusion of surrounding tissue on the evaluation of wall
stresses and mechanical characterization, were evaluated as well.

The main findings of this thesis are:

• Ultrasound imaging has been shown as a viable alternative to computed tomography
imaging in AAA wall stress analysis, enabling longitudinal patient studies without the
use of nephrotoxic contrast agents and ionizing radiation. Furthermore, dynamic
behavior captured by 4-D ultrasound facilitates the personalization of AAA models
to assess the global mechanical properties of the wall (Chapter 2).

• Calculation of the pre-stress (stresses present at the moment of geometry measure-
ment) in AAAs can be performed accurately using the backward incremental method
with a relatively simple, i.e., a hyperelastic neo-Hookean, material description of the
aortic wall. The calculated pre-stresses are comparable with those resulting from an
analysis that uses a non-linear model (Chapter 3).

• Including both the spine and generic soft tissue surrounding the aorta into the
mechanical modeling of AAAs influences the outcome of wall stress analysis and
mechanical characterization. The surrounding soft tissue behaves as a stabilizer:
it decreases the estimated stiffness of the vessel and homogenizes the stress dis-
tribution in the aneurysm wall. The addition of the spine increases the realism
of the simulations, thereby closely matching the deformation pattern found with
ultrasound wall motion tracking (Chapter 4).

• Multiperspective ultrasound imaging provides increased AAA wall contrast to bet-
ter visualize the aorta and improve geometry measurements (Chapter 5 and 6).
Furthermore, multi-perspective ultrasound acquisitions in a single plane can be
automatically registered using image features generated from the aorta and spine
(Chapter 6 and 7).

• High frame-rate, 2-D, multi-perspective ultrasound yields a more robust method
of aortic wall motion tracking compared to low frame-rate 3-D single perspective
ultrasound (Chapter 5 and 7).
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• A framework has been developed for the mechanical characterization of AAAs, adopt-
ing the combination of (1) 3-D ultrasound AAA geometry measurement, (2) multi-
perspective ultrasound wall motion tracking, (3) pre-stress calculation using a single
parameter material model, and (4) inclusion of surrounding tissue in the mechanical
models. This framework is shown to be an effective and robust methodology for the
estimation of AAA mechanical parameters (Chapter 7).

8.2 Mechanical modeling of abdominal aortic aneurysms

When an abdominal aortic aneurysm is detected, patients undergo so-called ’watchful
waiting’, where the aneurysm growth is monitored, and surgery is recommended when
the maximum diameter exceeds 5.5 cm in men or 5.2 cm in women. This choice is based
on the best population-based outcome (The UK Small Aneurysm Trial Participants, 1998),
where the risk of rupture outweighs the risk of surgery. However, it has been noted that
around 2-10% of the aneurysms rupture below this threshold and some aneurysms above
this threshold will stay stable (Darling et al., 1976; Nicholls et al., 1998; Lederle et al., 2002).
Therefore, there is a need for a more personalised decision criteria for surgical intervention,
tailored to each patient.

From a mechanical point of view, the AAA will rupture when the wall stress exceeds the wall
strength. Therefore, it should be pursued to obtain a patient-specific analysis, and estimates
of biomechanical parameters, to investigate the mechanical state of the AAA, and whether
these parameters can be used as an improved rupture risk indicator. Previous studies have
shown the merit of wall stress analysis in AAAs using computed tomographic angiography
(Raghavan and Vorp, 2000; Gasser et al., 2010; de Putter et al., 2007). Measurement of peak
wall stress (Fillinger et al., 2003) and 99th-percentile wall stress (Speelman et al., 2008) have
indicated the potential for possible rupture risk indicator. To obtain these measures, the
techniques rely on the evaluation of mechanical models with a lot of input parameters
and settings. Whilst the patient-specific geometry and blood pressure are used the same
in all models, the choices differ in other areas, such as, the material model describing the
deformation response of the material to the applied pressure. Furthermore, all mechanical
models are subject to a choice in boundary conditions, e.g., the interaction of the aorta
with its surroundings. In this thesis, next to the model inputs, the required complexity of
both material models and boundary conditions was investigated with respect to wall stress
analysis and mechanical characterization of AAAs.

8.3 Model complexity required for abdominal aorta modeling

Material properties of AAAs have been investigated using different models, such as, the
early exponential two-parameter model of He and Roach (1994), the hyper-elastic two-
parameter model by Raghavan and Vorp (2000), and the more elaborate, fiber-reinforced
model by Gasser et al. (2006). These models increased in complexity over time, involving
more and more structural information of the aortic wall. While these models are highly
interesting for the fundamental research into disease progression and AAA wall behavior
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and give an accurate description of the complete material behavior under different types
of loading, they rely heavily on extensive ex-vivo experiments. Measurement of relevant
model parameters in vivo is very difficult, especially for more complex models as the
ones previously mentioned. The main challenge lies in the limited strain range present in
patients, where strains usually vary between the 8% and 10% mark of the total strain range
between diastolic and systolic blood pressure. On the contrary, ex vivo measurements can
utilize the complete strain regime, ranging from 0% to failure (occurring at around 20% -
30%). This limited strain range available in patients makes patient-specific estimation of
material parameters in complex models difficult due to the uncertainties associated with
many model parameters that require stress - strain data in the low or high strain regimes
for proper identification. In Chapter 3, the use of a simpler, single-parameter model was
demonstrated for the calculation of pre-stress and the estimation of material parameters in
AAAs. It is shown that a relatively simple approach can yield similar results to more complex
models within the limited strain range available in patients. Regarding the monitoring of
aneurysms in patients, this simpler model provides an indication of arterial stiffness using
only the limited strain range available, advocating its use above the more complex models
which require data that is not available in vivo.

Surrounding the aorta are many different organs and internal structures, of which some
have an apparent shape and well documented material behavior such as the spine, while
others show large variations in shape between subjects and the material behavior of the
different tissues, e.g., the intestines, the peritoneum, and distributed retroperitoneal fat.
However, in most modeling approaches of AAAs, solely the aorta is considered. The few
studies that can be found, investigated the effects of long term AAA growth (Farsad et al.,
2015; Kwon et al., 2015) or the development of fluid-structure interaction frameworks
(Gasbarro et al., 2007). Chapter 4 demonstrate the necessity for surrounding structures to
be included into AAA mechanical modeling. In this thesis, the complex surrounding of the
AAA was considered, albeit simplified, by modeling two distinct structures, i.e., the spine
and a single, isotropic material that represents the surrounding soft tissue. The division
of the structures in these two groups was based on their stiffness, more specifically the
shear modulus. The bone of the spine exhibits a high modulus (∼1 GPa) compared to the
aortic wall (∼0.1 MPa), even when compared to the relatively stiff aneurysm tissue (si m1
MPa). Other tissues surrounding the aorta are relatively soft, with a huge range in moduli
found in literature, ∼1-20 kPa, even for the same tissue type. Despite these simplifications
of the surroundings, a new layer of complexity was added to the AAA model with significant
influence on the final FE results.

8.3.1 Limitations

One of the main limitations of the mechanical modeling techniques in this thesis is the
assumption of uniform wall thickness of the AAA wall. Thickness and morphology of a
material influences the load-bearing capabilities heavily, so in the quest for rupture risk
evaluation, this should be a main focus, especially, since variations of wall thickness have
been shown (M. J. Thubrikar, 2001; Di Martino et al., 2006; Raghavan et al., 2006). However,
the wall thickness is very difficult to measure in vivo. Next to the problem of resolution,
computed tomography angiography can only provide contrast between the vessel lumen
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and intima layer, the outer boundary of the aorta cannot be reliably detected. Ultrasound
imaging could provide benefits with high contrast and resolution, however, these only hold
up in the axial direction, whereas the lateral contrast and resolution are too poor to provide
a full 3-D wall thickness map.

As already mentioned, the surrounding soft tissue has been modeled as a single material,
while numerous organs surround the aorta, having varying resistance to deformation.
However, due to the relative soft behavior of these materials compared to the aorta, the
impact of higher organ fidelity is expected to be low. Although there is a good reason for
this simplification, the shear modulus describing the surrounding tissue should be chosen
correctly. Since this material is modeled completely enclosing the aorta, its stiffness resists
the aortic deformation. The higher the bulk shear modulus of the surrounding tissue, the
more pronounced this effect becomes. This constriction, in turn, will lead to a smaller
deformation of the aorta, which will cause the mechanical characterization algorithm to
decrease the estimated aortic stiffness. This interaction leads to a direct relation between
chosen soft tissue bulk modulus and estimated aortic shear modulus. Hence, future studies
should consider estimating the mechanical properties of the surrounding tissue from the
ultrasound data as well. Furthermore, the surrounding soft tissue is modeled as a mesh
directly connected to the aorta. In reality, the aorta is not fixed to the surrounding tissue.
The attachment to the surrounding tissue stabilizes the aorta in the simulation, whilst, this
is not necessarily the case in vivo. This mismatch might cause an underestimation of the
aneurysm wall stress and a non-realistic deformation pattern.

This thesis has shown that adding the spine to the total mesh, modelled as a simple tube,
already improved the match between modeled and measured deformation pattern of the
aorta significantly (Chapter 4). However, the spine has protrusions at each intervertebral
disc, which are in very close proximity to the aortic wall. These protrusions could have an
impact on the local wall stress calculated in the posterior aortic wall.

All mechanical modeling performed in this thesis only included aortas with uniform wall
thickness and material parameters. Other studies have shown that intra-luminal thrombus
(ILT) (Speelman et al., 2010) and calcifications in the wall (Buijs et al., 2013) have an
influence on wall stress distributions in AAAs. Inclusions of calcifications is challenging
because of the need for a non-uniform description of the aortic wall and the need for
a smooth transition between calcified and non-calcified regions of the AAA wall. Intra-
luminal thrombus has a wide range of mechanical parameters, ranging from very soft,
almost the consistency of blood, to relatively firm, and it is known that the properties
change from lumen to AAA wall. Determination of the consistency of ILT is currently not
possible with ultrasound imaging. One could argue to use mechanical characterization in
a similar fashion for the ILT as for the AAA wall, however, the estimation of parameters in a
two-layered vessel would require very detailed and complete volumetric strain imaging of
the ILT and aorta, which was not in the scope of the research in this thesis.

8.3.2 Future model developments

Future development of the workflow for mechanical analysis of AAAs should investigate
the accurate representation of surrounding soft tissue around the abdominal aorta. Firstly,
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the influence of the generic shear modulus chosen for the surrounding tissue (on the
mechanical characterization of the aorta) should be studied. Secondly, the type of contact
prescribed between the modeled aorta and its surroundings can be varied. While this might
not have a large effect on the overall distensibility of the aorta, the local shear forces in the
aortic wall near the spine could be different due to a small layer of soft tissue separating the
aorta from the spine. Furthermore, a more realistic representation of the spine should be
investigated. The protrusions of the spine could locally influence the deformation pattern
of the AAA wall and alter the results when evaluating wall stress analysis. In fact, Darling
et al. (1976) showed most AAA ruptures occurring at the posterior side (near the spine),
which strengthens the need for detailed knowledge of the interplay between the AAA and
the spine.

Localized information about wall stress is a powerful result of the mechanical modeling of
AAAs. However, the mechanical characterization of the aorta has only been performed with
the use of a single material parameter for the entire aortic geometry (Chapters 2, 4, and 7).
Next to the aforementioned inclusion of different constituents (ILT, calcifications), local
wall stiffness estimates could be estimated, using a similar iterative scheme as described in
Chapter 3, using high resolution, high precision strain estimates as input (Chapter 6). The
combination of local wall stiffness estimates and local wall stresses and strains could assist
in the identifications of possible rupture sites. Adding this information to the other local
aortic wall parameters such as estimated wall strength (Gasser, 2016) could improve the
estimation of AAA rupture risk on an individual level.

With improvements in multiperspective ultrasound imaging (discussed in more detail in
the following section) it might become possible to measure the wall thickness of AAAs.
This would provide a large advancement in mechanical model fidelity and could lead to
weak-spot identification and contribute to patient-specific rupture risk indication.

8.4 Ultrasound imaging as input for mechanical modeling

Mechanical analysis of AAAs relies on the accurate detection of aneurysm geometry through
medical imaging. Both magnetic resonance imaging (van ‘t Veer et al., 2008) and computed
tomography (Speelman et al., 2010) have shown their capabilities of AAA geometry assess-
ment via image segmentation. However, ultrasound imaging has proven its advantages van
Disseldorp et al. (2016b); Wittek et al. (2013) with its high temporal and spatial resolution,
easy-of-use, lack of ionizing radiation, non-invasive character and low cost. The main draw-
backs of ultrasound imaging for AAA mechanical modeling are a low lateral contrast and low
precision, lateral motion tracking. These drawbacks are present due to the uni-directional
nature of ultrasound waves, generating strong and accurate signals in the wave propagation
direction. This makes full 3-D evaluation of AAA geometry and wall motion challenging.
In Chapter 2 a partial solution is put forth, mainly focusing on the AAA wall motion in the
direction of ultrasound. While this provides a viable stopgap, later chapters in this thesis
explored the use of multiperspective imaging to elevate the uni-directional limitation of
ultrasound imaging and provide a strong framework for accurate multi-directional motion
estimation. Different acquisition sites are used in multi-perspective imaging to insonify the
abdominal aorta from multiple angles. Recordings are combined to create a single view of
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the aorta with increased aortic wall contrast (Chapter 5 and 6), improved motion tracking
accuracy (Chapter 6), to improve 3-D mechanical characterization of AAAs (Chapter 7).

8.4.1 Limitations

One of the major limitations in the multiperspective ultrasound (MPUS) imaging approach
used in this thesis is the use of 2-D ultrasound imaging. In Chapters 5 and 6, the capabilities
of MPUS are demonstrated in 2-D ultrasound recording. While these studies clearly show
the merit of the use of MPUS in a controlled setup, they suffer from the need for external
probe fixation to keep the recordings within a constant imaging plane. 3-D ultrasound
imaging could be also be employed in MPUS, however, a major drawback is the very low
frame-rate (4-8 Hz) of current conventional 3-D ultrasound imaging. The challenges of
this low frame-rate can also be seen in Chapter and 7, where the detection of end-diastolic
and end-systolic acquisition frames is cumbersome. Missing the true end-systolic frame
can lead to a serious underestimation of the vessel wall motion. Furthermore, the multi-
perspective ultrasound imaging in Chapters 5 and 7 consists of multiple non-simultaneous
acquisitions. Changes in heartrate or blood pressure in between these measurements can
have an effect on the measured deformation of the abdominal aorta. The measurements
are performed during breath-hold in a controlled environment while the persons were at
rest, however, some variations between aortic distention were still noted. From a different
perspective, one could argue that the goal of the measurement is to get an idea about
the long-term average behavior of the aorta and not the exact instantaneous response
to the blood pressure. These measured variations could be averaging into a more stable
estimation of mechanical aneurysm behavior. The 2-D MPUS approach described in
Chapter 7 used multiple non-overlapping longitudinal 2-D views of the aorta to create a
semi-3-D representation of the motion field of the aorta. While it demonstrated its benefits
over the use of single-perspective 3-D imaging, it lacked the improvements in radial and
circumferential displacement estimation that was achieved in Chapter 6 by compounding
the overlapping displacement fields obtained from multiple angles.

8.4.2 Future developments in ultrasound imaging

To resolve the main drawback of low frame-rate ultrasound imaging, future work should
focus in the adoption of ultrafast 3-D ultrasound imaging, combined with multiperspective
imaging. Studies have shown the possibility of using novel plane wave and spherical wave
ultrasound imaging schemes for ultrafast 3-D imaging (Correia et al., 2016). These methods
are promising in the evaluation of full 3-D motion fields, however, they still suffer from
uni-directional ultrasound behavior where MPUS could offer a solution. Furthermore, the
potential for accurate, full-field, 3-D, multi-directional motion estimation could enable
the estimation of more local material parameters. A very detailed strain field is required to
perform iterative updating of material properties on a local scale.

Multi-perspective ultrasound imaging would benefit greatly from free-hand 3-D volume
acquisition combined with fully automatic image registration. In this thesis, the ultrasound
probes were restricted to a single plane, which made automatic registration possible with
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only two degrees of freedom, a single translation and a single rotation. Future work should
focus on the extension of the automatic registration methods, described in Chapter 5, to
work with six degrees of freedom and allow more freedom in the acquisition process.

8.5 Clinical translation

In this thesis, the model input and model complexity are investigated to improve the
mechanical analysis of AAAs. Results revealed a necessity for inclusion of surrounding
tissue, the possibility of using relatively simple material models and the improvements
offered by using multiperspective ultrasound imaging. While the methods shown in this
thesis are promising to calculate AAA wall stress and wall stiffness, their performance
should be tested in patients. Furthermore, the use of mechanical parameters in the clinic is
still to be validated. Towards the clinical integration, the efforts made in Chapters 3 and
4 can already be of use in the creation of state-of-the-art mechanical models to provide
accurate estimates of wall stress and wall stiffness. These methods could later be used in
the validation of the benefits of mechanical indicators for rupture risk assessment.

Multiperspective ultrasound imaging has revealed considerable benefits over regular single-
perspective imaging (Chapters 5 to 7). However, the acquisition techniques necessary for
post-recording alignment of the images is somewhat cumbersome, involving attachment
of the ultrasound probe to a metal arch and taking multiple acquisitions. This methodology
is not yet suitable for clinical implementation due to the restrictions on probe positioning
and time-consuming re-positioning of the ultrasound probes. To achieve an easier-to-
use multiperspective imaging workflow, automatic full 3-D image registration should be
adopted first. This would allow free-hand acquisition of multiple ultrasound views, possible
within the normal timeframe of a regular patient visit within the conventional pre-operative
AAA monitoring program.

8.6 General conclusion

In this thesis, the model input and complexity used for mechanical characterization of
AAAs are evaluated. An improved framework is developed based on the combination of
multi-perspective ultrasound imaging and enhanced modeling strategies. Mechanical
modeling showed a necessity for addition of surrounding tissue for accurate simulation
of the aorta deformation field. On the contrary, in the estimation of aortic pre-stress, a
relatively simple neo-Hookean material model can be used, which allows patient-specific
stiffness evaluation. Furthermore, multi-perspective, 2-D and biplane, ultrasound imaging
proved to be more robust approaches for 3-D aorta wall motion estimation compared to
conventional, single-perspective, 3-D ultrasound acquisitions. Future studies should focus
on improving the ease-of-use of multi-perspective imaging to facilitate the translation of
these techniques to the clinic and allow large-scale investigation of mechanical charac-
terization as additional technique for patient monitoring and rupture risk estimation in
AAAs.
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