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1 INTRODUCTION

1.1 Abdominal aortic aneurysm
This chapter briefly outlines the current state of scientific knowledge with regard to the
development, diagnosis and treatment of abdominal aortic aneurysms in humans and

elaborates on the animal models of the disease.

1.1.1 Definition, etiology and risk factors

An abdominal aortic aneurysm (AAA) is defined as a weakening of the abdominal portion of
the aorta, leading to progressive dilatation and eventually, rupture (Golledge, Muller et al. 2006,
Golledge 2019). Consequently, AAAs cause approximately 150,000 - 200,000 deaths per
annum (Sampson, Norman et al. 2014, GBD 2013 Mortality and Causes of Death Collaborators
2015).

While there are some distinct causes for AAA development such as trauma, infections
(brucellosis, salmonellosis, tuberculosis), inflammatory disease (Takayasu disease, Behget
disease) and connective tissue disorders (Marfan syndrome), most AAAs are considered non-
specific (Matsumura, Hirano et al. 1991, Erentug, Bozbuga et al. 2003, Sakalihasan, Limet et
al. 2005). Risk factors associated with AAA development are coronary artery disease (Svensjo,
Bjorck et al. 2011), hypertension (Svensjo, Bjorck et al. 2011, Patelis, Moris et al. 2017), family
history of AAA (Patelis, Moris et al. 2017), atherosclerosis (Patelis, Moris et al. 2017),
Caucasian origin (Jahangir, Lipworth et al. 2015) and smoking (Lederle, Johnson et al. 1997,
Jamrozik, Norman et al. 2000, Svensjo, Bjorck et al. 2011). It has been hypothesized that the
currently decreasing percentage of smokers is directly linked to the declining AAA prevalence
in some populations (Lederle 2011, Svensjo, Bjorck et al. 2011). Protective factors for AAA
include African or Asian origin (Lederle, Johnson et al. 1997, Jacomelli, Summers et al. 2017)
and female gender (Ulug, Powell et al. 2016). While the prevalence in females is significantly
lower than in males (Pleumeekers, Hoes et al. 1995), AAAs in females have an overall worse

prognosis (Norman and Powell 2007).

There are various definitions of the degree of aortic dilatation that is considered an AAA. It is
generally accepted that an AAA has an infrarenal aortic diameter of more than 3 cm (Lederle,
Johnson et al. 1997), diagnosed by either ultrasonography (US) or computed tomography
(CT). Other common definitions are (1) infrarenal to suprarenal diameter ratio of 1.2 or higher
(Alcorn, Wolfson et al. 1996); (2) infrarenal to suprarenal diameter ratio of 1.5 or higher (Moher,
Cole et al. 1992); (3) infrarenal diameter of 4 cm or more (Lederle, Johnson et al. 1997); (4)
infrarenal aortic diameter that is more than 1.5 times the expected diameter on the basis of

body size, sex and age (Lederle, Johnson et al. 1997).
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While there is no consensus on AAA measurements, a solid classification on morphological
and anatomical criteria of aneurysms exists. An aneurysm with all three arterial layers involved
is defined as a true aneurysm (Corriere and Guzman 2005). Conversely, a false aneurysm or
pseudoaneurysm consists of an extramural hematoma that is bounded only by the adventitia
(Kalapatapu, Shelton et al. 2008). The macroscopic form of an aneurysm is classified as either
fusiform (spindle-shaped) or saccular (spherical, “berry” aneurysm) (Biasetti, Gasser et al.
2010). Besides in the abdominal aorta, aneurysms can form in various other blood vessels in
the body, e.g., in the brain (Lawton, Quinones-Hinojosa et al. 2005), kidneys (Henke, Cardneau
et al. 2001), legs (Corriere and Guzman 2005) and thoracic aorta (Elefteriades and Farkas
2010). Throughout this work, we use the terms aneurysm and AAA interchangeably to describe

an abdominal aortic aneurysm.

1.1.2 Pathophysiology
The following section focuses on the current understanding behind AAA development in
humans. The specifics of murine AAAs can be found in the paragraph entitled Animal models

of abdominal aortic aneurysms.

There are three main theories on the initiation of AAAs. The most widely supported current
theory is based on chronic aortic inflammation and simultaneous degradation of the
extracellular matrix (ECM) (Keeling, Armstrong et al. 2005, Hellenthal, Buurman et al. 2009,
Golledge 2019). In healthy aortic tissue, a complex network of ECM proteins and fibers is
responsible for the mechanical stability during blood pressure fluctuations (Sakalihasan, Limet
et al. 2005). Elastin and collagen are the most abundant ECM fibers (Tsamis, Krawiec et al.
2013) with elastin representing up to 30% of the dry weight (Krettek, Sukhova et al. 2003).
Tropoelastin is initially secreted by fibroblasts and smooth muscle cells (SMCs) and is then
attached onto microfibrills and crosslinked via lysil oxidase, building elastin in its final form
(Krettek, Sukhova et al. 2003). The cross-linking between the elastic fibers can be damaged
by certain proteases with elastase activity (Sakalihasan, Limet et al. 2005). In aneurysmal
aortas, progressive degradation and defective synthesis of elastin occur, leading to decreased
overall concentration and functional loss (Sakalihasan, Heyeres et al. 1993, Dobrin and
Mrkvicka 1994, Krettek, Sukhova et al. 2003). Collagen, especially type | and lll, provides
tensile strength and is abundant in the media and in the adventitia (Sakalihasan, Limet et al.
2005). It is thought that the collagen-rich, adventitial tissue is responsible for withstanding a
rupture and that collagen degradation is the final step to rupture (Dobrin and Mrkvicka 1994).
An increase in collagen turnover has been reported, suggesting that a repair mechanism for
collagen degeneration exists (Satta, Juvonen et al. 1995). Therefore, a rupture is thought to
occur when the balance between synthesis and degradation is shifted towards the latter

(Sakalihasan, Limet et al. 2005). A reduction in medial smooth muscle cell density is also
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apparent in AAAs (Lopez-Candales, Holmes et al. 1997). The above described ECM
degradation is caused by proteases produced by resident SMCs and fibroblasts as well as
inflammatory cell influx from the bloodstream (Sakalihasan, Limet et al. 2005). Matrix
metalloproteinases (MMPs) represent a family of zinc-mediated enzymes that can be activated
by other proteinases (Ogata, Enghild et al. 1992). It has been demonstrated that MMP-2, -3, -
9 and -12 are responsible for AAA initiation and progression by driving elastolysis and
collagenolysis in AAAs (Keeling, Armstrong et al. 2005). Elastin degradation and locally
released cytokines both act chemotactic to leukocytes, causing even further inflammatory cell
recruitment (Koch, Kunkel et al. 1993, Hance, Tataria et al. 2002). The assumption that
inflammation plays a major role has been backed by studies analyzing human AAA tissues
and focusing on different types of immune cells and mediators. Macrophages and lymphocytes
play a substantial role (Davies 1998, Daugherty and Cassis 2002, Ocana 2003). It has been
shown that B cells and immunoglobulins infiltrate the AAA and form clusters around small
vessel with macrophages and T cells (Furusho, Aoki et al. 2018). Activated T cells, B memory
cells and macrophages are the majority of cell types found in the adventitia and outer media
(Ocana 2003). Regarding cytokines, it is thought that multiple interleukins (IL), e.g. IL1B, IL6,
IL8, prostaglandin E2, tumor necrosis factor alpha (TNFA), interferon gamma (INFG) and CC-
chemokine ligand 2 (CCL2), are all upregulated in human AAAs while TNFA, INFG and CCL2
show a level of specificity to AAAs compared to other vascular pathologies (Golledge, Walker
et al. 2009). Nowadays it is widely accepted that inflammation plays a crucial role in all types
of AAA so that the formerly widespread classification as inflammatory aneurysm is now
obsolete (Golledge 2019).

The second theory is based on the assumption that atherosclerosis is responsible for
aneurysmal development. A large body of literature shows that there is indeed an association
between atherosclerosis and AAA, but it remains unknown whether the connection is causal
or whether the same risk factors apply to both vascular pathologies (Lederle, Johnson et al.
1997, Singh, Bonaa et al. 2001, Golledge and Norman 2010, Tang, Yao et al. 2016, Yao,
Folsom et al. 2018). Similarities in the regions of the aorta that are prone to both diseases
support this theory (Xu, Zarins et al. 2001). Additionally, compensatory arterial expansion takes
place in atherosclerosis in order to compensate for plaque growth (Ward, Pasterkamp et al.
2000). Thus, some authors suggest that excessive positive arterial remodeling triggers AAA
development (Ward, Pasterkamp et al. 2000, Golledge and Norman 2010). An alternative
theory, proposed by Golledge and Norman in 2010, suggests that AAAs and atherosclerosis
can develop separately and thereupon each condition can potentially trigger the other
(Golledge and Norman 2010). The term atherosclerotic aneurysm is therefore also outdated
(Eiseman and Hughes 1956).
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The third theory states that the etiology of AAA is primarily genetic. A Swedish study focusing
on AAAs in twins demonstrated that the monozygotic twin of a person with a diagnosed AAA
is 71 times more likely to develop an aneurysm in comparison to twins that were both AAA-
free (Wahlgren, Larsson et al. 2010). Moreover, first-degree relatives of confirmed AAA
patients have an approximately two times higher risk than persons with no family history
(Larsson, Granath et al. 2009). This theory was also backed up by a recent genomic meta-
analysis by Jones et al., 2016 that found AAA-specific loci and also suggested a central role
for MMP9 (Jones, Tromp et al. 2017), leading back to the first theory.

1.1.3 Diagnosis

AAAs are usually asymptomatic and therefore present as an incidental finding during routine
abdominal imaging. Screening programs for high-risk populations such as those introduced in
some regions of the Australia, Norway, Sweden, United States of America and United
Kingdom, might improve earlier diagnosis (Lederle, Johnson et al. 1997, Jamrozik, Norman et
al. 2000, Singh, Bonaa et al. 2001, Svensjo, Bjorck et al. 2011, Oliver-Williams, Sweeting et
al. 2018). Some patients experience abdominal or back pain, and these AAAs are thought to
have a higher risk of rupture in comparison to asymptomatic AAAs (Moll, Powell et al. 2011).
If a patient with a previously diagnosed AAA is admitted to a hospital with signs of shock and
pain, it is highly likely that the symptoms are linked to a ruptured AAA and they should be
directly admitted for surgery without the need of any additional diagnostics (Moll, Powell et al.
2011). For all other patients, the presence and staging of an AAA is performed via diagnostic

imaging.

AAAs are usually diagnosed by computed tomography (CT), ultrasound (US), or magnetic
resonance imaging (MRI). Based on its high availability, low cost, high accuracy and simple
application, ultrasound is as of today (2021) the standard method for AAA imaging (Thompson,
Ashton et al. 2009, Hong, Yang et al. 2010). However, the presence of bowel gas or obesity
can limit the efficacy of US application (Hong, Yang et al. 2010). CT is often the imaging
modality of choice for post-surgery AAAs, since it is highly accurate and reproducible (Nyman
and Eriksson 2008), but it comes at the cost of ionizing radiation. In addition, patients with
reduced kidney function might develop acute kidney injury following intravenous exposure to
iodinated contrast agents. Therefore, MRI is considered a compelling alternative for AAA
imaging nowadays as it does not involve ionizing radiation while also being highly reproducible.
Moreover, it has been shown that MRI can detect endoleaks that were not visible by CT
angiography (Wicky, Fan et al. 2003) and it can also visualize the aneurysmal thrombus in
detail (Labruto, Blomqvist et al. 2011). Still, MR imaging is not as widely available as the

aforementioned techniques and it comes at a higher cost.



1 Introduction

The current clinical AAA staging and decision on surgical repair are calculated based on AAA
size on imaging with those larger than 5.5 cm carrying a substantial risk (Lederle, Johnson et
al. 2002, Scott, Kim et al. 2005, Moll, Powell et al. 2011). However, AAA size acquisition is not
harmonized amongst imaging modalities and there are no reading guidelines, often leading to
high variability and under- or overtreatment of patients (Tomee, Meijer et al. 2021). Both the
external and the internal aortic diameter could be measured in ultrasonography (Moll, Powell
et al. 2011, Oliver-Williams, Sweeting et al. 2018), which accounts for 2 - 5 mm size difference
and may cause potential misinterpretations (Moll, Powell et al. 2011). The measurements also
vary between different imaging modalities, with CT measurements consistently higher than US

measurements in the same patient (Manning, Kristmundsson et al. 2009).

1.1.4 Treatment

Currently, there is no widely accepted pharmaceutical therapy that causes aneurysm growth
to cease (Kokje, Hamming et al. 2015). While some therapies such as propranolol (Brophy,
Tilson et al. 1988), calcium channel blockers (Takahashi, Matsumoto et al. 2013), angiotensin-
converting enzyme inhibitors (Borhani, Lee et al. 2000), platelet inhibitors (Dai, Louedec et al.
2009), antidiabetic drugs (Wang, Guo et al. 2019), statins (Steinmetz, Buckley et al. 2005) and
doxycycline (Pyo, Lee et al. 2000) showed promising results in animal models, the translation
to a clinical trial was not clearly promising for any of the aforementioned (Kokje, Hamming et
al. 2015). One recent clinical trial demonstrated that metformin, an antidiabetic drug leads to
decreased AAA enlargement in diabetic AAA patients, yet it remains unknown whether the
same effect applies to non-diabetic AAA patients (ltoga, Rothenberg et al. 2019). The
Guidelines of the European Society for Vascular Surgery recommends prescribing statins to
all patients diagnosed with AAA, since statins reduce the overall risk of cardiovascular
diseases (Wanhainen, Verzini et al. 2019). A recent AAA therapy approach that shows positive
results in animal models but has not yet been tested in human patients includes different micro
ribonucleic acids (miRNAs) and miRNA inhibitors (Maegdefessel, Azuma et al. 2012,

Maegdefessel, Azuma et al. 2012, Maegdefessel, Spin et al. 2014).

Since no effective pharmaceutical therapies are available for AAAs, the only effective
treatment option is surgical repair (Golledge 2019). Surgical aneurysm repair is recommended
for the following aneurysm types: (1) large and asymptomatic; (2) symptomatic, regardless of
size; (3) ruptured, regardless of size (Moll, Powell et al. 2011). For patients with small AAAs
and those that are unfit for surgery, there are no treatment options available (Golledge 2019).
Surgical aneurysm repair can be divided into two main categories: elective and emergency.
Regarding elective surgery, the decision on whether to operate or to wait is based on a cost-
benefit analysis between aneurysm size, rupture risk and mortality (Moll, Powell et al. 2011).

Traditionally, a laparotomy is performed and the aneurysm is replaced by a synthetic graft.
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This method is also known as an open repair (Dubost, Allary et al. 1951). The second method
available is an endovascular aneurysm repair (EVAR), which relies on an intraluminal stent
graft positioned through retrograde cannulation of the femoral artery (Parodi, Palmaz et al.
1991). While the data on EVAR suggests an early survival advantage (Powell, Sweeting et al.
2017), this method still has some considerable disadvantages, e.g. repetitive post-procedure
imaging surveillance (Cantisani, Grazhdani et al. 2015), and frequent endoleaks, defined by
persistent perfusion of the aneurysmal sac by either arterial side branches or by stent leaks
(Cantisani, Grazhdani et al. 2015, Powell, Sweeting et al. 2017). Nonetheless, EVAR is
currently the method of choice in many regions of the world when attainable (Townsley, Soh
et al. 2021), as it is associated with reduced surgery length, reduced blood loss, trauma, pain,

length of hospital stay and requires local anesthesia only (Moll, Powell et al. 2011).

1.1.5 Animal models of abdominal aortic aneurysms

The purpose of studying AAA in animal models is twofold. On one side, the pathology of AAAs
is not completely deciphered, so that by varying different factors, both environmental and
genetic, the initiating mechanisms of AAA can be analyzed in an experimental setting. On the
other side, animal models are used in the search for efficient pharmacological therapies,
improved surgical repair techniques and advanced prosthetics (grafts and stents) as well as
optimizing imaging techniques in preclinical research. One of the most common rodent AAA
models is the angiotensin Il (Ang Il) - infused Apolipoprotein E deficient (ApoE~") mouse model.
Originally introduced as an atherosclerosis disease model, the development of AAAs in this
mouse strain originated as an accidental finding (Daugherty, Manning et al. 2000). This model
mimics some important human aneurysm characteristics such as pronounced inflammation
and aortic rupture, as well as confounding factors such as smoking (Wang, Zhang et al. 2012)

and male sex (Henriques, Huang et al. 2004).

The following paragraph briefly describes the ApoE~~ Ang Il AAA mouse model, as employed
in our lab. More information about the detailed practical applications of this model is available
under Publication 1 and Publication 2. In order to induce an AAA, a surgical implantation of an
Ang ll-filled osmotic minipump is performed (Lu, Howatt et al. 2015). The osmotic minipump
consists of a body and a flow moderator, has a total size of approximately 2 cm, is implanted
in the dorsal neck area and is — in our experience — tolerated very well by the animals. The
amount of Ang Il is calculated individually for each mouse, based on the animal’'s weight.
Combined intraperitoneal anesthesia (500 pg/kg medetomidine, 50 pg/kg fentanyl, and
5 mg/kg midazolam) is applied and once an anesthetic level of surgical tolerance is achieved,
a surgical field of approximately 1.5 x 1 cm is prepared by shaving, disinfecting and draping
the surrounding area. The pump is then inserted in a subcutaneous pouch in a caudal direction

using a hemostat. Lastly, the wound is closed by several (3-5) single absorbable sutures and
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the anesthesia is reversed by applying antidotes (2.5 mg/kg atipamezole, 1,200 pg/ kg
naloxone, 500 pg/kg flumazenil). After surgery, the development of AAAs expands over 4
weeks. In short, in the first days following implantation of an Ang IlI-filled minipump, an
infiltration of macrophages into the media of the suprarenal aorta occurs; simultaneously,
elastin degradation is initiated (Saraff, Babamusta et al. 2003). Subsequently, a medial break
leads to extensive lumen expansion and often, thrombus formation (Saraff, Babamusta et al.
2003). While in most mice the adventitia constrains the thrombus, approximately 10% of mice
suffer a fatal rupture at this stage (Saraff, Babamusta et al. 2003). This could possibly be
explained by the parallel occurring hypertrophy of the adventitia and an imbalance between
the medial degradation and the adventitial thickening (Manning, Cassis et al. 2002, Saraff,
Babamusta et al. 2003, Trachet, Aslanidou et al. 2017). The formation of the intramural
thrombus occurs approximately a week after AAA induction and is accompanied by an
inflammatory response and continuous ECM remodeling. Re-endothelialization of the dilated
lumen and formation of a “neomedia”, covering the breakage site are often seen (Daugherty,
Rateri et al. 2006). Additionally, pronounced neovascularization of the adventitial layer takes

place (Saraff, Babamusta et al. 2003).

The following table represents an overview of various techniques and animal models for the
induction of AAAs.

Table 1. Animal models of abdominal aortic aneurysms (AAA). The “/”symbolizes models
that develop AAAs while the “X” represent phenotypes that were shown to be protective for
aneurysmal development.

0
[]
<
,,, 8
= L
:
a s 2
& 3| e > E
: o g 5|23
X S <= = w | 2 g
— [} S o S -
= | E 2lel2|S|z|2 |58
) 6| s | 8|z |3 |&8|=|28
S| 2 o c | = c s | © | £
e | = * £ o c I I > | €
sl is |2 | 2|8 |s|L|B|5|s
=) i |2 o = [} c t c - i
c |2 & © o [ o o o .2 7]
< o w o (&) = x < (O] a 1]
Mouse
ApoE™" v (Daugherty, Manning
et al. 2000)
ApoE™ x eNOS™~ V4 (Kuhlencordt, Gyurko
et al. 2001)
Blotchy mouse N4 (Brophy, Tilson
et al. 1988)
B6129 v (Laser, Lu et al. 2012)
C57BL/6J v (Bhamidipati, Mehta
etal. 2012)
C57BL/6J N4 (Chiou, Chiu et al. 2001)




1

Introduction

n
S
0 L
c i)
g g
3 S 2
& g | g 2l a|f
3 o E s ) c | ©
_ | £ 2 S8 g8 e
= o = o © 2
15| |58 5|3/ E|8|2|¢8
= o ) c | 2 c c | = ® | £
|1 g5 || E|s| S| | =8| »|E
o = 8 = g < o 2 ° © ]
213 8 3/5|8|5([5|5|2|3
<O (W |loOo|loOo |2 | X|<|O |0 |m
C57BL/6J v v (Kanematsu, Kanematsu
et al. 2010)
C57BL/6J v (Lu, Su et al. 2017)
C57BL/6J v (Bergoeing, Arif et
al. 2007)
C57BL/6N v v (Ji, Zhang et al. 2014)
CD437" X (Zhou, Yan et al. 2013)
IL-177 X (Sharma, Lu et al. 2012)
LDLR™ v (Cassis, Gupte et al. 2009)
MMP9 ~~ X (Pyo, Lee et al. 2000)
pCPB™~ v (Schultz, Tedesco
et al. 2010)
TIMP~ v (Eskandari, Vijungco
et al. 2005)
Tsukuba mouse N4 (Nishijo, Sugiyama
et al. 1998)
129/SvEv v v (Buckley, Wyble
et al. 2004)
Rat
Fischer-344 rat v (Allaire, Muscatelli-Groux
et al. 2002)
Wistar rat v v (Mata, Prudente
et al. 2011)
Sprague-Dawley rat v (Tanaka, Zaima
et al. 2015)
Rabbit
New Zealand white v (Bi, Zhong et al. 2013)
rabbit
New Zealand white v N (Bi, Zhong et al. 2013)
rabbit
New Zealand white v v (Bi, Zhong et al. 2015)
rabbit
Dog
Beagle v (Boudghéne, Anidjar
et al. 1993)
Pig
Unknown race N4 v (Molacek, Treska
et al. 2009)
Yorkshire N4 v (Hynecek, DeRubertis
et al. 2007)
Unknown race v v v v (Czerski A 2013)
Taiwanese Lanyu v (Lin, Wu et al. 2013)
minipig
Unknown race v (Riber, Ali et al. 2017)
Fish
Zebrafish v (Folkesson, Sadowska

et al. 2016)




1 Introduction

1.2 Imaging modalities for abdominal aortic aneurysms

This chapter focuses on the underlying theoretical foundations of MRI, magnetic particle
imaging (MPI), magnetic particle spectroscopy (MPS), magnetic resonance elastography
(MRE) and related contrast agents to facilitate understanding of the relevant concepts

introduced in the present work.

1.2.1 Magnetic resonance imaging

MRI represents a non-invasive, radiation-free imaging technique that makes use of magnetism
and low-energy radiofrequency signals to obtain images of the body. Generally, an MRI
scanner consists of radiofrequency coils for signal generation and transmission, gradient
magnets and a main magnet with field strength ranging from 1.5 Tesla (T) for clinical

applications to 10.5 Tesla for experimental purposes (Yacoub, Grier et al. 2020).

MRI relies on a quantum mechanics model, illustrating how nuclei spin around their own axes
and act as small magnetic dipoles. A proton has a net +1 positive charge and a net unbalanced
nuclear spin and therefore, a nuclear magnetic moment. Hydrogen is the most frequently used
nucleus for clinical imaging, yet sodium, carbon-13 or phosphorus imaging is also possible
(van Geuns, Wielopolski et al. 1999). Normally, the magnetic moments of those nuclei cancel
each other out, resulting in a zero net magnetic vector. When an external magnetic field is
applied, the nuclei orient either parallel or antiparallel to the external field. The parallel
alignment is associated with lower energy and is therefore the preferred positioning, while the
antiparallel alignment requires more energy. Under those circumstances, the net
magnetization vector results from the difference in both alignments. When aligned with or
against the magnetic field the individual nuclei are not motionless, but rather precess around
the direction of the external magnetic field. The frequency, at which the precession occurs is
defined as the Larmor frequency and is dependent on the strength of the magnetic field and
gyromagnetic ratio of the nucleus. Since the net magnetization vector of the nuclei is static, it
does not produce any measurable signal. Therefore, radiofrequency (RF) energy pulses equal
to the Larmor frequency value are applied. As a consequence, a part of the protons jump from
the parallel to the antiparallel, higher energy alignment and are “forced” to precess in phase.
The resulting net magnetization now flips 90° from to the transverse plane and induces an
alternating current that can be measured by placing a receiver coil in vicinity of the patient. By
switching the RF frequency off, protons return to their low energy state, the magnetization
decays and the resulting signal also decreases over time. The relaxation time is defined as the
time required for the signal to return to equilibrium. There are two independent types of
relaxation, namely longitudinal and transverse relaxation. The process of realignment to the
external magnetic field after exposure to a 90° RF pulse is defined as the longitudinal relaxation

and the time required for this process is defined as T1 relaxation time. On the other hand, the
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transverse relaxation represents the loss of phase coherence of the spins. The time required
for the transverse relaxation is defined as T2 relaxation. Both the T1 and T2 values of various

tissues can differ.

In order to create an MR image out of the received signals, slice selection, frequency and
phase encoding are performed. For slice selection, a small superimposed magnetic gradient
is added along the magnetic field. Frequency and phase encoding provide information on the
individual points within a slice. For phase encoding, a temporary gradient is applied between
the RF and the signal readout, resulting in a phase shift of the spin precessing. By switching
off the gradient, the spins will precess within the original frequency, yet a small phase change
remains. By repeating this process, multiple different phase encodings are acquired. In order

to differentiate between pixels with the same phase encoding, frequency encoding is applied.

1.2.2 Magnetic particle imaging

MPI represents a tracer-based imaging modality that quantitatively measures the temporal and
spatial distribution of magnetic nanoparticles. First introduced by Gleich and Weizenecker in
2005, this novel, radiation-free imaging method quickly gained momentum and is currently
employed in the preclinical imaging of the cardiovascular system (Bakenecker, Ahlborg et al.
2018), various cancers (Billings, Langley et al. 2021), stem cell tracking (Sehl and Foster
2021), theranostics (Tay, Chandrasekharan et al. 2021) and pathologies of the brain (Meola,
Rao et al. 2019, Makela, Gaudet et al. 2021). During interventional procedures, it is possible
to track instruments, e.g. balloon catheters in real-time by injecting a magnetic particle bolus
or, alternatively, by labeling or coating the catheter directly (Haegele, Rahmer et al. 2012).
Unlike the current clinical methods in interventional radiology — X-ray fluoroscopy and digital
subtraction angiography, MPI does not include any ionizing radiation, which is very

advantageous for both patients and medical personnel (Buzug, Bringout et al. 2012).

There are several different types of scanner architectures that have been developed by
different research groups across the world. The following text discusses the set-up used in the

MPI laboratory at Charité Universitatsmedizin Berlin.

While both MRI and MPI make use of magnetic excitation to create an image, the mechanism
behind both modalities differs. As described in the last chapter, conventional MRI relies on
nuclear magnetization while MPI employs electron magnetization. The main principle of MPI
is to use only the non-linear part of the magnetization answer of magnetic nanoparticles
(MNPs) in an oscillating excitation magnetic field. Excited by an external oscillating field (drive
field) the MNPs generate a linear part of the magnetization response and a non-linear part by
the higher harmonics. MPIl and MPS are based on the analysis of these higher harmonics. MPI
requires additionally a strong static magnetic gradient field (selection field) to enable the spatial

encoding. In the range of this selection field MNP at all positions are in saturation state due to
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the high field strength except only the center point, the field-free-point (FFP) where the field
strength tends to zero. In the FFP, the magnetic field vanishes. This FFP can be moved by
applying three orthogonal drive fields with slightly different frequencies on a Lissajous track in
a certain volume (Rahmer, Weizenecker et al. 2009, Rahmer, Weizenecker et al. 2012). During
the scan only the MNP at the FFP generate a non-linear magnetization response and become
visible by the higher harmonics in the received signal. More details on the technical background
of MPI can be found in Rahmer’s et al. publications from 2009 and 2012 (Rahmer,

Weizenecker et al. 2009, Rahmer, Weizenecker et al. 2012).

The scanner setup is based on a complex coil topology. In a closed-bore scanner, the mouse
is positioned in the center of the closed-bore scanner on a tube-like scanning bed. Static and
varying magnetic fields are generated by applying direct and alternating currents.
Electromagnetic coils are employed for magnetic field generation and for tracer signal
reception. The signal transmission setup consists of three types of coils - drive field coils,
selection coils and receive coils. In order to visualize 3D distribution, three pairs of drive field
and receive coils are needed. The different coil types can be constructed either as dedicated
or shared coils. After the raw signal is captured, a reconstruction method is needed to convert
the signal into an image. Kaczmarz’s algorithm, which is also applied in CT imaging, is used
for matrix-based image reconstruction, since it is time and memory effective (Zdun and Brandt
2021). A system matrix serves as a connection between the spatial distribution of the particles
and the corresponding Fourier transformed voltage signal. Pre-characterization of the system
matrix that involves signal response measurements is required. In short, the system matrix
represents a calibration system that analyzes the particle behavior at every position within the

scanner.

In comparison to other imaging modalities, MPI exhibits high sensitivity, spatial and temporal
resolution (Buzug, Bringout et al. 2012). The magnetization of ultrasmall MNPs in MPI is 108
times greater and the relaxation time is 10* faster compared to the proton magnetization and
T1 relaxation of water in a 1.5 T MRI scanner (Goodwill, Tamrazian et al. 2011). Taken
together, these effects translate into a superb signal-to-noise ratio (SNR). The exceptional
temporal resolution is illustrated in a study by Weizenecker et al., in which they imaged a
beating mouse heart and could trace the movement of the magnetic nanoparticles through the
cardiovascular system (Weizenecker, Gleich et al. 2009). In respect to spatial resolution, 1 mm
has been accomplished (Gleich and Weizenecker 2005). Moreover, the strength of signal in
MPI is proportional to the concentration of nanoparticles, so it is possible to perform
quantitative analysis based on this data. In addition, MPI has no depth attenuation and no
background signal which are both key features for angiography (Saritas, Goodwill et al. 2013).
Since animal tissue is diamagnetic, it does not generate any signal in MPI and appears

transparent. Based on this principle, arterial narrowing, dilatations and blockages can be
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visualized. This can even be performed real time and in 3D, which is one of the most important
advantages of MPI (Buzug, Bringout et al. 2012). Another benefit of MPI is that it is safe for
chronic kidney disease (CKD) patients. MRI- and X-ray contrast agents often contain
gadolinium or iodine, respectively, both of which could be problematic for patients suffering
from CKD (Broome 2008, Goldfarb, McCullough et al. 2009). Ferumoxytol, a clinically
approved MNP, is even currently prescribed for anemia treatment in CKD patients (Lu, Cohen
et al. 2010). More in-depth information on MRI/MPI tracers can be found in the following

chapter.

1.2.3 Magnetic nanoparticles for MRI and MPI

In recent years, the application of nanoparticles, usually defined as particles ranging from 1 to
100 nm (Bakenecker, Ahlborg et al. 2018), has been on the rise in various fields of research,
ranging from thermo-therapeutic cancer treatment to cell separation for biotechnological
purposes (Tartaj, Morales et al. 2003). For the purpose of MPI, iron oxide nanoparticles with a

single domain magnetic core are used (Buzug, Bringout et al. 2012).

These superparamagnetic iron oxide particles are non-toxic (Schneider and Lidtke-Buzug
2012), have a long history of application as MRI contrast agents and are therefore partially
commercially available. The safety application margin of MNPs is quite broad and only a
significant overdose of the tracer would lead to iron-overload-related toxic effects
(Panagiotopoulos, Duschka et al. 2015). Furthermore, MPI has higher sensitivity which means
that smaller amounts of tracer are sufficient to achieve adequate images. While the sensitivity
of MRI lies around 50 ymol(Fe)/L regardless of voxel size, in MPI it varies between 13
nmol(Fe)/L for a 1mm3voxel and 13 pmol(Fe)/L for a 1 cm? voxel (Gleich 2013). Most MNPs
magnetic core consists of a mixture of magnetite (Fez0O4) and maghemite (Fe203), coated with
dextran, polyethylene glycol, silica, chitosan to prevent agglomeration and improve their
physicochemical stability (Buzug, Bringout et al. 2012). In addition, the surface can be
functionalized by adding ligands, e.g. antibodies to allow for highly sensitive interactions within
biological systems (Wu, Su et al. 2020). Particles that have a magnetic core of around 30 nm
seem to be ideal for MP imaging (Gleich and Weizenecker 2005). Because of their
superparamagnetic nature, they show no remnant magnetization in the absence of an external
magnetic field. After injection, iron oxide nanoparticles are eliminated in the same route as
endogenous iron (Panagiotopoulos, Duschka et al. 2015). Most of the iron is deposited as
ferritin, an iron storage protein that is highly concentrated in reticuloendothelial system (RES)
tissues such as liver, spleen, lymph nodes or bone marrow (Panagiotopoulos, Duschka et al.
2015). MNP tracers are widely available, easy to handle and less costly than radionuclides

(Wu, Zhang et al. 2019). While some research groups develop their own, optimized MNPs,

12



1 Introduction

others rely on commercially available ones such as Resovist, Ferumoxytol, Synomag or
Perimag (Kaul, Mummert et al. 2017, Kratz, Taupitz et al. 2018, Liu, Chiu-Lam et al. 2021).

In regard to MRI, MNPs have the ability to shorten T2 relaxation times and are therefore used
as negative contrast agents (Bulte and Kraitchman 2004). In clinical MRI examinations, MNPs
are often used for liver imaging, since healthy liver tissue contains abundant phagocytic cells
that take up the MNPs, while pathologically altered areas show reduced uptake (Bulte 2019).
While MNPs represent effective contrast agents with a good safety spectrum, they have some
major drawbacks. First, MNPs are eliminated rapidly from the bloodstream, which can be
unfavorable for some applications (Bulte 2019). Second, since MNPs yield negative contrast,
it is difficult to distinguish the source of the produced signal. Other potential sources of “black
holes” in MRI are hemorrhages, trapped air and motion artifacts. In addition, MNPs are
detected indirectly by their influence on proton relaxation and, therefore, it is not possible to
assess the tissue concentration quantitatively (Bulte 2019). The abovementioned
disadvantages of MRI are non-existent when the same particles are applied in MPI, since it
causes positive contrast, has no background signal (Saritas, Goodwill et al. 2013) and can

differentiate between exogenous and body iron, as discussed in detail in the last chapter.

While the term contrast agent is usually applied for MR imaging and tracer is more common
for PET and SPECT, the current work views both terms as synonyms. On the one hand, the
same particles that are applied as MR contrast agents can be adopted for MPI. However, MPI
yields no background signal and therefore, there is no existing contrast between two signal
intensities to be compared. On the other hand, a tracer is usually associated with nuclear
imaging, yet magnetic particles are non-ionizing. Because of these discrepancies, we use both

synonymously.

A B

Figure 1. A visual representation of the magnetic properties of MNPs

A. MNPs without the influence of an external magnetic field. B. MNPs in the vicinity of a
small magnet (blue).
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1.2.4 Magnetic particle spectroscopy

Magnetic particle spectroscopy (MPS) can be described as a zero-dimensional magnetic
particle imaging without spatial resolution. MPS is often applied as a prerequisite for identifying
suitable particles for MP imaging by studying their magnetic spectrum, therefore both methods
share the same physical principles. A magnetic particle spectrometer specifically detects the
non-linear magnetic response of magnetic nanoparticles in an oscillating magnetic field. The
magnetic responses contain both the driving field frequency and the harmonic frequencies that
can be separated by filtering. By calibrating the measurements, quantitative comparisons of
samples in different environments can be assessed. An internal Fourier transformation of the
detected signal is performed. For the measurements, the sample is placed in a PCR tube in
the pick-up coil of the MPS system and the non-linear magnetization is collected by a receiver
coil. The relaxation processes are dependent on the physical conditions of the sample, e.g.
temperature, viscosity and binding state, therefore standardization of the experimental

conditions is of high importance.

1.2.5 Magnetic resonance elastography

The mechanical properties of pathologically altered tissues often differ from those of healthy
ones (Sarvazyan 1998). Historically, palpation has been used for centuries in the detection of
pathological masses in the thyroid, breast or prostate (Muthupillai and Ehman 1996). MRE
represents a novel noninvasive phase-contrast MR-based imaging modality for quantitative

assessment of the mechanical properties of tissues, based on the propagation of shear waves.

MRE has several advantages compared to other medical imaging techniques. Colloquially
titled “palpation imaging” (Muthupillai and Ehman 1996), MRE permits mechanical
quantification of body regions that are otherwise inaccessible to the physician’s hand without
surgery. While MRI detects the magnetic relaxation of tissues, X-ray/CT characterize tissue
radiation absorption and ultrasound measures acoustic echogenicity, none of those imaging
modalities is capable of assessing the mechanical properties of biological tissues. In addition,
the elastic modulus of tissue has a wider range of variability (over four orders of magnitude) in
comparison to tissue measurements acquired by MRI, CT and US (Manduca, Oliphant et al.
2001, Mariappan, Glaser et al. 2010). The expansive spectrum of MRE tissue values compared

to other imaging modalities allows for a more sensitive depiction of pathological alterations.

Since most animal tissues are neither completely solid nor completely liquid, they are best
described using the concept of viscoelasticity (Manduca, Oliphant et al. 2001). The governing
variable of MRE imaging is the elastic modulus, which is defined as the relationship between
stress and strain. In other words, the elastic modulus describes an object’s ability to sustain its

original size and shape when subjected to deforming. Shear stiffness is used in MRE as an
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approximation for the effective shear modulus at a specified frequency (Low, Kruse et al.

2016). Images of tissue stiffness are therefore often titled stiffness maps or elastograms.

The simplified set up of MRE is as follows: 1) a known cyclic mechanical stress is applied; 2)
the mechanical deformation is measured; 3) an elastic modulus is calculated (Muthupillai and
Ehman 1996, Tzschatzsch, Guo et al. 2016, Hirsch, Braun et al. 2017). MRE can be
implemented both on standard 1.5 T or 3T clinical MRI scanners as well as on experimental
animal MRI devices. Mechanical excitations can be produced by pneumatic, electromagnetic,
acousto-mechanic or piezoelectric actuator devices (Low, Kruse et al. 2016). When the waves
propagate through tissue, they cause cyclic spatial displacements (Muthupillai and Ehman
1996). Expected wavelengths can be matched to the field of view (FOV) to ensure acquisition
(Manduca, Bayly et al. 2020). In order to further improve the stability and reliability of the
acquired data, multiple vibration frequencies can be acquired (Sack, Beierbach et al. 2009).
The mechanical waves propagating through the tissue are calculated as a phase shift caused
by the cyclic motion of the spins and the displacement at each voxel is measured. By
integrating an additional modified phase-contrast imaging sequence in the MR imaging
protocaol, it is possible to measure the displacement patterns created by propagating shear
waves within the tissue of interest. This MRE sequence is based on a conventional MR imaging
sequence with additional motion-encoding gradients (MEGs). The MEGs can be applied along
all three planes of motion in order to capture the entire 3D wave vector. The MEGs and
mechanical excitations are usually synchronized by trigger pulses. Manipulation of the trigger
pulse is used to cause a small delay, known as a phase offset. By varying the phase offset
between the actuator and the MEGs, multiple wave images (4-8) are acquired (Low, Kruse et
al. 2016). Two types of raw images that give information about the shear wave progression
are obtained, namely magnitude and phase images. In the phase images, the signal from each
pixel represents the displacement vector in the measured direction. The data is then converted
into stiffness maps by calculating the wave speed per pixel using an inversion algorithm
(Tzschatzsch, Guo et al. 2016, Bertalan, Guo et al. 2019).

So far, MRE has been applied to quantify various healthy and diseased organs and tissues
ranging from skeletal muscle (Ringleb, Bensamoun et al. 2007), breast (Patel, Samreen et al.
2021), brain (Di leva, Grizzi et al. 2010), liver (Hoodeshenas, Yin et al. 2018), spleen (Yoon,
Shin et al. 2019), kidneys (Zhang, Zhu et al. 2018), uterus (Zhang, Long et al. 2021), lungs
(McGee, Hubmayr et al. 2009), aorta (Khan, Fakhouri et al. 2018), to prostate (McGrath, Lee
et al. 2017). The first clinical application of MRE is the detection and staging of liver fibrosis,
which is highly reproducible and currently implemented in many hospitals around the world
(Shire, Yin et al. 2011, Low, Kruse et al. 2016).

15



1 Introduction

Figure 2. An overview of the imaging devices used in this study

A. Clinical 3T magnetic resonance imaging scanner. B. Magnetic particle imaging scanner,
C. Preclinical 7T magnetic resonance imaging scanner. D. External magnetic resonance
elastography driver device.
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2 AIMS AND OBJECTIVES

The objective of the current work is to assess novel imaging modalities for AAAs in a murine

model, by testing following hypotheses:

1) Magnetic resonance elastography allows us to reliably image AAAs and characterize

extracellular matrix changes in the aneurysmal thrombus.

2) Magnetic particle imaging enables the visualization and quantification of iron oxide

nanoparticles in AAAs, which in turn reflects the degree of inflammation.
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5 DISCUSSION

5.1 Imaging ECM remodeling within the aneurysmal thrombus with MRE

MRE represents a promising novel imaging modality that can noninvasively deliver information
about the biomechanical constitution of tissue. This could be especially invaluable in AAA
imaging, since ECM remodeling influences the stability of the aorta (Dobrin and Mrkvicka
1994). The presented results strongly indicate that MR elastograms can reliably depict the

spatial distribution and concentration of ECM proteins in the aneurysmal thrombus.

Elastin and collagen are two of the main ECM components and make out approximately 50%
of the dry weight of large human arteries (Harkness, Harkness et al. 1955). Therefore, it is
unsurprising that both proteins play a major role in the development of AAAs. Elastin — as the
name suggests, provides elasticity and contributes to aortic expansion during systole and
recoil during diastole (Wagenseil and Mecham 2009). Conversely, collagen is responsible for
the tensile strength of the arterial wall and maintains the structural integrity of the vessel during
pressure changes (Wagenseil and Mecham 2009). Normally, ECM remodeling is essential for
development and tissue homeostasis, however in the case of AAA it becomes dysregulated
and excessive. Elastolysis results in a shift of mechanical stress from the elastic lamellae to
collagen fibers, which are 100 to 1000 times stiffer than elastin (Wagenseil and Mecham 2012).
As a result of aging and tissue injury, elastin is replaced with collagen since elastin expression
is mostly supressed in adult mammals (Wagenseil and Mecham 2012). In addition, non-
enzymatic irreversible glycation of long-lived collagen and elastin, also known as advanced
glycation end products (AGEs) can also cause stiffening of the arterial wall (Lee and Cerami
1992, Verzijl, DeGroot et al. 2000, Bailey 2001). The resulting ECM proteins are less
susceptible to hydrolytic turnover and are stiffer than regular collagen or elastin (Lee and
Cerami 1992, Winlove, Parker et al. 1996, Konova, Baydanoff et al. 2004, Diez 2007). Previous
studies from our working group resonate with the current results, showing that decreased
levels of elastin could cause rupture (Brangsch, Reimann et al. 2019). Furthermore, our
findings resonate with those of Dong et al who report a significant decrease in elastin density

in a porcine MRE model (Dong, Russell et al. 2020).

The role of collagen in the pathophysiology of AAA is not yet completely deciphered — while
some studies support our results and show a lower collagen content in AAA (McGee, Baxter
et al. 1991), others show no difference (Gandhi, Irizarry et al. 1994) or even a higher collagen
content (Menashi, Campa et al. 1987) compared to a healthy artery. It is possible that these
differences arise from the lack of standardization of sample acquisition, measuring methods
and protocols or from age differences. Following the ECM remodelling theory, collagen content

might also fluctuate during AAA progression due to neosynthesis (Satta, Juvonen et al. 1995)
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with rupture occuring when the balance is shifted towards collagenolysis (Sakalihasan, Limet
et al. 2005).

Another important factor in the pathology of AAAs is the presence of an aneurysmal thrombus.
In humans, the intraluminal thrombus is an active and complex biological entity and its
influence on AAA rupture has been studied with great interest over the last decades. ILTs act
as a source of proteases (Fontaine, Jacob et al. 2002) and can appear quite heterogenous,
demonstrating either distinct layers with varying consistency and microstructure or no apparent
organization (Tong, Cohnert et al. 2011, Barrett, Cunnane et al. 2018, Leach, Kao et al. 2019).
According to Adolph et al., the ILT is crossed by a continuous network of endothel-lacking
cavities, also known as canaliculi (Adolph, Vorp et al. 1997). In this regard, our findings are
consistent with previous publications on both human and animal AAAs and highlight the

translational potential of the Ang Il - infused murine model (Klink, Heynens et al. 2011).

The morphology and structure of the thrombus in turn affect the biomechanical characteristics
of the aneurysm wall. A more compliant ILT results in higher wall stress than a less compliant
ILT and vice versa: a stiffer ILT leads to a more pronounced reduction in wall stress (Riveros,
Martufi et al. 2015). However, the wall under a newly formed, soft, more compliant and not
extensively remodeled thrombus might be stronger than the wall under an older ILT (Riveros,
Martufi et al. 2015). In other words, the protective biomechanical characteristics that a thick
ILT offers by lowering wall stress are canceled out by the weakening of the AAA wall (Haller,
Crawford et al. 2018). The ILT-covered wall is thinner and demonstrates signs of inflammation,
ECM degradation and SMC apoptosis more frequently (Kazi, Thyberg et al. 2003). Moreover,
ILTs with large pores, fissures and cracks result in an increased wall stress compared to non-
fissured ILTs (Polzer, Gasser et al. 2011). This is also reflected in ex vivo biomechanical testing
on human AAA specimen, demonstrating that well organized thrombotic tissue reduces the
effects of pressure load on the aneurysmal wall (Di Martino, Mantero et al. 1998). Future
studies focusing on longitudinal in vivo AAA tracking would be beneficial to study the

mechanisms discussed above in a biological system.

So far, the applications of vascular MRE have been demonstrated in normotensive,
hypertensive and aneurysmal aortas of humans and swine (Kolipaka, Woodrum et al. 2012,
Xu, Chen et al. 2013, Kolipaka, lllapani et al. 2016, Dong, Mazumder et al. 2017, Schaafs,
Schrank et al. 2020). To the best of our knowledge, Kolipaka et al. (2016) were the only group
to report on the role of thrombi in the context of AAA (Kolipaka, lllapani et al. 2016). However,
only the impact of the amount of thrombus on the overall aortic stiffnes was analyzed and no

input on the morphology or biomechanics of the thrombus itself were provided.
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The limitations of our study are mainly related to the ex vivo experimental set up. A detailed
depiction can be found in the published version of the paper. Due to the small body size and
multiple confounding factors, e.g. movements of the aorta during the cardiac cycle, diminuitive
thickness of the aorta, high pulse rate, difficulty to construct a reliable set-up, it was not
possible to accurately image the wave propagation in the aneurysm in vivo. In addition,
increasing the number of mice involved in the study would boost the statistical power of our

data.

5.2 Imaging inflammation with MPI

The second key process in the aneurysmal development besides ECM degradation is
inflammation. Chronic aortic inflammation leads to ECM degradation and SMC apoptosis as a
result of inflammatory cell influx and the release of a wide range of proteolytic enzymes
(Golledge 2019). Especially macrophages and monocyte recruitment appear to play a major
role in AAA inflammation (Temme, Yakoub et al. 2021). We demonstrated that MNPs taken up
by resident macrophages can be used as a surrogate marker of inflammation for MP imaging
of AAAs.

AAA development in humans involves a variety of inflammatory cells with macrophages and
lymphocytes being more abundant than mast cells and neutrophils (Koch, Haines et al. 1990,
Curci, Liao et al. 1998, Daugherty and Cassis 2002, Galle, Schandene et al. 2005, Tsuruda,
Kato et al. 2008). Macrophages release a variety of proinflammatory cytokines such as TNFA,
IL1B, IL6, as well as MMPs that contribute to ECM degradation (Pearce, Sweis et al. 1992,
Szekanecz, Shah et al. 1994, Sakalihasan 1996). Phagocytic cells are recruited to injury sites
by different chemokines and degraded ECM, leading to a positive feedback loop and chronic
inflammation (Dale, Ruhiman et al. 2015). Since macrophages display plasticity, they can
polarize to various phenotypes. The M1 phenotype represents the classical activation cascade
and is responsible for the induction of tissue degradation by pro-inflammatory cytokine
production (Dale, Ruhiman et al. 2015). Contrarily, M2 macrophages are implicated in tissue
repair and inflammation resolution. Therefore, it is possible that an AAA occurs when there is

an imbalance between M1 and M2 type macrophages (Dale, Ruhiman et al. 2015).

The role of inflammation in murine AAAs is comparable to that in humans. In rodent AAAs,
both the innate and the adaptive immune system are involved in the pathogenesis of aneurysm
development (Daugherty, Manning et al. 2000, Steinmetz, Buckley et al. 2005, Bergoeing, Arif
etal. 2007, Wang, Zhang et al. 2012, Trachet, Piersigilli et al. 2016, Lu, Su et al. 2017, Trachet,
Aslanidou et al. 2017). Conversely, modification of both the innate and adaptive immunity
towards downregulation of aortic degradation has been shown to limit AAA development and
progression. Meng et al. demonstrated that regulatory T cells dose-dependently inhibit the

formation of AAAs in an Ang ll-infused murine model by decreasing the levels of oxidative
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stress, apoptosis, proinflammatory cytokines and MMPs while simultaneously increasing the
expression of IL10 and TGF-3 (Meng, Yang et al. 2014). In regard to innate immunity, it has
been shown that inhibition of mast cell degranulation also lead to reduced AAA development
(Tsuruda, Kato et al. 2008). Furthermore, neutrophil depletion also resulted in AAA attenuation
in a mouse model (Eliason, Hannawa et al. 2005). In spite of this, several clinical trials showed
that anti-inflammatory drugs were unsuccessful in preventing AAA progression (Lindeman,
Abdul-Hussien et al. 2009, Meijer and Stigmen 2014, Sillesen, Eldrup et al. 2015). Future
studies need to investigate the exact biochemical pathways involved in AAA inflammation to

identify possible effective pharmacological therapies.

The feasibility of MNPs as a surrogate marker for AAA imaging has already been demonstrated
by MRI in both animal and human studies (Turner, Olzinski et al. 2009, MA3RS Study
Investigators 2017). In MRI, MNPs cause shortening of the signal T2/T2* relaxation time which
translates in a signal void in the corresponding region. A recent prospective clinical study
suggested that AAA expansion rate and risk of clinical events could be predicted via MNP-
enhanced MRI (MA3RS Study Investigators 2017). Although the authors administered another
type of MNP, namely ferumoxytol, similar results can be expected with ferocarbutran. To our
knowledge, we were the first to test feasibility of MPI for imaging inflammation in AAAs.
Ferocarbutran was taken up by macrophages in the aneurysmal wall in high enough numbers
to produce abundant signal in MPI and MPS 24 hours after injection. In comparison to MR,
MPI has superior sensitivity (Buzug, Bringout et al. 2012) and does not visualize endogenous
iron (Wu, Zhang et al. 2019), therefore it can be expected that AAA expansion and potential

rupture could be predicted even more reliably with MPI than with MRI.

While many MPI-suitable MNPs are licensed as MRI contrast agents or are being used off-
label as such, there are still some concerns that should be addressed by future studies. Even
though it is widely accepted that iron oxide nanoparticles have an overall good safety profile,
they are still considered foreign bodies by the immune system and can potentially cause
immunosuppression, immune stimulation or hypersensitivity reactions in rare cases
(Dobrovolskaia, Shurin et al. 2016, Shah and Dobrovolskaia 2018, Geppert and Himly 2021).

Our work has two main limitations. First, the shadowing effect of the liver hindered us from
imaging the aorta in vivo. When two objects with a large difference in their iron content present
in the FOV simultaneously, the object containing less iron is suppressed and cannot be imaged
(Knopp, Gdaniec et al. 2017, Kratz, Mohtashamdolatshahi et al. 2019). This effect is observed
with the suprarenal portion of the aorta, which lies in proximity to the liver in the abdominal
cavity. Second, ex vivo imaging might cause changes in the MPI signal compared to in vivo

measurements. This is due to Néel and Brownian particle relaxation mechanism that are both
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dependent on viscosity (Zhou, Tay et al. 2018), which in turn can be influenced by the

temperature and aneurysmal environment.

5.3 The future of AAA imaging

In spite of major advancements of the scientific knowledge on AAA pathophysiology, the 5.5
cm size criterion still dictates the decision-making regarding surgical intervention (Scott, Kim
et al. 2005, Moll, Powell et al. 2011). It is accepted that rupture risk is associated with diameter,
with AAAs larger than 5.5 cm carrying a substantial risk (Lederle, Johnson et al. 2002) that
increases even further when AAAs expand more (Parkinson, Ferguson et al. 2015). In addition,
the aneurysm annual growth rate also appears to be significantly associated with clinical
events (Thompson, Cooper et al. 2010). While it is generally thought that small aneurysms are
not prone to rupture, some small aneurysms in fact suffer a rupture and some larger ones
remain stable (Thompson, Geraghty et al. 2002, Moll, Powell et al. 2011, Kent 2014). Thus,
using one single criterion for evaluating a pathology this complex seems somewhat simplistic.
Developing new methods for characterizing both the anatomical appearance of aneurysms,
and detecting ECM changes and inflammatory markers would help gain more complex insights

on rupture risk and make better informed decisions on surgical repair.

Since MRE can be added to virtually any commercial MRI system, the technical
implementation for future clinical application would be unproblematic. This was already
demonstrated for clinical liver fibrosis MRE (Shire, Yin et al. 2011, Low, Kruse et al. 2016). In
addition, since the elastographic measurements are integrated in the MR imaging procedure,
a substantial increase in both examination time and cost should not be expected. Unlike some
other organs e.g. liver or breast, taking a biopsy is not a feasible option for AAAs. Therefore,
it is even more important to have reliable data about the mechanical characteristics in order to
better plan and execute a potential surgical AAA repair. The feasibility of MRE for the
surveillance of liver transplant patients has been demonstrated recently (Singh, Venkatesh et
al. 2016). It would be interesting to see whether this can also be applied for post-surgery AAA
surveillance, more precisely for detailed imaging of endoleaks. As most MRE methodologies
utilize an external excitation unit that is applied on the skin surface, it is difficult to examine
tissues that are located very deep in the body, since part of the kinetic energy is lost in the
viscosity and the wave amplitude is attenuated over long distances (Tse, Janssen et al. 2009).

Accordingly, MRE imaging of the aorta is a tradeoff between spatial resolution and distance.

In regard to MPI, the current state of development can be compared to that of MRI in the 1980s
(Saritas, 2013). Even though the basic physics behind MRI and MPI differ, it is feasible to
create a dual-imaging scanner by adapting the same coils for generating the MRI By, field and
the MPI selection field and for receiving both generated signals (Franke, Heinen et al. 2016).

Since there are no fundamental hardware or physics limitations that prevent the construction

73



5 Discussion

of a bigger MPI scanner, it is only a matter of time, engineering and research to create a large
scale clinical scanner (Borgert, Schmidt et al. 2013). The first bimodal MPI-MRI tomographic
devices are currently being investigated (Franke, Heinen et al. 2013, Vogel, Lother et al. 2014).
Alternatively, a shuttle system can be constructed where the patient is transferred on the same
imaging bed from an MRI to an MPI scanner that are housed in the same room (Knopp,
Gdaniec et al. 2017), similarly to the early PET/CT and PET/MRI imaging developments. Since
no ionizing radiation is involved, MP1 would be especially useful in cases where routine imaging
is required. Nevertheless, the possibility of overheating needs to be further analyzed and
technical advancements need to take place in order to visualize larger body areas (Knopp,
Gdaniec et al. 2017). The potential applications of MPI for AAA imaging is twofold. On one
side, angiographic “first pass” MPI allows visualizing the circulating MNPs and the level of
lumen dilatation in 3D. The practicability of this approach was verified in a phantom
hemodynamics model (Sedlacik, Frolich et al. 2016) and in an in vivo angiography model of
healthy rat aortas (Mohtashamdolatshahi, Kratz et al. 2020). On the other side, by imaging the
same patient 24 hours later when MNPs have undergone extravasation and accumulation in

the AAA, we can indirectly determine the level of inflammatory activity.

5.4 The translational potential of the ApoE™~ mouse model

The knowledge of the pathophysiological development of human AAAs at different disease
stages is limited by the fact that tissue samples are available only at the time of surgery or from
postmortem examinations, when aneurysms are usually matured. Therefore, no “baseline”
data is available. Human AAAs present with a significant decrease in medial SMCs caused by
apoptosis (Lopez-Candales, Holmes et al. 1997), distortion and reduction of medial ECM fibers
(Lopez-Candales, Holmes et al. 1997) as well as inflammatory cell influx (Koch, Haines et al.
1990). All of those characteristics are mirrored by the Ang ll-infused ApoE~- mouse model
employed in the current work. Nonetheless, there are several important differences between

human and murine AAAs that should be mentioned.

First, while humans mostly develop infrarenal AAAs (Golledge, Muller et al. 2006), the location
in ApoE™" mice is the suprarenal aorta. The reason for this difference and the specific
mechanism for formation in those localizations of the aorta remains widely unknown. Some
authors hypothesize that murine Ang ll-induced AAAs develop in the suprarenal aorta
because this region has a higher degree of curvature (bending) (Goergen, Azuma et al. 2011).
In regards to human AAA location, it is possible that the decreased elastin to collagen ratio in
the infrarenal aorta is responsible for the predisposition to aneurysm development (Halloran,
Davis et al. 1995). To the best of our knowledge, there is no similar characterization study for
murine aortas. It remains unclear whether the different anatomical locations mirror different

AAA initiation mechanisms in terms of hemodynamics.
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Secondly, a growing body of literature argues that the Ang ll-infused mouse model represents
a pseudoaneurysm and not a true aneurysm, since it essentially develops encapsulated
extramural thrombi (Jiang, Jones et al. 2007). In other words, it mimics an aortic dissection
rather than an aortic aneurysm (Trachet, Aslanidou et al. 2017). This is illustrated by the
terminology of intraluminal thrombi in humans opposing to intramural thrombi in mice (Busch,
Bleichert et al. 2021). To the extent of our knowledge, Ang ll-infused models are the only
murine models that systematically develop thrombi with demonstrated biological activity. While
this partially applies to the combined elastase-BAPN mouse model as well, only half of those
animals develop a thrombus and there is no data about the biological activity of the latter (Lu,
Su et al. 2017, Busch, Bleichert et al. 2021). In contrast, over 90% of human AAAs exhibit
thrombus formation and there is abundant information on the molecular components involved
(Lukasiewicz, Reszec et al. 2012, Sakalihasan, Michel et al. 2018). Additionally, human
aneurysms also show intramural hemorrhage in some cases, similarly to those exhibited in our
mouse model (Busch, Bleichert et al. 2021). Therefore, even though there are histological
discrepancies between human and ApoE™" aneurysms, we believe that they represent a

reliable disease model for studying the main pathological characteristics of AAAs.
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Development and evaluation of novel imaging modalities for the characterization

of abdominal aortic aneurysms in a mouse model

An abdominal aortic aneurysm (AAA) is defined as a permanent local dilatation of the
abdominal aorta, usually accompanied by thrombus formation. Once ruptured, an AAA is
associated with an overall mortality rate of over 90%. Even though AAAs represent one of the
leading causes of sudden death in developed countries, the exact etiology and

pathophysiology have not yet been fully elucidated.

Nowadays, AAAs are clinically diagnosed by either computed tomography, ultrasound or
magnetic resonance imaging (MRI), yet those modalities only deliver information on the
aneurysm anatomy, size and form. It is generally accepted that AAA size correlates with the
probability for rupture and related clinical events. However, a growing body of literature argues
that the pathophysiology of AAA expansion is more multifaceted, with inflammation and
degradation of the extracellular matrix (ECM) playing a pivotal role. Visualizing the complex
nature of aneurysms requires the development of novel imaging modalities that facilitate more
detailed depiction of AAAs.

Magnetic resonance elastography (MRE) is an imaging technology that combines low-
frequency vibrations and MRI to create stiffness maps of body tissues. Remodeling of the ECM
during AAA progression leads to stiffness changes, providing a potential imaging marker.
Therefore, we assessed murine aneurysms by ex vivo microscopic multifrequency magnetic
resonance elastography (WMMRE). By examining the aneurysmal thrombus, we discovered
that regional variations in stiffness were strongly correlated to local histology-quantified ECM
accumulation. With this proof-of-concept study, we demonstrated that MRE represents a
suitable method for detecting shear wave speed changes reflected in varying stiffness values
in the aneurysmal thrombus that in turn are representative of ECM remodeling. With successful
clinical translation, this imaging modality could help detect potential fatal changes in the

biomechanical structure of the AAA mimicked by ECM changes.

Magnetic particle imaging (MPI) is an innovative imaging modality, enabling a highly sensitive
detection of magnetic nanoparticles (MNPs). Since MNPs are a suitable surrogate marker for
molecular targeting of macrophages and the aneurysmal development involves inflammation
as a fundamental process, we tested the feasibility of imaging AAA inflammation with MPI. We
demonstrated that the MNP accumulation in ex vivo murine aneurysms can be visualized and

quantified with MPI. In addition, the colocalization of macrophages and MNPs was visible in
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histology. The ability to detect the spatial distribution and local concentration of MNPs

establishes MPI as a promising tool for monitoring inflammatory progression in AAAs.
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7 ZUSAMMENFASSUNG

Entwicklung und Evaluierung von neuartigen Bildgebungsmodalitaten fiir die

Charakterisierung von abdominalen Aortenaneurysmen im Mausmodell

Als abdominales Aortenaneurysma (AAA) beschreibt man eine permanente, lokale Dilatation
des abdominellen Anteils der Aorta, meist begleitet von einer Thrombusbildung. Eine Ruptur
endet in Uber 90% der Falle toédlich. Auch wenn AAAs heutzutage eine der haufigsten
Ursachen fiir einen plétzlichen Tod darstellen, ist die genaue Atiologie und Pathophysiologie

bis heute nicht eindeutig entschlusselt.

Die klinische Diagnose eines AAAs erfolgt heutzutage mittels Computertomographie,
Ultraschall oder Magnetresonanztomographie (MRT), allerdings liefern die erwahnten
Bildgebungsmodalitaten rein anatomische Informationen zu der Grofle und Form des
Aneurysmas. Im Allgemeinen wird angenommen, dass das Rupturrisiko mit der AAA Grolke
zusammenhangt. Mehrere Studien haben jedoch gezeigt, dass die Pathophysiologie der AAA
Entwicklung facettenreich ist und dass Entziindung und Abbau der extrazellularen Matrix
(EZM) eine zentrale Rolle spielen. Um die komplexe Natur des AAAs widerspiegeln zu kénnen,
bendtigt man neuartige Bildgebungsmodalitaten, die einen detaillierten Einblick in die

Biomechanik und Molekularbiologie ermdglichen.

Die Magnetresonanzelastographie (MRE) ist eine neuartige Bildgebungsmethode, die auf die
kombinierte Anwendung von MRT und die Erzeugung von mechanischen Wellen flir die
viskoelastische Charakterisierung von Geweben beruht. Der Umbau der extrazellularen Matrix
stellt ein zentrales Geschehen in der Pathophysiologie des AAA Fortschritts dar. Aus diesem
Grund haben wir die Machbarkeit von MRE als bildgebendes Verfahren fiir die Analyse von ex
vivo AAAs von Mausen untersucht. Durch den Einsatz von MRE fiir die Bildgebung von dem
AAA Thrombus konnten wir regionale Unterschiede in der Wellengeschwindigkeit nachweisen,
was wiederum flr regional unterschiedliche Gewebesteifigkeit spricht. Diese Unterschiede
korrelierten stark mit der lokalen Verteilung und Konzentration von extrazellularen
Matrixproteinen. Eine zuklnftige klinische Translation dieser Methode wirde zu einer
verbesserten Einschatzung der biomechanischen Eigenschaften des AAAs fiihren, welches

eine verbesserte Risikoeinschatzung ermoglicht.

Die Magnetpartikelbildgebung (MPI) stellt ebenso eine neuartige Bildgebungsmodalitat dar.
Dabei handelt es sich um die hochsensitive Detektion von magnetischen Nanopartikeln
(MNPs) im Gewebe. MNPs stellen ein geeigneter indirekter Entziindungsmarker dar, da sie
von Makrophagen am Ort des Entziindungsgeschehens aufgenommen werden. In unserer

Studie haben wir die Umsetzbarkeit von MPI flr die Bildgebung der Inflammation getestet. Wir
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7 Zusammenfassung

konnten die MNP Akkumulation in den ex vivo AAA-Mausproben darstellen, sowie die
Kolokalisation von MNPs mit Makrophagen in der Histologie. Aufgrund der hochquantitativen
und ortlich aufgelésten Eisendarstellung gehdrt MPI zu den vielversprechendsten zukiinftigen

bildgebenden Verfahren fir AAAs in der medizinischen Diagnostik.
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