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Nothing in life is to be feared, it is only to be understood. Now is the time to understand 

more, so that we may fear less. 

Marie Curie  
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1 Introduction  

1.1 Abdominal aortic aneurysms  

Abdominal aortic aneurysms (AAAs) represent a cardiovascular disease with severe 

complications and represent the most common arterial aneurysms (1). An aneurysm is defined 

as a local permanent and irreversible dilatation of a vessel. Although aneurysms can occur in 

any region of the abdominal aorta, common practice restricts the definition of AAAs to 

aneurysms of the infrarenal aorta (2). The normal infrarenal aortic diameter depends on age, 

sex and body weight and represents 1.7 cm in elderly men > 50 years or 1.5 cm in women > 

50 years (3). An infrarenal aorta greater than 30 mm in diameter is considered aneurysmal 

representing an increase in size of more than 50%. The disease is more common in males 

than in females with a prevalence of 3% in women older than 50 years and 10% in men older 

than 65 years (1). Due to the ageing population and improvement of diagnostic tools, the 

incidence of AAAs is increasing steadily, causing 175 000 deaths per year globally (4). With 

the enlargement of the aneurysm, the risk of rupture increases (5). Ruptured AAAs represent 

a life-threatening emergency with an overall mortality rate > 90%. More than 50% of the 

patients die before reaching the surgical room (6-8).  

The exact causes of aneurysmal dilatation remain still unknown although AAAs can develop 

due to specific causes such as acute or chronic infections (brucellosis, salmonellosis, 

tuberculosis), connective tissue disorders (Takayasu disease, Marfan Syndrome) or trauma 

(2, 9, 10). The prevalence of aneurysms is strongly associated with several risk factors, 

including smoking, hypertension or hypercholesterolemia (6). Furthermore, relatives of 

patients with AAAs were reported to have a significantly increased risk for aneurysmal 

degeneration (11).     

 

1.1.1 Pathophysiology 

The pathophysiology of aneurysms involves two different key processes which are inseparably 

connected, degradation and inflammation (12). On the one hand, degradation of the 

extracellular matrix (ECM) proteins of the aortic wall contributes to the initiation and 

progression of AAAs (13) (Figure 1). Above all, elastin and collagen are involved in this 

process. Elastin is most abundant in the tunica media and provides an energy-independent 

elastic recoil in response to intraluminal pulse pressure (13). The fragmentation of elastin in 

the media results in progressive dilatation of the aorta (14). It was shown that a correlation 

between progressive medial elastin reduction, an increase in diameter and aortic rupture exists 

(15). The fragmentation of elastin is the decisive factor for the onset, progressive enlargement 
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and rupture of AAAs. Collagen also plays an important role in the development of AAAs. Two 

specific types of fibrillar collagen (type I and III) are present in the media and adventitia of the 

vessel wall and contribute to their tensile strength (14). The loss of collagen is also a relevant 

factor for the development and rupture of AAAs (14, 16). The reduced density of elastin and 

collagen in the aneurysmal aortic wall is a result of a defective synthesis and increased 

degradation by different specific enzymes (14). Various proteases produced by vascular wall 

cells, including medial smooth muscle cells (SMCs), adventitial fibroblasts and migrated 

inflammatory cells, are involved in this process. The highest elastolytic activity was reported 

for proteases of the family of matrix metalloproteinases (MMPs). Especially MMP-2 

(gelatinase, A/72 kDa), produced by mesenchymal cells, and MMP-9 (gelatinase, B/92 kDa), 

expressed by macrophages and neutrophils, demonstrates a significant proteolytic activity 

against elastin (17). Both are activated by plasmin, which is generated by plasminogen 

activators u-PA (urokinase-type) and t-PA (tissue-type) (18). The activity of MMPs is regulated 

by unspecific endogenous inhibitors, such as α2-macroglobulin and specific tissue inhibitors 

of metalloproteinases (TIMPs) (19). During the onset and progression of aortic aneurysms, an 

imbalance between MMPs and their respective inhibitors occurs. This imbalance results in an 

overall increase of proteolytic activity (20). Elastase is another enzyme involved in the 

degradation of elastin. In several experimental models of AAA, it was shown that elastase 

infusion results in aortic dilatation (21, 22). Concerning collagen, Menashi et al. measured an 

increase in the amount of collagen in the central part of AAAs due to the progressive reactive 

synthesis of new collagen fibers and the degradation of medial non-collagenous material (23). 

During the early stages of aneurysm formation, collagen synthesis increases, suggesting the 

activation of a compensatory repair mechanism. Nevertheless, with the progression of the 

disease, collagen degradation exceeds its synthesis and increases the risk of AAA rupture 

(24). Several studies confirmed collagenase activity in the aneurysmal wall, which may play 

an important role in the progressive expansion and rupture of AAAs (25). The proteolysis of 

ECM proteins not only causes disruption of the aortic wall, it is also essential for the initial 

translocation of inflammatory cells from the vascular lumen into the aortic media and adventitia 

(12) (Figure 1).  

This leads to the second key process of the AAA’s pathophysiology, inflammation. The 

inflammatory response comprises the full range of cell types, including macrophages, TH2-

cells (T helper cells), mast cells, B cells, NK (natural killer) cells and polymorphic neutrophils 

(26). These cells percolate through all layers of the vessel wall and secrete various humoral 

factors (24). The recruitment of inflammatory cells is initiated by proinflammatory cytokines, 

chemokines and specific changes in ECM proteins (14, 27). In this context, Koch et al. showed 

an increased expression of cytokine interleukin-8 (IL-8), chemotactic for neutrophils, 
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lymphocytes and endothelial cells, as well as the monocyte chemoattractant protein-1 (MCP-

1), a potent chemotactic cytokine for monocytes. Both are expressed by cells within the aortic 

wall such as macrophages and to lesser degree endothelial cells and smooth muscle cells 

(27). Additionally, the presence of elevated interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor 

necrosis factor-α (TNF-α) is associated with AAA disease (28). As a result of these 

inflammation processes, smooth muscle cell apoptosis and neovascularization occur in the 

medial wall (29, 30). The rarefaction of smooth muscle cells is caused by cytotoxic mediators 

such as cytokines, perforin and Fas death factor, expressed by macrophages and T-

lymphocytes. This process leads to a thinning of the tunica media (31). Medial 

neovascularization was shown to be spatially correlated with the destruction of elastin, chronic 

inflammation and hypoxia due to the mural thrombus (32, 33). The density of endothelial cells 

was shown to be 15-fold higher in AAAs compared to normal aortas (33). Because of the 

absence of vasa vasorum in the healthy human infrarenal aorta (34), neoangiogenesis is likely 

to play a significant role in AAA development by providing a route for recruiting pro-

inflammatory cells (8). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Development and progression of aortic aneurysms (From Brangsch J, Reimann C, 

Collettini F, Buchert R, Botnar RM, Makowski MR. Molecular Imaging of Abdominal Aortic 

Aneurysms. Trends in Molecular Medicine. 2017;23(2):150-64) 
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1.1.2 Clinical diagnosis 

The majority of AAAs is asymptomatic until rupture although a few patients report abdominal 

or back pain previous to the rupture of the AAA. In the case of AAA rupture, patients present 

hypotension due to a hemodynamic shock as well as different abdominal signs, including a 

pulsatile abdominal mass and a distended abdomen (35).  

The diagnosis of an asymptomatic AAA is often incidentally because of routine check-ups or 

examinations for other purposes. Abdominal palpation during routine physical examination 

reveals approximately 30% of asymptomatic AAAs as a pulsatile, expansile mass at or above 

the umbilicus (36). However, the sensitivity of physical examination is extremely dependent on 

abdominal girth as well as AAA diameter and can range from 53% to 100% (37). 

Identification and assessment of AAAs are usually performed with different imaging techniques 

including ultrasound (US), computed tomography (CT) or magnetic resonance imaging (MRI). 

Each of these imaging techniques has its advantages and disadvantages but offers a high 

diagnostic sensitivity (8).  

Because of its high sensitivity and specificity as well as its safety, availability and low costs, 

abdominal US is the method of choice for AAA screening and follow-ups. US is accurate within 

0.3 cm in estimating aortic diameter and may also show thrombus or echogenic calcifications 

in or adjacent to the aortic wall (36, 38, 39). US imaging is however limited in patients who are 

obese or have overlying bowel gas. Furthermore, the presence of periaortic disease, iliac 

aneurysms or the proximal and distal extent of the aneurysm cannot reliably be assessed (39).  

CT imaging provides a more accurate assessment of AAA size and morphology as well as 

clinical valuable information about the surrounding abdominal anatomy (35). Therefore, it is 

especially used for the diagnosis of suspected ruptured AAAs and in the preoperative work-up 

for the repair of AAAs. In contrast to US, there is no interobserver variation or limitation due to 

body size, obesity or bowel gas (39). The disadvantages of CT scanning include higher costs 

and exposure to radiation.  

The gold standard of the AAA identification is MRI in combination with magnetic resonance 

angiography (MRA). Although high costs, reduced availability and potential motion artefacts, 

as well as contraindications like patient claustrophobia or metal implants limit the widespread 

use of MR imaging (39), the high resolution yields an even more accurate detection and 

anatomical assessment of AAAs without the need of a contrast medium or ionizing radiation 

(40). 
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1.1.3 Management 

There are different management options for patients with asymptomatic AAAs including watch 

and wait using imaging, medical therapy and surgical treatment. The treatment of an intact 

aneurysm is essentially prophylactic to prevent fatal aortic rupture. The choice of treatment 

procedure is deduced from the estimated risk of rupture and surgery as well as the estimated 

patient’s life expectancy (2). There is a broad consensus that the risk of aneurysm rupture 

increases relative to aneurysm size although some small aneurysms occasionally rupture and 

some large do not (6, 8). AAAs larger than 5.5.cm show an almost exponential increase of risk 

of rupture and therefore require surgical repair (1, 41). The management of small aneurysm 

(4.0 – 5.5 cm in diameter) is much more controversial. Several large-scale trials like the Unites 

Kingdom Small Aneurysm Trial (UKSAT) and the Aneurysm Detection and Management 

(ADAM) Veterans Affairs Cooperative Study showed no survival benefit of patients undergoing 

preventive surgical repair compared to patients getting regular surveillance imaging (42-46).  
Two different surgical approaches for aneurysm repair are currently available: open surgery 

and endovascular repair. Open surgery includes an abdominal or flank incision followed by 

opening of the aneurysm sac and interposition of a synthetic graft while vessels above and 

below the AAA are controlled (6). Endovascular repair represents a less invasive technique 

which can be performed percutaneously with the patient under local anesthesia. A covered 

stent is intraluminal introduced through the femoral and iliac arteries and functions as a sleeve 

passing through the aneurysm sac, anchoring above and below the aneurysm in the normal 

aorta and iliac arteries (6). Patients undergoing endovascular repair show a reduced 

hospitalization time, shorter recovery time and return to baseline functional capacity and less 

blood loss compared to patients with open surgery. Furthermore, numerous studies showed 

significantly higher rates of short-term morbidity and mortality (1 to 3 years) of endovascular 

therapy although both techniques are associated with similar long term mortality (8 to 10 years) 

(6, 36, 47-49). Due to these advantages, endovascular repair is currently performed in more 

than 75% of patients undergoing aneurysm repair. However, some patients do not have an 

appropriate aortic anatomy for endovascular repair because of insufficient size of iliac vessels 

or a too short aortic neck above the AAA so that the stent could not be anchored (6).     

The probably most certain therapeutic approach to decrease the rate of AAA expansion is the 

reduction of risk factors. Tobacco smoking represents the main risk factor for AAA prevalence, 

incidence and progression. More than 90% of AAA patients have a history of smoking and 

several studies showed a significant correlation between continued smoking and increased 

aneurysm growth rate (50). Additionally, preclinical and clinical studies suggest that constant 

exercise can increase the abdominal aortic blood flow which may inhibit AAA expansion and 

may also reduce other cardiovascular events in AAA patients (51). The occurrence of AAAs is 
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furthermore thought to be associated with hypertension or hypercholesterolemia which 

suggests the control of these coexisting conditions with medications to reduce the incidence 

of cardiovascular events including aneurysm expansion although there is limited data available 

to support this hypothesis (see below) (6).  

A management option for patients with small to medium-sized aneurysms that are not 

surgically treated represents medical therapy. Because of the central role of matrix 

metalloproteinases in aneurysm development, pharmacologic inhibition of these proteases has 

gained in research interest. Doxycycline, a tetracycline analogue and nonspecific MMP 

inhibitor, was shown to effectively reduce MMP activity and could inhibit AAA formation and 

progression in various rodent models (52). So far, no clinical trial has shown any benefit of 

doxycycline therapy in AAA patients so far (53-55) although the results of a new large placebo-

controlled, double-blinded clinical trial testing doxycycline for inhibition of growth of small AAAs 

are currently under evaluation (56). A further antibiotic therapy with roxithromycin, a macrolide, 

was tested in two clinical randomized studies and showed a significant reduction of the 

expansion rate of small AAAs (57, 58). In the context of AAAs, macrolide antibiotics are not 

only applied due to their effects on MMP-expression but also due to their antibacterial effects. 

In this context the bacterium Chlamydia pneumoniae has been identified in the aneurysmatic 

aortic wall as well as infection with C. pneumoniae has been associated with faster expansion 

rate (1, 59).  

Statins (hydroxymethylglutaryl coenzyme A reductase inhibitors) represents a further class of 

medications for AAA therapy. Besides their cholesterol-lowering effects, a reduced expression 

of various inflammatory molecules, including MMP-2 and MMP-9, has been shown in 

preclinical and clinical studies (2, 60, 61). A meta-analysis of 13 observational studies 

investigating the influence of statins on the growth rate of AAAs demonstrated a significant 

preventive effect on small aneurysm growth (62). In contrast, a larger study by Ferguson et al. 

including 652 patients with small AAAs, revealed no association between statin prescription 

and AAA expansion (63). Nevertheless, there is evidence, that statin treatment reduces 

perioperative and long-term mortality as well as postoperative complications after AAA surgery 

so that a routine statin treatment of patients with small AAAs should be implemented (64).  

The use of beta-blockers, e.g. propranolol, to inhibit AAA expansion by lowering the arterial 

blood pressure was successfully investigated in various rodent studies. However, three big 

clinical trials failed to find a significant effect on the progression of AAAs in over 1000 patients 

(50). Furthermore, there is still no proof of a significant correlation between blood pressure and 

aneurysm growth whereas a current meta-analysis could show a correlation between blood 

pressure and AAA rupture rate (65, 66). Nevertheless, due to certain comorbidities, including 
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hypertension, coronary heart disease or chronic heart disease, there is still a valid indication 

for therapy with beta-blockers in patients with AAAs (1).    

Other medications which have been successfully tested in animal studies and, therefore, might 

protect from AAA progression represent angiotensin-converting enzyme (ACE) inhibitors and 

angiotensin-II type 1 (AT1)-receptor antagonists as well as angiotensin-II type 2 (AT2)-receptor 

agonists. By downregulation of the expression of adhesion molecules and proinflammatory 

cytokines as well as by decreasing degradation of ECM proteins, AAA progression was 

prevented in different experimental mouse and rat models (1, 67-70). However, the clinical 

data regarding a therapeutic effect of ACE- or AT1-receptor inhibitors or AT2-receptor agonists 

are controversial and until today, there is no clear evidence that these medications can limit 

AAA progression in patients (1, 51). 

In summary, no medication is currently in the guidelines for reducing AAA enlargement. On 

the other hand, the results of several ongoing large clinical trials using different kinds of medical 

therapies are still pending and numerous new therapeutic approaches are investigated in 

preclinical studies (71). Therefore, pharmacological treatment of AAAs could play a key role in 

aneurysm prevention and therapy in future. 

 

1.1.4 Small animal models of AAA 

For the investigation of crucial pathogenic factors of aneurysm development and new 

approaches regarding aneurysm therapy, animal models still provide the method of choice. 

The basic premise of animal models of human diseases is the imitation of cellular and 

biochemical characteristics in the development and progression of the disease. In the case of 

AAAs, animal models recapitulate several facts of the human disease including aortic medial 

degeneration, inflammation, thrombus formation and rupture (72).  

Especially mice have become dominant in biomedical research due to numerous advantages 

that include their small size, great comparability because of well-documented genetic 

backgrounds and the ability to create genetically engineered variants (72). The most commonly 

used mouse models of AAA are chemically induced by elastase, calcium chloride or 

angiotensin-II (Ang II).  

The infusion of porcine pancreatic elastase (PPE) into the infrarenal segment of the abdominal 

aorta has been initially established in rats (73) and has been modified for mice by Pyo and 

colleagues (74). 14 days after elastase perfusion a significant dilation of the aortic wall and 

extensive destruction of the elastic lamina together with a pronounced inflammatory infiltration 

was shown. Using this model, the role of matrix metalloproteinases MMP-9 and MMP-12 in the 

mural elastin destruction could be revealed as well as the potential of doxycycline as AAA 
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therapy (74, 75). In the following years, the model of elastase perfusion was also applied to 

rabbit and pig models (76, 77).  

The periaortic incubation of calcium chloride via a soaked gauze or direct placement of a 

concentrated solution between the aortic renal branches leads to a progressive increase in 

aortic diameter by 2 to 4 weeks after incubation in mice (78, 79). Furthermore, a structural 

disruption of the medial aortic wall, as well as inflammatory responses, has been shown. In 

contrast to elastase infusion, the periaortic incubation of calcium chloride does not cause an 

immediate aortic dilatation due to mechanical manipulation (72). This experimental AAA model 

was also introduced in rats, rabbits and pigs, often applied in combination with PPE perfusion 

(80-82).  

The most commonly used mouse model of AAA represents the infusion of angiotensin-II 

developed by Daugherty et al. (83). Ang II is delivered at doses of 500 to 1000 ng/kg/min via 

osmotic minipumps (Figure 3A) which are subcutaneously implanted in the dorsal neck region 

(Figure 2B, C).  

 

 

 

 

 

 

 

Figure 2: MRI compatible osmotic minipump implantation. After preparation of a subcutaneous 

tunnel in the dorsal neck region, the osmotic minipump is inserted gently through the skin 

incision (B). After pump insertion, the skin incision is sutured (C).   

Within 28 days after implantation, AAAs spontaneously develop in the suprarenal region of the 

abdominal aorta (Figure 3). The earliest changes are already visible at 1 to 4 days of Ang II 

infusion including disruption of medial elastic fibers at the sites of macrophage accumulation. 

Beyond 14 days of Ang II infusion, increased deposition of extracellular matrix in regions of 

former medial disruption and a reendothelization of the dilated lumen is shown. This animal 

model also includes the possible rupture of the aortic wall, causing a fatal abdominal 

hemorrhage in at least 10% of the mice. Although the administration of the vasoactive peptide 

Ang II was first thought to raise the blood pressure, several studies demonstrated that the 

arterial blood pressure was not altered by Ang II infusion in both anaesthetized and conscious 
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mice. However, an increase in blood pressure does not appear to account for the development 

of AAAs (72). Another characteristic of these mice is the enhanced propensity for AAA 

development in male mice showing an incidence almost twice that of females, while the 

reasons for this gender difference have not been defined yet (84). An important difference 

between human AAAs and those formed in Ang II-infused mice represents the location in the 

infrarenal versus suprarenal region. Currently, the mechanisms of AAA location in human 

disease and in this mouse model are still unknown (85). The majority of Ang II infusion studies 

have used hyperlipidemic mice, either low-density lipoprotein receptor knockout (LDL-/-) or 

apolipoprotein-E knockout (ApoE-/-) mice. ApoE represents a ligand for receptors that clear 

remnants of chylomicrons and very low-density lipoproteins from the blood. Therefore, a lack 

of ApoE causes an accumulation of cholesterol-rich remnants in plasma resulting in a 5 time 

higher plasma cholesterol in ApoE-/- mice (86). The absence of functional LDL receptors leads 

to an accumulation of cholesterol-rich lipoproteins in plasma as well, leading to a 7 to 9-fold 

increase in LDL (87). However, it was recently reported that AAAs can also develop in wild-

type C57BL/6 which represents the background strain of the hyperlipidemic mice, although the 

incidence of AAAs was much lower (72).  

 

 

 

 

 

 

 

Figure 3: Abdominal aortic aneurysms (arrow) formed in response to angiotensin-II (Ang II) in 

male ApoE-/- mice after 2 weeks (B) resp. 4 weeks (C) of Ang II infusion; control mouse infused 

with NaCl for 4 weeks (A).   

 

1.2 Magnetic resonance imaging (MRI) 

The use of magnetic resonance imaging (MRI) for medical investigations has provided a huge 

step forward in the field of diagnosis, especially with the avoidance of exposure to ionizing 

radiation. Due to decreasing costs and a rising availability, MR imaging is becoming more and 

more omnipresent in clinical practice (88).  
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1.2.1 Principles of MRI 

Atomic nuclei consist of protons and neutrons which have a positive charge. Certain nuclei 

spin around their own axes including hydrogen as the most frequently used nucleus for MRI 

as well as carbon-13, sodium and phosphorus. This spin induces a magnetic moment, 

generating a local magnetic field with north and south poles. Normally, these tiny magnets are 

randomly distributed but when submitted to a strong, external magnetic field (B0), the nuclei 

align either parallel with or perpendicular to this external field. The parallel alignment 

represents a lower energy state whereas the perpendicular alignment represents a higher 

energy state. To produce a measurable signal, the precessing spins have to be excited by a 

second radiofrequency (RF) magnetic field B1 which is applied perpendicular to B0 in short 

pulses of a certain frequency (Larmor frequency). Following the RF signal, the protons absorb 

the energy and transit to the higher level of the perpendicular state and the spins are “whipped” 

to precess in phase. As a result, the net magnetization flips 90° to a transverse plane, rotating 

around B0 at the Larmor frequency. This rotating magnetization induces a voltage that can be 

detected by a receiver coil which is placed around the animal or patient. When the RF 

frequency transmitter is switched off, the protons will transit back to the low energy levels, 

seeking the equilibrium state. The time required for the signal to return to the equilibrium is 

defined as the relaxation time (TR). There are two different types of relaxation processes. The 

longitudinal relaxation presents the process of realignment to the external magnetic field and 

is described by the relaxation time T1. T1 is defined as the time which is required for the system 

to recover to 63% of its initial signal value after the RF pulse has been applied. Water has a 

rather long T1 value (3000-5000 ms) and therefore appears dark on T1-weighted images, while 

fat has a short T1 value (260 ms) and appears bright. T1 can be manipulated by varying the 

repetition time which represents the time between the RF pulses. TR, therefore, determines 

how much longitudinal magnetization can recover between two pulses. The transverse 

relaxation is also called spin-spin relaxation and is characterized by the relaxation time T2. It 

describes the signal decrease due to the dephasing process of the spins induced by local 

magnetic inhomogeneities and spin-spin interactions. The time it takes for this dephasing to 

decay the signal to 37% of the original value is called T2 relaxation time which is always shorter 

than T1. On T2-weighted images fluids like water, urine or cerebrospinal fluid appear bright. 

The amount of transverse relaxation is controlled by the echo time (TE) which represents the 

time between the initial RF excitation and the acquisition of the signal. The contrast between 

different soft tissues in MRI is superb by visualizing the differences in T1 and T2 of different 

tissues (88-90). Another MRI sequence represents T2*-weighted imaging, also considered as 

“observed” or “effective” T2. T2* is always less than or equal to T2 and results from the 
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inhomogeneities of the magnetic field. T2*-weighted imaging is primarily used for the detection 

of deoxygenated hemoglobin, methemoglobin or hemosiderin in lesions or tissues which 

become hypointense in this sequence. Therefore pathologic conditions like cerebral 

hemorrhage, hemorrhage in tumor or thrombosed aneurysm can be depicted (91).  

A common clinical MRI scanner consists of the main magnet, gradient magnets, 

radiofrequency coils which transmit and/or receive the MRI signal, and associated signal 

processing equipment. A cryogenic superconducting magnet produces a static, stable, 

spatially homogeneous magnetic field, operating at 0.5 to 3 Tesla (T). Compared to that, the 

Earth’s magnetic field is at 0.00005 T. To conduct such huge currents the magnet has to be 

cooled close to the temperature of 0 K usually via immersion in liquid helium. Most of the 

currently available MRI scanners operate at a field strength of 1.5 or 3 T.  Higher field strengths 

provide an improved signal to noise ratio (SNR), higher spectral, spatial, and temporal 

resolution, and improved quantification resulting in a reduced imaging time (88, 90).  

 

1.2.2 MRI of abdominal aortic aneurysms 

MRI allows an accurate anatomical visualization of AAAs as well as the evaluation of thrombus 

and blood flow in the aorta. The use of MRI in AAA diagnosis has been demonstrated in 

patients with aortic aneurysm and aortic dissection about almost a decade ago. Magnetic 

resonance angiography was shown to be as sensitive as CT angiography or even more 

sensitive in the detection of endoleaks following endovascular repair (92). The development of 

imaging techniques that discriminate flowing spins in blood from those in stationary tissue, 

allows the visualization of a hemodynamic flow (93). Therefore, even without the application 

of contrast agents, MRA provides valuable anatomical and morphological information about 

AAAs and can, therefore, be used in patients suffering from possible contrast medium-related 

adverse reactions including renal failure, contrast-induced nephropathy or allergic reactions 

(92). The time-of-flight (TOF) method represents one MRA method and is based on the idea 

that T1 of flowing water is effectively shorter than T1 of stationary water. This could be 

explained by the fact that stationary spins are saturated by the radiofrequency excitation but 

in a flow these spins are constantly replaced by fresh spins with full magnetization, increasing 

thereby the signal. On the resulting MR images, blood appears bright while stationary tissue 

appears dark (Figure 4).  

In combination with gadolinium (Gd)-based contrast agents, MRA has become an even more 

valuable tool in the depiction of vascular structures (93, 94). Current contrast-enhanced MRA 

uses conventional Gd-contrast agents which are administered intravenously and subsequently 

distributed via the whole cardiovascular system. This however results in a very short imaging 
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acquisition window that is available to assure an adequate arterial contrast in the vessel of 

interest. This limitation of contrast-enhanced MRA could be overcome by further optimization 

of injection protocols and particularly by the development and investigation of new molecular 

contrast agents (94, 95).   

 

 

 

 

 

 

Figure 4: Magnetic resonance imaging of a male mouse A: Angiography of an experimental 

AAA (white arrows) in a male ApoE-knockout mouse at the level of the kidneys (white dotted 

arrows). B: Clinical 3 Tesla Siemens system. The mouse is positioned in a prone position on 

a microscope single loop coil (47 mm).   

1.3 Molecular MR imaging  

Molecular imaging represents a new multidisciplinary field in which the produced images reflect 

physiological and pathological cellular and molecular pathways within living organisms. 

Biological processes can not only be characterized but also quantified at a cellular and 

subcellular level (96). Concerning abdominal aneurysms, molecular MRI represents a new 

approach for diagnosis and characterization of the aneurysmal wall. Currently, the aortic 

diameter is the only determining parameter for the prediction of AAA rupture and the resulting 

management of the patient. Nevertheless, mounting clinical data show that AAA size is not a 

reliable marker. Patients with AAAs of identical size often demonstrate significant differences 

in morbidity, mortality and response to treatment. In addition, the management of medium-

sized AAAs still remains challenging. Molecular marker reflecting aortic wall destruction or 

inflammatory activity could therefore substantially improve the identification of patients for 

different interventions rather than relying on the aortic diameter alone (92, 97).   

 

1.3.1 Molecular imaging probes  

By taking the advantages of the traditional diagnostic imaging technique, molecular imaging 

introduces molecular imaging agents or probes, which specifically bind a target or biomarker 

of interest e.g. receptors or enzymes while retaining long enough in the system to be detected. 
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A molecular probe usually consists of a signal agent and a targeting moiety, connected by a 

linker. The targeting moiety could be any targeting ligand like peptides, antibodies or 

nanoparticles. As signal agents for MR imaging, magnetically active elements are used, 

including gadolinium(III) chelates and iron oxide particles (98). Gadolinium-based contrast 

agents are currently by far the most often used contrast agents in clinical practice and 

research. Free Gd ions have a biological half-life of several weeks and are primary cleared 

from blood by the kidneys and liver and therefore offer sufficient time to obtain high-quality 

images. Due to the toxic nature of free the gadolinium ions, it is necessary to bind the ion in a 

complex with a multidentate ligand, such as 1,4,7,10-tetraazacyclododecane-N, N’, N’’, N’’’-

tetraacetic acid (DOTA), to shield the ion from biological processes (Figure 5) (99). Gd 

complexes shorten the observed T1 relaxation time resulting in T1 contrast enhancement. In 

contrast, the use of iron oxide particles increases the T2 contrast by shortening the T2 

relaxation time. Small (SPIO) and ultra-small superparamagnetic iron oxide (USPIO) particles 

are readily phagocytized by cells of the reticuloendothelial system like active macrophages 

and thus act as a marker for inflammatory processes (92). Similar to other pharmaceuticals, 

efficacy and safety are two of the most important considerations for molecular probes. 

Furthermore, a high binding affinity and specificity to the target, high sensitivity and high 

stability in vivo are essential for clinical translation. To provide a high imaging quality and high 

contrast ratio, the imaging probe should show a high uptake and slow wash-out in target tissue 

as well as a low uptake and fast clearance from normal organs. Currently, there are several 

promising molecular probes under investigation in preclinical and clinical studies but the 

development of novel desirable molecular probes with clinical applicability remains challenging 

(98).  

 

 

 

 

 

 

 

 

Figure 5: Structure of a gadolinium-based contrast agent consisting of DOTA connected to a 

variable binding part (BP), which binds the target.  
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1.3.2 Preclinical molecular MR imaging 

Several preclinical studies investigated the potential of molecular MRI, using mainly small 

animal models. There are various different biomarkers of interest, based on the present 

understanding of the pathogenesis of AAAs. Especially the degradation of ECM proteins (e.g. 

elastin and collagen), as well as inflammatory processes, including the accumulation of 

macrophages, the release of cytokines (e.g. interleukins) and ECM degrading enzymes 

(MMPs), represent promising targets for tracking aneurysm progression or evaluating the 

effects of potential therapeutics (97). 

For the characterization of the temporal progression of experimental AAAs, Klink et al. used a 

paramagnetic/fluorescent micellar nanoparticles functionalized with a collagen-binding protein 

(CNA-35) for molecular MRI of collagen. AAAs were induced in male C57BL/6 mice via a 

combination of Ang II infusion and transforming growth factor β neutralization. The intravenous 

injection of CNA-35 micelles after 4 weeks of Ang II infusion resulted in a significant higher MR 

signal enhancement in the aneurysmal wall compared to non-specific micelles. Histological 

analysis demonstrated a clear co-localization of CNA-35 with type I collagen. To proof the 

predictive value of molecular MRI, it was tested whether molecular MRI can discriminate 

between stable AAA lesions and aneurysms that are prone to severely progress or rupture. 

CNA-35 micelles enhanced molecular MRI was performed at day 5 and 15 after the onset of 

AAA. Stable aneurysms were associated with increased expression of collagen fibers in the 

aortic wall and high CNA-35 uptake while ruptured AAAs showed a significant collagen 

degradation and low CNA-35 uptake (100, 101).  

Due to the crucial role of elastin fragmentation during the development and progression of 

AAAs, a molecular elastin-specific MRI probe was recently tested in several studies. Using 

different small animal models, including Ang II-infused ApoE-/- mice and a mice model of 

Marfan syndrome (Fbn1C1039G/+), it was possible to image and quantify the decrease of elastin 

content within the aortic wall (102, 103). In male ApoE-/- mice, the specific rupture site of aortic 

elastic laminae could be visualized even before the dilation of the aorta (103). This elastin-

specific probe offers, therefore, the potential to detect and quantify alterations of the aortic wall 

before aortic dilatation occurs. Furthermore, this probe was already successfully tested in a 

swine model of coronary injury for detection and quantification of vascular remodeling (104).  

To evaluate the potential of ultra-small and small superparamagnetic iron oxide particles as a 

marker of activated monocytes and macrophages, different studies were performed especially 

using Resovist®, a SPIO, and ferumoxtran‐10, an USPIO. Both were tested in an Ang II 

infusion ApoE-/- mouse model with MR imaging performed directly after particle injection and 

24h post-injection. A significantly reduced signal intensity was evident primarily along the 
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aneurysm shoulder and outer layer of AAA in correspondence with regions of macrophage 

infiltration, indicating acute inflammatory processes within the aortic wall (105, 106).  

Matrix metalloproteinases are further potential markers of inflammation in AAA formation and 

progression. MMPs were successfully targeted in an elastase-induced AAA rat model using 

the molecular probe P947. Rats showing a significant increase in MR signal following P947 

injection also showed high levels of pro-MMP-9 and pro-MMP-2 in the aortic media. In addition, 

the area of contrast enhancement on MRI images was clearly co-localized with the 

fluorescence generated by MMPs in the AAA inflammatory area, as detected by ex vivo 

analysis (101, 107).  

 

1.3.3 Clinical molecular MR imaging 

Clinical studies with AAA patients are of high importance and indispensable for the introduction 

of molecular imaging into clinical practice. Special attention has been recently paid to the use 

of MRI in combination with iron oxide particles in a clinical setting (101).  

Two clinical studies with overall 43 AAA patients demonstrated the potential of USPIO particles 

to detect focal inflammation within the aneurysmal wall. 25-36 hours following USPIO 

administration, T2* weighted MR imaging enabled the visualization and quantification of 

particle accumulation in the aortic wall. Furthermore, patients were followed-up to evaluate the 

predictive value of the molecular MRI. Patients who have shown the highest mural USPIO 

uptake, demonstrated a 3-fold higher AAA growth rate compared to those with lower particle 

uptake, despite having similar aortic diameters (108, 109). Therefore these studies proof once 

again that the aneurysm diameter is limited as a prognostic factor for the prediction of 

aneurysm expansion (101). Another study investigating SPIOs in AAA patients showed similar 

results. The decrease of MR T2* signal intensity as a result of SPIO phagocytosis by 

macrophages in the aneurysmal wall correlated strongly with levels of leucocyte infiltration and 

MMP-9 (101, 110). In 2017 the first prospective multicenter observational cohort study was 

published, investigating over 300 patients with AAAs using USPIO-enhanced MRI and 

consequent monitoring and clinical follow-up for ≥ 2 years. This prospective clinical study was 

the largest and the first to demonstrate that USPIO-enhanced MRI identifies cellular 

inflammation and predicts the rate of aneurysm expansion as well as the future risk of 

abdominal aortic aneurysm rupture or repair (111).  

In contrast to iron oxide particles, gadolinium-based probes or other nanoparticles have not 

been tested so far in a clinical setting due to relatively high regulatory hurdles (101).  
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2 Aims and Objectives of the Thesis 

The aim of this thesis is the evaluation of in vivo molecular MR imaging for the analysis of an 

AAA mouse model, by verifying three hypotheses:  

Hypothesis 1: Magnetic resonance imaging using an elastin-specific imaging probe in 

combination with iron oxide particles enables the diagnosis and characterization of different 

stages of abdominal aortic aneurysms in a mouse model.  

Hypothesis 2: Information from a combined application of both molecular probes, enables a 

reliable prediction of aortic rupture.  

Hypothesis 3: Molecular MR imaging using an elastin-specific imaging probe enables the early 

visualization and quantification of therapeutic effects of the interleukin-1β inhibitor 01BSUR on 

aneurysm development. 
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Abstract 

Background: Molecular magnetic resonance imaging is a promising modality for the 

characterization of abdominal aortic aneurysms (AAAs). The combination of different 

molecular imaging biomarkers may improve the assessment of the risk of rupture. This study 

investigates the feasibility of imaging inflammatory-activity and extracellular-matrix-

degradation by concurrent dual-probe molecular MRI in an AAA-mouse-model.  

Methods: Osmotic minipumps with a continuous infusion of Ang II (angiotensin II; 

1000ng/[kg.min]) to induce AAAs were implanted in apolipoprotein-deficient-mice (N=58). 

Animals were assigned to two groups. In group 1 (longitudinal-group, n =13), imaging was 

performed once after 1 week with a clinical dose of a macrophage-specific iron oxide based-

probe (ferumoxytol, 4 mgFe/kg, surrogate marker for inflammatory activity) and an elastin-

specific gadolinium-based probe (0.2 mmol/kg, surrogate-marker for extracellular matrix 

degradation). Animals were then monitored with death as end-point. In group 2 (week-by-

week-group), imaging with both probes was performed after 1, 2, 3, and 4 weeks (n=9 per 

group). Both probes were evaluated in 1 magnetic resonance session. 

Results: The combined assessment of inflammatory activity and extracellular matrix 

degradation was the strongest predictor of AAA-rupture (sensitivity 100%; specificity 89%; area 

under curve, 0.99). Information from each single probe alone resulted in lower predictive 

accuracy. In vivo measurements for the elastin- and iron oxide probe were in good agreement 

with ex vivo histopathology (Prussian blue stain: R²=0.96, P<0.001; Elastica van Giesson stain: 

R²=0.79, P<0.001). Contrast-to-noise-ratio measurements for the iron oxide and elastin-probe 

were in good agreement with inductively coupled mass spectroscopy (R²=0.88, R²=0.75, 

P<0.001) and laser ablation coupled to inductively coupled plasma-mass spectrometry.   

Conclusion: This study demonstrates the potential of the concurrent assessment of 

inflammatory activity and extracellular matrix degradation by dual-probe molecular magnetic 

resonance imaging in an AAA mouse model. Based on the combined information from both 

molecular probes, the rupture of AAAs could reliably be predicted. 
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Clinical Perspective 

Abdominal aortic aneurysms (AAAs) are the third leading cause of death after myocardial 

infarction and stroke in the group of cardiovascular diseases. The incidence of AAAs has been 

continuously increasing, currently occurring in 3-4% of men aged over 65 years. Although there 

are several causes leading to aneurysm formation, including trauma or connective-tissue 

diseases, most AAAs are still categorized as ‘non-specific’. Regardless of the cause, 

progressive dilatation of the aortic-wall can result in AAA rupture, with a mortality rate of 

>90%.  Molecular MRI is a promising modality for the characterization of abdominal aortic 

aneurysms. The combination of different molecular imaging biomarkers may improve the 

assessment of the risk of rupture. This study demonstrates the potential of the concurrent 

assessment of inflammatory activity and extracellular-matrix degradation by dual-probe 

molecular MRI in an experimental mouse model of AAA. Based on the combined information 

from both molecular probes the rupture of AAAs could reliably be predicted, with higher 

accuracy compared to each probe alone. The combined in vivo quantification of these 

biomarkers in one imaging session may be useful to improve the in vivo characterization of 

AAAs. 
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Introduction  

Abdominal aortic aneurysms (AAAs) are the third leading cause of death after myocardial 

infarction and stroke in the group of cardiovascular diseases.1 The incidence of AAAs has been 

continuously increasing, currently occurring in 3-4% of men aged over 65 years.2 Although 

there are several causes leading to aneurysm formation, including trauma or connective-tissue 

diseases, most AAAs are still categorized as ‘non-specific’.2 Regardless of the cause, 

progressive dilatation of the aortic-wall can result in AAA rupture, with a mortality rate of >90%.3   

Formation, progression, and rupture of AAAs involve two key processes, which are inseparably 

connected: inflammation and extracellular-matrix (ECM) degradation, including the breakdown 

of elastic fibers. Both processes represent a key factor for the clinical outcome of AAAs.4  

During the initial phase of aortic aneurysm development, proinflammatory cells accumulate 

within the medial wall and produce cytokines and proteases leading to degradation, and 

dilatation of the aortic-wall.5 The breakdown of ECM proteins in the aortic-wall, especially 

elastin and collagen, leads to an inability of the vessel wall to withstand the pulsating 

intraluminal pressure.4 The stronger the inflammatory process and the more pronounced the 

degradation of ECM proteins, the higher the probability of AAA rupture.6  

For the diagnosis of AAAs in clinical practice, CT, magnetic resonance imaging (MRI), or 

ultrasound-based angiographic techniques are still the reference standard. Besides aortic 

diameter, there is currently no established biomarker available for the evaluation of risk of 

aortic rupture.2 In the past several years, molecular MRI has been successfully used for the 

visualization of proinflammatory cells and ECM proteins for the evaluation of AAAs.7-10 

However, the merits of a combined assessment of inflammatory activity and ECM degradation 

in 1 MRI examination has not been evaluated so far.  

The aim of the present study was to test the feasibility and predictive value of concurrent 

multitarget dualprobe molecular MRI for the in vivo characterization of AAAs in an experimental 

mouse model. Iron oxide particles were used for the visualization of the inflammatory activity 

whereas an elastin-specific gadoliniumbased probe was used to visualize ECM degradation.  



Concurrent Molecular Magnetic Resonance Imaging of Inflammatory Activity and 
Extracellular Matrix Degradation for the Prediction of Aneurysm Rupture 
 
 

 

21  

Methods 

The data that support the findings of this study are available from the corresponding author on 

reasonable request. 

Animal experiments 

All procedures were performed according to the guidelines and regulations of the Federation 

of Laboratory Animal Science Associations and the local Guidelines and Provisions for 

Implementation of the Animal Welfare Act. Male ApoE-knockout (B6.129P2-ApoEtm1Unc/J) were 

obtained from the Research Institute of Experimental Medicine at the Charité Berlin. For 

aneurysm induction, osmotic minipumps (Alzet model 2004, Durect Corp) were implanted 

subcutaneously in the dorsal neck region at the age of 8 weeks (n=36). For up to 28 days, Ang 

II (angiotensin II) was continuously infused with a rate of 1000 ng/(kg.min). Sham-operated 

ApoE-/-mice (n=9) delivered saline over a course of 28 days, serving as the control group. In 

group 1 (longitudinal study, n=13), the first day of imaging included imaging before and after 

the administration of 0.2 mmol/kg of an elastin-specific contrast agent. After the second 

magnetic resonance (MR) scan, a clinical dose (4 mg Fe/kg) of ferumoxytol was administered. 

After 24 hours, MRI was repeated, including imaging before and after the administration of 0.2 

mmol/kg of an elastin-specific contrast agent (Figure 1A). Animals were then followed up for 4 

weeks with death as end point, to evaluate the potential of both probes for the prediction of 

aneurysm rupture. In group 2 (week-by-week study), imaging was performed after 1, 2, 3, and 

4 weeks (n=9 per group) of Ang II infusion after administration of both probes (Figure 1B). Ex 

vivo analysis (histology, immunohistochemistry, inductively coupled mass spectroscopy (ICP-

MS), and laser ablation coupled to inductively coupled plasma-mass spectrometry) was 

performed after the final scan of each week (n=9 per week) to correlate in vivo with ex vivo 

results. As control, 9 ApoE-/- mice were implanted with osmotic minipumps primed with sodium 

chloride. Please refer to the Data Supplement for further details. 

 

Gadolinium-based elastin-specific contrast agent 

The elastin-specific probe (ESMA; Lantheus Medical Imaging, North Billerica, MA) is 

composed of the D-amino-acid homophenylalanine, which is linked to a gadolinium-

diethylenetriaminepentaacetic acid (Gd-DTPA) complex.11,12 Ex vivo measurements obtained 

a longitudinal relaxivity for the agent bound to mice aortas of 8.65±0.42 mmol/L−1 s−1 at 3 T.11 

This probe has already been introduced in different previous studies in the context of aortic 

aneurysm7,10,13 as well as atherosclerosis.11,12 In this study, a clinical dose of 0.2 mmol/kg was 

used and administered via the tail vein on day 1 and 2 of MR imaging. 
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Iron oxide-based macrophage-specific agent 

Iron oxide particles lead to a strong decrease in T1 and T2/ T2* relaxation time and therefore 

to a signal void in the corresponding MR images.14 In this study, we used ferumoxytol 

(Feraheme, AMAG Pharmaceuticals, Waltham, MA), an ultrasmall superparamagnetic iron 

oxide particle.15 With a relative size of 30 nm, the iron particles are phagocytized by cells of 

the mononuclear phagocyte system. Ferumoxytol shows a prolonged blood-pool-phase with a 

plasma half-life of 14 to 21 hours and delayed intracellular uptake.14 Therefore, MR imaging 

was performed 24 hours after administration of a clinical dose (4 mg Fe/kg) via the tail vein. 

 

In Vivo MR Experiments  

For all imaging sessions, a clinical 3T Siemens system (Biograph, Siemens Healthcare 

Solutions, Erlangen, Germany) and a clinical approved single loop coil (47 mm) were used. 

For details on the T1-weighted and T2*-weighted sequences please refer to the Data 

Supplement. 

 

Assessment of MRI signal 

Assessment of the gadolinium-based elastin-specific probe on T1-weighted sequences 

All resulting MR images were analyzed using OsiriX (version 7.1, OsiriX foundation). 

Morphometric measurements were conducted on high-resolution MRI images. For signal 

measurements, regions-of-interest were defined as areas of signal enhancement, which were 

colocalized with areas of aneurysmal aortic tissue. For these areas, the contrast-to-noise ratio 

(CNR) was calculated as follows: CNR = (combined vessel wall and aneurysmal aortic tissue 

signal – blood signal) / SD signal (noise). Noise was defined as the SD in pixel intensity from 

a region-of-interest placed in the background air anterior to the aorta.   

 

Quantification of iron oxide on T2*-weighted sequences 

The aortic aneurysm areas were assessed by comparison (subtraction) of precontrast T2*-

weighted MR images before iron oxide injection and images 24 hours postinjection. Using 

identical window and level settings, the areas of signal void within the regions-of-interest 

(mm2) were measured. Identical 2-dimensional segmentation parameters were used to 

establish areas semiautomatically. 
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Histological analysis of aortic aneurysms and aortic aneurysm morphometry 

Histological analysis is provided in Data Supplement. 

 

Immunofluorescence analysis 

Immunofluorescence analysis is provided in the Data Supplement. 

 

ICP-MS and element specific bioimaging using laser ablation coupled to inductively 
coupled plasma-mass spectrometry 

ICP-MS and Element Specific Bioimaging is provided in Data Supplement. 

 

Competition experiments 

Details on competition experiments are provided in the Data Supplement. 

 

Statistical Analysis 

Values are specified as mean±SD. For the comparison of continuous variables, a Student t 

test (unpaired, 2-tailed) was applied. Sensitivities and specificities of imaging measurements 

were compared with survival data of the animals (the reference standard). Linear regression 

was applied to determine the relationship between in vivo and the ex vivo measurements. A P 

<0.05 was considered to indicate a statistically significant difference. 
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Results 

For details on the study setup please see Figure 1. In sham-operated mice (n=9), which served 

as control-group and received a continuous saline-infusion for 28 days, AAA development was 

not observed (Figure 1 and 2).  

 

Concurrent molecular MRI of inflammatory activity and ECM degradation for the prediction of 

aneurysm rupture (group 1, longitudinal group) 

To evaluate the potential of multitarget MRI as a prognostic tool for aneurysm rupture, a 

longitudinal investigation of ApoE-/- mice was performed (group 1, longitudinal group, n=13). 

After 1 week of Ang II infusion, the administration of the iron oxide particles resulted in an 85% 

larger signal void on T2*-weighted images (P=0.004) in animals suffering subsequent deadly 

aneurysm rupture (n=4) compared with animals which survived (n=9; Figures 3A, 4A, and 4B). 

Based on the signal void resulting from the iron oxide particles, AAA rupture could be predicted 

with a sensitivity of 80%, a specificity of 89% (cutoff 0.565), and an area under the curve of 

0.91 (Figure 3B). This finding suggests that the accumulation of proinflammatory macrophages 

within the aneurysmal wall represents a novel imaging biomarker for aneurysm rupture. 

After 1 week of Ang II infusion, the elastin-specific MR probe in animals, which died of 

aneurysm rupture, showed an 84% lower CNR (P=0.03) on T1-weighted images compared 

with surviving animals (Figures 3A, 4A, and 4B). Based on the signal from the elastin-specific 

probe, AAA rupture could be predicted with a sensitivity of 80%, a specificity of 78% (cutoff 

0.59), and an area under the curve of 0.82 (Figure 3C). This observation suggests that the 

breakdown of elastic fibers within the aneurysmal wall also represents a novel imaging 

biomarker for aneurysm rupture.  

The combined assessment of the iron oxide particles and elastin-specific probe demonstrated 

the highest accuracy for the prediction of aneurysm rupture with a sensitivity of 100%, a 

specificity of 89% and an area under the curve of 0.99 (Figure 3D), compared with each 

parameter alone.   

  

Concurrent imaging of inflammatory activity and ECM degradation for the characterization of 

different stages of aortic aneurysms (group 2, week-by-week-group) 

Ang II infusion resulted in an average increase of 81% in the aortic diameter after 7 days, of 

250% after 14 days and of 276% after 28 days (Figure I in the Data Supplement).     



Concurrent Molecular Magnetic Resonance Imaging of Inflammatory Activity and 
Extracellular Matrix Degradation for the Prediction of Aneurysm Rupture 
 
 

 

25  

In early-stage aneurysms, 1 week after Ang II infusion, the degradation of elastic laminae with 

an associated dissection of elastic fibers could be observed in vivo, using the elastin-specific 

probe and ex vivo with histology showing a dilation of the aortic lumen and the formation of an 

intramural hematoma in 70% of the mice. Simultaneously, an increasing MR signal void in the 

area of the aortic wall was observed based on the accumulation of the iron oxide particles and 

ex vivo histology. Between 2 and 3 weeks following Ang II infusion, further degradation of 

elastic fibers was observed, being associated with an additional increase in aortic diameter 

(Figure 5A1-7). Additionally, an increased inflammatory response was observed, which 

involved the infiltration of macrophages.  

In late-stage aneurysms, 4 weeks after Ang II infusion, strong ECM remodeling at the rupture 

site was observed characterized by expression of elastic fibers in vivo and ex vivo (Figure 5B1-

5B7).   

 

T2*-weighted MR imaging for the assessment of macrophage-specific iron oxide particles 

Before the administration of the macrophage-specific iron oxide particles, a bright circular 

lumen was observed on cross-sectional T2*-weighted images of the abdominal-aorta in all Ang 

II- infused and saline-infused mice. Twenty-four hours after ferumoxytol-injection, a significant 

MRI signal loss on T2* sequences could be observed in the aneurysmal aortic-wall of mice 

treated with Ang II infusion (Figure 5B3), whereas no significant MRI signal changes were 

found in control mice (Figure 2A3). The area of MRI signal void was localized in the aneurysmal 

wall close to dissection site and the area increased with AAA progression up to 4 weeks. In 

vivo MRI measurements showed a strong correlation with ex vivo analysis of Prussian blue-

stained iron particles on histological sections (y=0.11x+0.17; R²=0.96; P<0.001, Figure IIA in 

the Data Supplement).  

 

T1-weighted MR imaging for the assessment of the gadolinium-based elastin-specific probe 

A low CNR was measured in the aortic-wall on all MR scans before to the administration of the 

elastin-specific probe in Ang II- infused and saline-infused mice. After the administration of the 

elastin-specific agent, a significant increase (P<0.001) in CNR in the aneurysmal aortic wall 

was measured (Figure 5B2). These findings correlated with ex vivo measurements of elastic 

fiber density on histological sections using the Elastica van Gieson staining (y=0.09x+5.37; 

R²=0.79, P<0.001, Figure IIB in the Data Supplement). 
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Influence of the iron oxide particles on the visualization of the gadolinium-based elastin-specific 

probe and vice versa 

CNR measurements on T1-weighted images before and 24 hours after the administration of 

iron oxide particles were performed in a subgroup (n=9), showing a strong correlation between 

CNR measurements at both days (y=0.96x+0.27; R²=0.99; Figure IIIA in the Data 

Supplement). No significant difference (P=0.18) was measured between the 2 days, indicating 

that the iron oxide particles did not affect the visualization and quantification of the elastin-

specific probe on T1-weighted-scans. In addition, 24 hours after the administration of the iron 

oxide particles, T2*-weighted-imaging was performed before and 45 minutes after the 

administration of the elastin-specific probe. Measurements on T2*-weighted images before 

and after the administration of the gadolinium-based probe showed a strong correlation 

(y=1.03x-0.01; R²=0.97; Figure IIIB in the Data Supplement) and no significant difference 

(P=0.88) between both time points.   

 

Correlation of in vivo measurements of the elastin-specific probe with ex vivo histology 

To investigate the spatial distribution of elastic fibers in aortic aneurysms, histological sections 

were stained with the Elastica van Giesson staining, and the percentage of elastic fibers in 

relation to the overall adventitial area was determined. Histological ex vivo measurements 

were in good correlation with in vivo T1-weighted MR sequences using the elastin-specific 

probe (y=0.09x+5.37; R²=0.79, Figure IIB in the Data Supplement).     

 

Correlation of in vivo measurements of iron oxide particles with ex vivo histology and 

immunohistochemistry  

Immunofluorescence staining with an anti-CD68 monoclonal antibody as tissue macrophage 

marker was used to evaluate macrophage accumulation in the aneurysmal tissue (Figure 

5A7and 5B7). Perls Prussian blue staining and CD68-staining of adjacent histological sections 

confirmed the colocalization of macrophages and iron oxide particles (Figure IVA in the Data 

Supplement). A strong correlation was found between areas positive for CD68 and Prussian 

blue-stained areas in relation to the overall adventitial area (y=1.03x+0.80; R²=0.98; Figure 

IVB in the Data Supplement).  Additionally, a strong correlation was measured between the 

area of signal void on in vivo T2* sequences after the administration of the iron oxide particles 

and the ex vivo Prussian blue stain (y=0.11+ 0.17; R2=0.96).        
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Gadolinium concentration by ICP-MS 

Measurements by ICP-MS were performed in 12 mice (n=3 mice per time point and n=3 control 

mice). In vivo CNR measurements correlated strongly with ex vivo measured gadolinium 

concentrations by ICP-MS (Figure IIC in the Data Supplement). Also, a significant correlation 

between in vivo T2* measurements and ex vivo measured iron ions content by ICP-MS was 

observed (Figure IID in the Data Supplement). 

 

Spatial localization of the gadolinium-based elastin-specific probe and iron oxide particles 

using laser coupled mass spectrometry 

The spatial distribution of gadolinium and iron ions within the aneurysmal wall was visualized 

using laser ablation coupled to inductively coupled plasma-mass spectrometry. Sections of 

AAAs after 4 weeks of Ang II infusion (n=3) showed a strong co-localization of gadolinium with 

elastic fibers (Figure 6A3 and 6A4). Additionally, a clear colocalization of iron oxide particles 

with Prussian blue positive areas and macrophages (CD68) was demonstrated (Figure 6A5 

and 6A6). 

 

Competition experiments 

The specific binding of the elastin probe was shown by an in vivo competition experiment in 3 

mice (n=3) after 4 weeks of Ang II infusion. After the injection of a 10-fold higher dose of the 

nonparamagnetic europium-labeled elastin-specific probe, a significant decrease of CNR was 

observed compared with the administration of the gadolinium-labeled elastin-specific agent 

alone (Figure 6B). 
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Discussion 

This study demonstrates the potential of the concurrent assessment of inflammatory activity 

and ECM degradation by dual-probe molecular MRI in an experimental mouse model of AAA. 

Based on the combined information from both molecular probes, the rupture of AAAs could be 

reliably predicted, with higher accuracy compared with each probe alone. The concurrent in 

vivo quantification of these biomarkers in 1 imaging session could be useful to improve the in 

vivo characterization of AAAs.  

 

Molecular MRI for the characterization of aortic aneurysms 

Even though the pathophysiology of AAAs is not fully elucidated yet, inflammation was shown 

to be a key process in AAA development. Especially macrophages play a central role by 

secreting inflammatory cytokines and proteases, such as MMPs (matrix-metalloproteinases).4 

In this context, the degradation of the ECM is another key biological process for AAA 

progression, including the breakdown of cross-linked elastin and collagen. The loss of medial 

elastin fibers due to increased degradation by different enzymes is thought to be the initiating 

event of AAA development.16 Ongoing elastin degradation leads to reduced stability of the 

aortic wall.16  

Inflammatory activity and ECM degradation represent promising in vivo biomarkers to improve 

the characterization of aneurysms and prediction of aortic rupture. Previous studies have 

shown that the application of the gadolinium-based elastin-specific probe, which was also used 

in the present study, allows the in vivo visualization of changes in elastin composition of the 

aortic-wall at different stages of aortic aneurysms.7,17 Because of the shortening of the T1 

relaxation times, gadolinium-based probes are visualized as a bright signal on T1-weighted 

sequences and can therefore be distinguished from iron oxide particles, which appear as signal 

void on T2/T2*-weighted sequences.  

About iron oxide particles, several preclinical and clinical studies demonstrated the potential 

for imaging of macrophage activity in the aneurysmal wall.9,18 Especially the MA3RS study 

(MRI Using Ultrasound Superparamagnetic Particles of Iron Oxide to Predict Clinical Outcome 

in Patients Under Surveillance for Abdominal Aortic Aneurysms) demonstrated that iron oxide 

particle enhanced MRI could identify aortic wall inflammation in patients with AAAs and 

predicts the rate of aneurysm growth and clinical outcome.19  

In the late phase (12-24 h, uptake macrophages) iron oxide particles cause a local decrease 

in T2/T2* relaxation time, which corresponds to a signal void in the MR images. In a clinical 
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setting, patients with pronounced iron oxide particle accumulation within the aneurysmal wall, 

showed a 3-fold higher AAA growth rate compared to those with significantly lower particle 

uptake, despite having similar aneurysm diameters.18 In contrast, in the early phase (blood 

pool phase) iron oxide particles lead to a significant shortening of the T1 relaxation time and 

can therefore also be used for the visualization of the vascular system in this initial phase. 

 

Concurrent molecular MRI of inflammatory activity and ECM degradation for the prediction of 

aneurysm rupture   

To our knowledge, this is the first study to show the feasibility of a dual-probe approach in a 

concurrent MR imaging session. In the present study, animals suffering subsequent deadly 

aneurysm rupture, showed a significantly higher MR signal void in the aneurysm wall in vivo 

after 1 week of Ang II infusion, compared with animals which survived. In our study, the iron 

oxide particles enabled the prediction of AAA rupture with a sensitivity of 80% and a specificity 

of 89%. This finding suggests that the accumulation of proinflammatory macrophages 

visualized by MRI within the aneurysmal wall represents a predictive marker for aneurysm 

rupture.  

Regarding the ECM, after 1 week of Ang II infusion, a significantly stronger breakdown of 

elastic fibers in the aneurysmal wall was observed by MRI after one week of Ang II infusion in 

animals suffering subsequent deadly aneurysm rupture compared with animals which 

survived. The elastin-specific probe enabled the prediction of AAA rupture with a sensitivity of 

80% and a specificity of 78%. This observation suggests that the breakdown of elastic fibers 

within the aneurysmal wall also represents a predictive imaging biomarker for aneurysm 

rupture.  

Even though these 2 key processes, inflammatory activity, and ECM degradation, are 

inseparably linked, they represent 2 independent processes during the development and 

potential rupture of AAAs. Although one process reflects the cellular component, the other 

comprises the ECM component of AAA development. If both processes overlap or occur 

simultaneously, the formation of aortic aneurysm is most likely. In this study, we could show 

that the combined assessment of both imaging probes demonstrated the highest accuracy for 

the prediction of aneurysm rupture with a sensitivity of 100% and a specificity of 89%. These 

findings underline that there is an additional and independent value of each parameter to the 

other and that the combined MR based assessment of both processes improves the risk of 

rupture prediction in AAAs. 
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Translational potential of this study  

For a potential clinical application of concurrent imaging with 2 different MR probes in 1 imaging 

session, it is of high importance that there is no influence of the iron-based probe on the 

visualization and quantification of the gadolinium-based probe and vice versa. As part of this 

study, we could demonstrate that the iron oxide-based probe does not affect the visualization 

and quantification of the elastin-specific probe on T1-weighted scans. We could also show that 

the gadolinium-based probe does not affect the visualization and quantification of the iron 

oxide-based probe on T2*-weighted scans.  

This study has further advantages in clinical translation. The iron oxide-based agent 

ferumoxytol is approved by the Food and Drug Administration for the treatment of iron 

deficiency anemia in adults and is currently used as an MRI agent in a clinical setting. Both 

agents in this study were administered at a clinical dose. Despite using an ultrahigh field 

preclinical MR scanner for small animals, imaging was performed using a clinical 3 T MR 

scanner. Therefore, relaxation, rotational correlation, and signal properties can be directly 

translated to human application. Additionally, molecular size and composition, as well as 

clearance of the gadolinium-based probe, are comparable to contrast agents already used in 

clinical practice.11 

 

Mouse model used in this study 

The small animal model used in this study is one of the most commonly used AAA mouse 

models. In this model, AAAs develop spontaneously without the need for surgical intervention. 

The infusion of Ang II into male ApoE-deficient mice leads to a reproducible formation of AAAs 

in the suprarenal region.20 The formation of AAAs in this model recapitulates several facets of 

human disease including inflammation, thrombus formation, and rupture.21   

 

Study limitations 

One main difference between human AAAs and those formed in Ang II infused mice is that in 

ApoE-/- mice, AAAs develop in the suprarenal region.6,20  In addition, AAAs in human disease 

are generally not caused by dissection or intramural hematoma. Aortic dissections often lead 

on to the development of aneurysms but the vast majority of AAAs have a different 

pathophysiology. Ferumoxytol is not clinically approved for the assessment of aortic 

aneurysms and has to be used off-label with care because of potential risk of complement 
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activation. The elastin-specific-agent is also not approved for clinical use. The safety profile of 

both agents in combination has to be investigated before this approach can be translated into 

a patient setting. Regarding the use of ferumoxytol, it is not fully elucidated whether iron oxide 

uptake in the spleen does induce inflammatory macrophages that are then recruited to the 

inflammatory site. It was also suggested that iron oxide particles can be used to increase the 

M1 to M2 ratio in cancers with potential therapeutic benefit.22 These effects have to be 

thoroughly studied before a translation into a patient setting. 
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Conclusion 

This study demonstrates the potential of the concurrent assessment of inflammatory activity 

and ECM degradation by dual-probe molecular MRI in an experimental mouse model of AAA. 

Based on the combined information from both molecular probes the rupture of AAAs could 

reliably be predicted, with higher accuracy compared with each probe alone. The combined in 

vivo quantification of these biomarkers in one imaging session may be useful to improve the 

in vivo characterization of AAAs. 
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Figure Legends 

 

 

Figure 1. Experimental setup. 

A: In group 1 (longitudinal study), imaging in 1 magnetic resonance (MR) session was 

performed only once after 1 week (n =13) with a clinical dose of macrophage-specific iron 

oxide particles (ferumoxytol, 4 mg Fe/kg, surrogate marker for inflammatory activity) and an 

elastin-specific gadolinium-based (0.2 mmol/kg, surrogate marker for extracellular matrix 

degradation). Animals were then followed up until week 4 with death as end point. B: In group 

2 (week-by-week study), imaging was performed after 1, 2, 3 and 4 weeks (n=9 per group) of 

Ang II (angiotensin II) infusion after administration of both probes. Both probes were evaluated 

in 1 MR session. Ex vivo analysis was performed after the final scan of each week to correlate 

in vivo with ex vivo results.    
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Figure 2. In vivo dual-probe molecular magnetic resonance imaging (MRI) and ex vivo 
assessment of the abdominal aorta in sham-operated mice.  

A1, Time-of-flight angiogram showing the suprarenal abdominal aorta (aA), including the right 

renal-artery (rRA), of an ApoE-/- mouse after 4 weeks of saline infusion. The red line indicates 

the orientation of subsequently performed transverse MRI sequences and corresponding 

histological sections. A2 and A3, No pathological changes of the aortic-wall were observed in 

vivo using the elastin-specific probe on the T1-weighted sequences (A2) and iron oxide 

particles on the T2*-weighted sequences (A3) or on corresponding ex vivo histology (A4-A7). 

To highlight the anatomic correlation of both probes, an automatic image fusion was performed 

(black arrows). Scale bars represent 100 µm. HE, hematoxylin-eosin staining; MRA, magnetic 

resonance-angiography; and TOF, arterial time-of-flight.   
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Figure 3. Diagnostic accuracy of molecular magnetic resonance imaging (MRI) of 
inflammatory activity and extracellular matrix degradation for the prediction of 
aneurysm rupture.   

A, In animals suffering from aortic rupture, MRI with both probes demonstrated an elevated 

macrophage activity (P=0.004) and significantly lower elastin content (P=0.03) of the 

aneurysmal wall, compared with those surviving. B, Based on the MR signal void resulting 

from the iron oxide particles, abdominal aortic aneurysm (AAA) rupture could be predicted with 

a sensitivity of 80%, a specificity of 89%. C, Based on the signal from the elastin-specific probe, 

AAA rupture could be predicted with a sensitivity of 80%, a specificity of 78%. D: The combined 

assessment of both imaging probes demonstrated the highest accuracy for the prediction of 

aneurysm rupture with a sensitivity of 100%, a specificity of 89%. CNR indicates contrast-to-

noise ratio.    
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Figure 4. In vivo dual-probe molecular magnetic resonance imaging (MRI) of 
inflammatory activity and extracellular matrix degradation in animals with a stable aortic 
aneurysm and in animals with a fatal aortic rupture (longitudinal-group). 

A1 and B1, Time-of-flight angiograms showing a comparable suprarenal abdominal-aorta (aA; 

no significant difference in maximum size, P=0.78) of 1 male ApoE-/- mouse surviving (A1) and 

1 suffering from fatal aneurysm rupture (B1). A2 and B2, Precontrast T1-weighted magnetic 

resonance (MR) scans show no relevant signal of the aortic aneurysm prior to the 

administration of the elastin-specific probe. A4 and B4, A bright circular lumen/aortic aneurysm 

can be observed before the administration of the iron oxide particles. A3 and B3, In the 

surviving animal (A4), a strong enhancement of the elastin-specific probe in the ruptured aortic 

wall is visualized, indicating only a minor breakdown of elastic fibers. In the animal, which 

suffered a fatal aneurysm rupture (B4), only a weak enhancement from the elastin-specific 

probe can be seen, indicating a pronounced breakdown of elastic fibers. A5 and B5, In the 

surviving animal (A5), a minor signal void resulting from the accumulation of iron oxide particles 

in the ruptured aortic wall is visualized. In the animal, which suffered a fatal aneurysm rupture 

(B5), a strong signal void resulting from the iron oxide particles is visualized, indicating a 

pronounced influx of proinflammatory macrophages. The black arrows highlight the fusion of 

the elastin and iron oxide MR images to indicate the spatial relation of the different processes 

to each other. The solid arrows indicate the signal from the elastin-specific probe; the dotted 

arrows indicate the signal void resulting from the accumulation of the iron oxide particles. AAA 

indicates abdominal aortic aneurysm; MRA, MR angiography; and TOF: time-of-flight.  
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Figure 5. In vivo dual-probe molecular magnetic resonance imaging (MRI) of 
inflammatory activity and extracellular matrix degradation during the development of 
aortic aneurysms (week-by-week-group). 

A1 and B, Time-of-flight angiograms show the suprarenal abdominal-aorta (aA), including the 

right renal-artery (rRA), of a male ApoE-/- mouse after 2 weeks (A1) and 4 weeks (B1) of Ang 

II (angiotensin II) infusion. A2, On T1-weighted sequences, a weak signal enhancement 

resulting from the elastin-specific probe in the aneurysmal wall was observed after 2 weeks of 

Ang II infusion. B2, After 4 weeks of Ang II- infusion, a strong remodeling of the rupture site by 

an expression of elastic fibers was observed in vivo by MRI after the administration of the 

elastin-specific probe. A3, Only a minor signal void resulting from the iron oxide particles on 

T2* sequences was be appreciated after 2 weeks of Ang II infusion. B3, The most pronounced 

signal void was observed after 4 weeks of Ang II infusion reflecting an increased macrophage 

infiltration into the aneurysmal wall (white dotted arrows). A4-7 and B4-7, Ex vivo histological 

measurements using Perls Prussian blue staining and immunofluorescence for macrophage 

accumulation confirmed the in vivo findings. The solid arrows indicate the signal from the 

elastin-specific magnetic resonance (MR) probe; the dotted arrows indicate the signal void 

resulting from the accumulation of the iron oxide particles. Scale bars represent 200 µm. *Area 

of the thrombus. EvG indicates Elastica van Gieson; HE, hematoxylin-eosin staining; MRA, 

magnetic-resonance-angiography; and TOF, arterial time-of-flight. 
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Figure 6. Spatial localization of the elastin-specific gadolinium-based probe and the iron 
oxide particles in aortic aneurysms using Laser Ablation Inductively Coupled Mass 
Spectrometry (LA-ICP-MS) and competition experiments.  

A1 and A2, To get an anatomical overview of the histological AAA sections, the phosphorus 

distribution was measured using LA-ICP-MS. A3 and A4, LA-ICP-MS confirmed the in vivo 

measurements with the visualization of the elastin-specific gadolinium-based probe in the 

aneurysmal wall. A colocalization of gadolinium accumulation (A4) with the elastic fibers in the 

Elastica van Giesson stain was also demonstrated (A3). A4 and A5, LA-ICP-MS confirmed 

accumulation of the iron oxide particles in the aneurysmal wall. Additionally, the co-localization 

of iron accumulation (A6) and areas positive for Perls Prussian blue staining (A5) was 

demonstrated. Scale bars represent 500 µm. B: For the competition experiments, a significant 

decrease in the contrast-to-noise ratio compared to the administration of the gadolinium 

labeled elastin-specific agent alone was shown. MRI indicates magnetic resonance imaging. 
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Supplemental Methods 

Animal experiments 

Animal care and housing, as well as all procedures, were performed according to the 

guidelines and regulations of the Federation of Laboratory Animal Science Associations 

(FELASA) and the local Guidelines and Provisions for Implementation of the Animal Welfare 

Act. All animals were maintained under barrier conditions, administered a standard laboratory 

diet and provided water ad libitum. Male ApoE-knockout (B6.129P2-ApoEtm1Unc/J) were 

obtained from the Research Institute of Experimental Medicine at the Charité Berlin. At the age 

of eight weeks (n=45), osmotic minipumps (Alzet model 2004, Durect Corp) were implanted 

subcutaneously in the dorsal neck region. For up to 28 days angiotensin II (Ang II) was 

continuously infused with a rate of 1000 ng/kg/min (n=36). Sham-operated mice (n=9) 

delivered saline over a course of 28 days, serving as the control group. One, two, three and 

four weeks following minipump implantation, MR imaging was performed. At each time point, 

nine animals (n=9) were scanned within a 48 hours imaging session. The first imaging session 

included imaging prior to and following the administration of 0.2 mmol/kg of an elastin-specific 

contrast agent (ESMA, Lantheus Medical Imaging, North Billerica, Massachusetts, USA). 

Following the second MR scan, a clinical dose (4 mg Fe/kg) of ferumoxytol (Feraheme® AMAG 

Pharmaceuticals®) was administered. After 24 hours MRI was repeated including imaging 

prior to and following the administration of 0.2 mmol/kg of an elastin-specific contrast agent. 

Prior to MRI, animals were anesthetized by an intraperitoneal injection of a combination of 

Medetomidine (500 µg/kg), Fentanyl (50 µg/kg), and Midazolam (5 mg/kg). Following the first 

imaging session, anesthesia was antagonized using a combination of Atipamezole (2.5 

mg/kg), Naloxone (1200 µg/kg), Flumazenil (500 µg/kg), leading to an accelerated recovery 

time. Following the second imaging session, mice were sacrificed and exsanguinated by 

arterial perfusion of saline. The aorta including the right renal artery and the last pair of 

intercostal arteries was excised for histological examinations, ICP-MS and Laser-ICP-MS. 

Animals developing no abdominal aneurysm were excluded from the study (n=10).  

 

In vivo MR Experiments  

For all imaging sessions, a clinical 3T Siemens system (Biograph, Siemens Healthcare 

Solutions, Erlangen, Germany) and a clinical single loop coil (47 mm, Siemens Healthcare 

Solutions, Erlangen, Germany) were used. To avoid rapid cooling during the imaging, body 

temperature (37 °C) of the mice was monitored using an MR-compatible heating system 

(Model 1025, SA Instruments Inc, Stony Brook, NY). Following anesthesia injection, the 
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animals were positioned in a prone position on the microscope (47 mm in diameter) single loop 

coil. To establish a venous access for the administration of the contrast agents into the tail 

vein, a small diameter tube with an attached 30G cannula was used. 

 

Elastin imaging using T1-weighted sequences 

The imaging protocol included the following sequences. For an anatomical overview and 

localization of the abdominal aorta, low-resolution three-dimensional gradient echo scout scan 

was performed followed by an arterial 2D TOF angiography (two-dimensional time-of-flight 

angiography) in transverse orientation for specific visualization of the aorta. Both sequences 

were performed using the following imaging parameters: Imaging matrix = 960, field of view = 

200×200 mm, slice thickness = 0.35 mm, inplane spatial resolution = 0.166 mm (reconstructed 

0.15 mm), flip angle = 90 °, repetition time (TR) sequence = 35 ms and echo time (TE) 4,4 ms. 

From the arterial time-of-flight dataset, a maximum intensity projection (MIP) was generated 

for display of an arterial angiogram of the abdominal aorta and abdominal aortic aneurysms 

(AAAs), to plan the subsequent contrast-enhanced sequences. The inversion recovery scan 

to visualize the gadolinium-based contrast agent was preceded by a 2D TI scout sequence 

planned perpendicular to the abdominal aorta, which was used to determine the optimal 

inversion time (TI) for blood signal nulling. Imaging parameters of the TI scout sequence 

included: FOV = 180 mm, matrix = 750, in plane spatial resolution = 0.24 x 0.24 mm, slice 

thickness = 1 mm, TR between subsequent IR pulses = 1000 ms, and °. Imaging parameters 

of the high-resolution 3D inversion FLASH sequence scan employed for visualization of 

gadolinium-based molecular probe were: FOV = 50 mm, matrix = 416, inplane spatial 

resolution = 0.12 x 0.12 mm, slice thickness = 0.3 mm, slices = 56, TR/TE = 10.1/7.0 ms, TR 

between subsequent IR pulses = 1000 ms, and flip angle = 30°.   

 

Iron oxide imaging using T2*-weighted sequences 

Imaging parameters for the T2* weighted sequences in this study included a field of view 

150x150 mm; matrix 832; in-plane spatial resolution 0.18 x 0.18 mm; slice thickness 0.3 mm; 

TR/TE 15/4 ms; flip angle 20; averages and 42 slices. 

 

 

  



Concurrent Molecular Magnetic Resonance Imaging of Inflammatory Activity and 
Extracellular Matrix Degradation for the Prediction of Aneurysm Rupture 
 
 

 

47  

Competition experiments 

In three ApoE-/- mice (n=3) in vivo competition experiments were performed four weeks 

following minipump implantation. MR imaging was performed within a 48 hours imaging 

session. On the first day, the animals were imaged prior to and following the administration of 

the elastin-specific probe via the tail vein. After 24 hours imaging was performed prior to and 

following the administration of a tenfold higher dose of the non-paramagnetic europium-labeled 

elastin-specific MR probe. Subsequently, the elastin-specific probe was administered at a 

clinical dose of 0.2 mmol/kg and MR imaging was performed after 20 minutes.  

 

Histological analysis of aortic aneurysms and aortic aneurysm morphometry 

For correlation of in vivo and ex vivo MRI data, histological analysis was performed in the same 

region of the abdominal aorta that was imaged. Following surgical excision, aortic aneurysms 

tissues were processed overnight in MorFFFix® (Morphisto, Frankfurt am Main, Germany) and 

embedded in paraffin for sectioning. The sections (5 µm) were stained for Miller’s Elastica van 

Gieson stain (EvG) to visualize the elastic fibers and for Perls’ Prussian blue stain to visualize 

the iron ions. Hematoxylin and Eosin (HE) staining were additionally performed. Resulting 

histological slices were examined and photographed using a light microscope (Observer Z1, 

Carl Zeiss Microscopy GmbH, Jena, Germany). Digitized images of EvG, Perl’s Prussian blue 

and immunofluorescence sections were used for morphological measurements. Computer-

assisted image-analysis (ImageJ software, Version 1.51) was used for measurement of 

morphometry as well as for quantification of the adventitial area. The adventitia, media, intima, 

and lumen of the vessel (including the aneurysm) were defined as adventitial area as 

previously described (7). To measure the %EvG stain area per adventitial area, the color profile 

of the normal elastic laminae in the media was set as a reference standard. All structures with 

this specific color profile within the adventitial area were automatically segmented and resulting 

areas were recorded. By dividing the segmented area by the overall adventitial area, the %EvG 

stain area per adventitial area was determined. The same procedure was used to measure the 

%Perl Prussian blue iron oxide stain per adventitial area, including the segmentation of all 

areas positive for Perls Prussian blue staining.  
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Immunofluorescence analysis 

Immunofluorescence staining was performed for evaluation of localization and density of 

macrophages. Abdominal aortic tissues were embedded in OCT compound and cut at -20 °C 

into 10 µm cryosections and immediately mounted on SuperFrost Plus adhesion slides 

(Thermo Scientific). Sections were incubated overnight at 4°C with a monoclonal CD68 

antibody (Rat anti-Mouse CD68, clone FA-11, Bio-Rad, 1:100) diluted in Dako REALTM 

Antibody Diluent (Dako, Denmark). Subsequently, slides were washed two times with PBS 

(pH=7.4). For visualization of macrophages, slides were incubated with polyclonal secondary 

antibody AlexaFluor 568 (Goat anti Rat IgG, Thermo Fisher Scientific, Germany, 1:200) for 

one hour, followed by counterstaining and mounting using Roti®-Mount FlourCare (Carl Roth, 

Germany). 

 

Elemental bioimaging by means of laser ablation coupled to inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) 

Abdominal aortic aneurysms were cut at -20 °C into 10 µm cryosections and immediately 

mounted on SuperFrost Plus adhesion slides (Thermo Scientific). The LA-ICP-MS analysis 

was performed with a LSX 213 G2+ laser system (CETAC Technologies, Omaha, USA) 

equipped with a two volume HelEx II cell connected via Tygon tubing to an ICPMS-2030 

(Shimadzu, Kyoto, Japan). Samples were ablated via line-by-line scan with a spot size of 15 

µm, a scan speed of 30 µm/s and 800 mL/min He as transport gas. The analysis was performed 

in collision gas mode with He as collision gas and 100 ms integration time for the five analyzed 

isotopes 31P, 57Fe, 64Zn, 158Gd and 160Gd. For the quantification of Gd, matrix-matched 

standards based on gelatin were used. Nine gelatin standards (10% w/w) including a blank, 

were spiked with different Gd concentrations ranging from 1 to 5.000 µg/g. Averaged intensities 

of the scanned lines of the standards showed a good linear correlation with a regression 

coefficient R2=0.9999 within this concentration range. Limit of detection (LOD) and limit of 

quantification (LOQ), calculated with the 3σ- and 10σ-criteria, were 8 ng/g and 28 ng/g Gd. 

The quantification and visualization were performed with an in-house developed software 

(WWU Münster, Münster, Germany). 
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Figure Legends 

 

 

 

 

 

 

 

 

Supplemental Figure I. In vivo and ex vivo assessment of abdominal aortic aneurysms 
and thrombus cross-sectional area (week-by-week-group). 

A, On in vivo MR imaging, an increase in cross-sectional areas of the aortic lumen size (P≤ 

0.05) was observed over the 4-week time course of angiotensin II infusion reflecting the 

development of AAAs in this mouse model. B, In vivo MR measurements of the aortic dilation 

correlated strongly with ex vivo measurements on histological Pruss van Gieson (EvG) stained 

sections.    
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Supplementary Figure II. Correlation of in vivo MRI signal measurements derived from 
both molecular probes and ex vivo histology.  

A, In vivo measured areas of signal void due to iron oxide particle accumulation correlated 

strongly with histological measurements on Perls Prussian blue-stained sections. B, In vivo 

CNR measurements after the administration of the elastin specific probe showed a strong 

correlation with ex vivo Elastica van Gieson (EvG) staining on corresponding histological 

sections. C, Results from ICP-MS for gadolinium showed a strong correlation with in vivo CNR 

measurements following the administration of the elastin specific probe. D, A strong correlation 

was also observed between ICP-MS for iron and the signal-void on the T2*-weighted-

sequences following the administration of the iron oxide particles. Overall, these 

measurements indicate a good agreement between in vivo and ex vivo measurements of the 

iron oxide particles and the elastin specific probe. CNR: Contrast to noise ratio; ICP-MS: 

Inductively coupled mass spectroscopy. 
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Supplementary Figure III. Effect of the iron oxide particles and the gadolinium-based 
elastin-specific probe on the visualization of each other. 

A, To investigate the influence of iron oxide particles on the assessment of the elastin-specific 

agent, T1-weighted imaging was performed on day one prior to the administration of the iron 

oxide particles and 24 hours following the administration of the iron oxide particles. A strong 

correlation of CNR measurements between both days was shown. ICC=0.98 B, T2*-weighted 

imaging was performed on day two prior to and following the administration of the elastin-

specific probe to investigate the influence of the gadolinium-based probe on the assessment 

of the iron oxide particles. The measurements on T2*-weighted images prior to and following 

the administration of the gadolinium-based probe demonstrated a strong correlation. ICC=0.98 

CNR: contrast-to-noise-ratio. 
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Supplemental Figure IV. Ex vivo immunofluorescence measurements.  

A, Perls Prussian blue staining (left) and CD68 staining (right) of adjacent histological sections 

confirmed the colocalization of macrophages and iron oxide particles (magnifications). B, 

Areas positive for CD68 correlated strongly with Perls Prussian blue stained areas. Scale bars 

represent 200 µm.
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Abstract  

Background: Molecular-MRI is a promising imaging modality for the diagnosis and monitoring 

of abdominal aortic aneurysms (AAAs). Interleukin-1β (IL-1β) represents a new therapeutic 

tool for AAA- treatment, since pro-inflammatory cytokines are key-mediators of inflammation 

in aneurysms. This study investigates the potential of molecular-MRI to evaluate therapeutic 

effects of an anti-IL-1β-therapy on AAA-formation in a mouse-model.  

Methods: Osmotic minipumps were implanted apolipoprotein-deficient-mice (N=27). One 

group (Ang-II + 01BSUR group, n=9) was infused with angiotensin-II (Ang-II) for 4 weeks and 

received an anti-murine IL-1β antibody (01BSUR) 3 times. One group (Ang-II group, n=9) was 

infused with Ang-II for 4 weeks but received no treatment. The control-group (n=9) was infused 

with saline and received no treatment. MR-imaging was performed using an elastin-specific 

gadolinium-based probe (0.2 mmol/kg).  

Results: Mice of the Ang-II + 01BSUR group showed a lower aortic-diameter compared to 

mice of the Ang-II group and control mice (p<0.05). Using the elastin-specific probe, a 

significant decrease in elastin-destruction was observed in mice of the Ang-II group. In vivo 

MR measurements correlated well with ex vivo histopathology (y=0.34x-13.81, R2=0.84, 

p<0.05), ICP-MS (y=0.02x+2.39; R2=0.81, p<0.05) and LA-ICP-MS. Immunofluorescence and 

western-blotting confirmed a reduced IL1-β expression.  

Conclusions: Molecular MRI enables the early visualization and quantification of the anti-

inflammatory-effects of an IL-1β inhibitor in a mouse-model of AAAs. Responders and non-

responders could be identified early after the initiation of the therapy using molecular-MRI. 
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Introduction  

Abdominal aortic aneurysms (AAAs) affect 3-4% of men over the age of 65 and account 

annually for over 15,000 deaths.1 If unrecognized or untreated, the progressive dilation of the 

aortic wall can lead to AAA rupture. Therefore, a high clinical need for noninvasive medical 

therapies of AAAs exists. The inhibition of progressive aortic dilation via a pharmacological 

approach could represent a substantial advancement for patients, especially as invasive 

therapy or surgery can be associated with severe complications. As antibody-based therapies 

are associated with substantial costs it would be benefical to differentiate therapy responders 

from non-responders early after the initiation of the therapy. 

Although the initiating events are not fully elucidated yet, inflammation was shown to be a 

major contributing factor to AAA formation and progression.2 AAA formation is characterized 

by proinflammatory cell infiltration, including monocytes and macrophages, the release of 

cytokines and proteases and breakdown of extracellular matrix (ECM) proteins.2-5 Especially, 

the destruction of medial elastin and collagen (type I and III) causes an ongoing reduction of 

the stability of the aortic wall leading to an increasing inability to withstand the high intraluminal 

pressure.6-7  

Interleukin-1β (IL-1β) represents a gatekeeper for inflammation and contributes substantially 

to the progressive destruction of aortic ECM proteins during AAA development.8 Different 

preclinical and clinical studies demonstrated significantly increased levels of IL-1β in AAAs 

compared to healthy aortas. Therefore, the disruption of the inflammatory pathway via IL-1β 

neutralization represents a promising novel therapeutic target for the treatments of AAAs.9-12  

In clinical practice, diagnosis and monitoring of AAAs include computed tomography (CT), 

magnetic resonance imaging (MRI) or ultrasound. Currently, there is no established biomarker 

available for the characterization of aortic aneurysms since the aortic diameter alone was 

shown to be not a reliable diagnostic and prognostic parameter for AAAs.13,14 Molecular MRI 

using probes that visualize extracellular-matrix proteins for the assessment of AAAs presents 

a promising new approach for aneurysm diagnosis and monitoring.15-17 Elastin-specific 

molecular MRI allows an in vivo visualization and quantification of changes in elastin 

composition of the aortic wall and offers, therefore, the potential for noninvasive 

characterization of AAAs.14,18,19  

In this study, we investigated the feasibility of molecular MRI for the early visualization and 

quantification of the effects of the interleukin-1β inhibitor 01BSUR in a mouse model of AAAs 

with the overall aim to differentiate responders from non-responders early after the initiation of 

the therapy. 
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Methods 

Animal experiments 

Eight-week-old male ApoE-knockout (B6.129P2-ApoEtm1Unc/J) mice were obtained from the 

Research Institute of Experimental Medicine at the Charité Berlin. Three groups (N=27) of 

ApoE-/- mice underwent subcutaneous implantation of osmotic minipumps (Alzet model 2004, 

Durect Corp). To determine the effect of the interleukin-1β on AAA progression, nine mice 

(n=9, Ang-II + 01BSUR group) were continuously infused with angiotensin-II with a rate of 

1000 (ng/kg)/min for 28 days and were injected subcutaneously (s.c.) with 0.3 mg 01BSUR 

(Novartis, Basel, Switzerland) three times: on the day of minipump implantation (day 0), 7 days 

and 14 days after minipump implantation (Figure 1). In addition, one group of mice (Ang-II 

group, n=9) was also continuously infused with angiotensin-II for 28 days but received no 

treatment after minipump implantation. A control group of nine mice (n=9) received saline 

instead of AngII via the osmotic minipump for 28 days and received also no treatment. For MR 

imaging, animals were anaesthetized by an intraperitoneal injection of a combination of 

Medetomidine (500 µg/kg), Fentanyl (50 µg/kg), and Midazolam (5 mg/kg). MRI was then 

performed prior to and following the administration of 0.2 mmol/kg of an elastin-specific 

contrast agent (ESMA, Lantheus Medical Imaging, North Billerica, Massachusetts, USA). For 

ex vivo analysis, mice were sacrificed and exsanguinated by arterial perfusion of saline and 

the aorta including the right renal artery and the last pair of intercostal arteries was excised. 

All procedures were performed according to the guidelines and regulations of the Federation 

of Laboratory Animal Science Associations (FELASA) and the local Guidelines and Provisions 

for Implementation of the Animal Welfare Act. 

 

Interleukin-1β Inhibitor 01BSUR 

The Ang-II + 01BSUR group (n=9) received 01BSUR (Novartis, Basel, Switzerland), an 

interleukin-1β inhibitor. This IgG2a/k monoclonal mouse antibody highly binds to IL-1β 

(dissociation constant (KD) = 302 pM) and shows a half-life of 14 days.9 By neutralizing the 

cytokine IL-1β, this antibody may reduce the pro-inflammatory and tissue-degrading activities 

of IL-1 β resulting in a reduced development and progression of a variety of acute and chronic 

inflammatory diseases.20 01BSUR has already been introduced in several preclinical studies 

in the context of aortic aneurysms9 as well as aortic calcification21 or collagen-induced arthritis 

using different rodent models.20 

Mice were treated three times with 0.3 mg (0.9 mg per mice in total) 01BSUR starting on the 

day of minipump implantation (day 0) followed by injections (s.c.) after 7 and 14 days. The 
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used dose in this study is equivalent to the clinically approved dose of canakinumab used in 

the CANTOS study.22  

 

Gadolinium-based elastin-specific contrast agent 

The gadolinium-based elastin-specific contrast agent (ESMA, Lantheus Medical Imaging, 

North Billerica, Massachusetts, USA) has a small molecular weight of 856 g/mol. Showing a 

short blood half-life and the highest uptake within the aorta 30 to 45 minutes following the 

administration (13.2 ± 2.3% ID g−1) the agent is then predominant cleared by the renal 

system.23,24 A longitudinal relaxivity of 8.65 ± 0.42 mM−1 s−1 at 3 Tesla was reported for the 

agent bound to mice aortas. 23 Due to the small molecular weight, short blood half-life, renal 

clearing and relaxivity, the elastin-specific contrast agent used in this study is comparable to 

other clinically used gadolinium-based contrast agents, including gadobuterol (Gadovist®, 

Bayer AG, Leverkusen Germany) and gadofosveset (Vasovist®, Bayer AG, Leverkusen 

Germany). This probe has already been validated and used for the visualization and 

characterization of elastin in the context of atherosclerosis23,24 and aortic aneurysms.18,19,25 In 

this study, a clinical dose of 0.2 mmol/kg was used.  

 

In Vivo MR Experiments including MR angiography 

All animals (N=27) were imaged 4 weeks after osmotic minipump implantation (Figure 1). A 

clinical 3T Siemens system (Biograph, Siemens Healthcare Solutions, Erlangen, Germany) 

equipped with a clinical single loop coil (47 mm, Siemens Healthcare Solutions, Erlangen, 

Germany) was used for the imaging session. Following anesthesia injection, venous access 

for the administration of the contrast agent into the tail vein was established using a small 

diameter tube with an attached 30G cannula. Animals were then positioned in a prone position 

on the microscope (47 mm in diameter) single loop coil. The body temperature (37 °C) of the 

mice was monitored using an MR-compatible heating system (Model 1025, SA Instruments 

Inc, Stony Brook, NY) to avoid rapid cooling.  

The elastin imaging was performed as described previously.14 For an anatomical overview and 

localization of the abdominal aorta, low-resolution three-dimensional gradient echo scout scan 

was performed followed by an arterial 2D TOF angiography (two-dimensional time-of-flight 

angiography) in transverse orientation for specific visualization of the aorta. Both sequences 

were performed using the following imaging parameters: Imaging matrix = 960, field of view = 

200×200 mm, slice thickness = 0.35 mm, in plane spatial resolution = 0.166 mm 

(reconstructed 0.15 mm), flip angle = 90 °, repetition time (TR) sequence = 35 ms and echo 

time (TE) 4,4 ms. From the arterial time-of-flight dataset, a maximum intensity projection (MIP) 
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was generated for display of an arterial angiogram of the abdominal aorta and abdominal aortic 

aneurysms, to plan the subsequent contrast-enhanced sequences. The inversion recovery 

scan to visualize the gadolinium-based contrast agent was preceded by a 2D TI scout 

sequence planned perpendicular to the abdominal aorta, which was used to determine the 

optimal inversion time (TI) for blood signal nulling. Imaging parameters of the TI scout 

sequence included: FOV = 180 mm, matrix = 750, in plane spatial resolution = 0.24 x 

0.24 mm, slice thickness = 1 mm, TR between subsequent IR pulses = 1000 ms, and flip angle 

= 15°. Imaging parameters of the high-resolution 3D inversion FLASH sequence scan 

employed for visualization of gadolinium-based molecular probe were: FOV = 50 mm, 

matrix = 416, in plane spatial resolution = 0.12 x 0.12 mm, slice thickness = 0.3 mm, 

slices = 56, TR/TE = 10.1/7.0 ms, TR between subsequent IR pulses = 1000 ms, and flip 

angle = 30°.   

 

Assessment of magnetic resonance imaging signal 

Morphometric measurements were conducted on high–resolution MRI images using OsiriX 

(version 7.1, OsiriX foundation) as previously described. 14 Regions of interests (ROIs) were 

defined as areas of signal enhancement, which were co-localized with areas of aneurysmal 

aortic tissue. For these areas, the contrast-to-noise-ratio (CNR) was calculated as follows: 

CNR = (Combined vessel wall and aneurysmal aortic tissue signal – blood signal) / standard 

deviation signal (noise). Noise was defined as the standard deviation in pixel intensity from a 

ROI placed in the background air anterior to the aorta. 

 

Histological analysis of aortic aneurysms and aortic aneurysm morphometry 

For histological analysis, aortic tissue was processed overnight in MorFFFix® (Morphisto, 

Frankfurt am Main, Germany). The aortas were embedded in paraffin and cut into 5 µm thick 

serial sections. Miller’s Elastica van Gieson stain (EvG) was performed for visualization of 

elastic fibers. Additionally, Hematoxylin and Eosin (HE) staining was performed. For 

morphological measurements, histological slices were photographed using a light microscope 

(Keyence BzX800) and analyzed using computer-assisted image analysis (ImageJ software, 

Version 1.51) to determine the %EvG stain area per adventitial area as previously 

described.14,18  
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Immunofluorescence analysis 

Immunofluorescence staining was performed to visualize interleukin-1β within the aortic wall. 

After embedding in OCT compound, abdominal aortic tissues were cut at -20 °C into 10 µm 

thick serial cryosections. Sections were treated with polyclonal IL-1β antibody (Rabbit anti-

Mouse IL-1 beta, Bio-Rad 1:100, 1 hour at room temperature) followed by a polyclonal 

secondary antibody AlexaFluor 568 (Donkey anti Rabbit IgG, Thermo Fisher Scientific, 

Germany, 1:200, 1 hour at room temperature) each diluted in Dako REALTM Antibody Diluent 

(Dako, Denmark). Counterstaining and mounting were performed using Roti®-Mount FluorCare 

(Carl Roth, Germany). 

 

Western immunoblot analysis 

To evaluate the levels of IL-1β and CD68 in the aortic wall of the Ang-II + 01BSUR group and 

Ang-II group, Western immunoblot analysis was performed. Aortic tissues (n=3 per group) 

were homogenized and solubilized in RIPA buffer (pH=7.4). The protein concentration was 

determined using UV-spectrometry at 280 nm (Evolution 220 UV-Visible Spectrometer, 

Thermo ScientificTM). 5 mg/ml total protein per lane diluted in SDS loading buffer was loaded 

onto 4-12% Tris-Glycine Gels (ServaGel TG Prime Vertical Tris-Glycine Gel 4-12%). Proteins 

were separated by SDS-PAGE (Hoefer SE260). To assure equal amounts of total protein 

loaded per lane, GAPDH was used as loading control. Due to the identical molecular weights 

of the targeted proteins CD68 and GAPDH, two gels were run simultaneously. Proteins were 

transferred to PVDF membranes using Trans-Blot Turbo RTA transfer kit (Bio-Rad). Primary 

antibodies (Rabbit anti-Mouse IL-1β, Bio-Rad 1:500; Rabbit anti-Mouse CD68, 

antibodies.com, 1:500; Rabbit anti-Mouse GAPDH, Invitrogen 1:1000) were detected using a 

secondary HRP-labeled antibody (Goat anti-Rabbit IgG (H/L): HRP, Bio-Rad 1:1000) and 

SeramunBlau® blotting substrate (Seramun Diagnostica GmbH). Protein bands were 

quantified by ImageJ (Version 1.51).    

 
Inductively Coupled Mass Spectroscopy (ICP-MS)  

For a reproducible measurement of the local gadolinium concentration, ICP-MS was 

performed. Aortic tissue samples (n=3 per group) were digested overnight in 70% nitric acid at 

37 °C. For ICP-MS analysis samples were diluted with deionized water. A standard curve was 

acquired for the concentration of gadolinium for each analysis.  
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Element specific bioimaging using laser ablation (LA) coupled to inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) 

LA-ICP-MS was performed as described previously.14 Aneurysms were cut into 10 µm 

cryosections at -20 °C and mounted on SuperFrost Plus adhesion slides (Thermo Scientific). 

The LA-ICP-MS analysis was performed using an LSX 213 G2+ laser system (CETAC 

Technologies, Omaha, USA) which was equipped with a two-volume HelEx II cell connected 

via Tygon tubing to an ICPMS-2030 (Shimadzu, Kyoto, Japan). With a spot size of 10 µm 

samples were ablated via line-by-line scan using a scan speed of 30 µm/s and 800 mL/min He 

as transport gas. The analysis was performed in collision gas mode with He as collision gas, 

with 50 ms integration time for the analyzed isotopes 31P, 57Fe, and 64Zn and 75 ms integration 

time for the two Gd isotopes 158Gd and 160Gd. Matrix-matched standards based on gelatin were 

used for the quantification of Gd. Nine gelatin standards (10% w/w) including a blank, were 

spiked with different Gd concentrations (1 to 500 µg/g). Averaged intensities of the scanned 

lines of the standards were in good linear correlation with a regression coefficient R2=0.998 

within this concentration range. Limit of detection (LOD) and limit of quantification (LOQ), 

calculated with the 3σ- and 10σ-criteria, were 16 ng/g and 54 ng/g Gd. The quantification and 

visualization were performed using in-house developed software (WWU Münster, Münster, 

Germany). 

 

Statistical Analysis 

Values are specified as mean ± standard deviation. An unpaired, two-tailed Student's t-test 

was applied for the comparison of continuous variables. Linear regression was applied to 

determine the relationship between in vivo and the ex vivo measurements.  P-value < 0.05 was 

considered to indicate a statistically significant difference.  
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Results 

Overall 27 mice (N=27) were included until the end point of the study. Figure 1 summarizes 

the detailed study setup including the different groups of mice. 

 

MR angiographic measurements for the assessment of the area of the aortic lumen 

The angiography of the mice of the control group (ApoE-/- mice after 4 weeks of saline infusion, 

n=9) showed a non-dilated aortic lumen. The continuous Ang-II infusion in mice (n=9) resulted 

in a significantly enlarged aortic lumen and dilatation of the aortic wall in the suprarenal region 

(Figure 2A). AngII-infused mice treated three times with 01BSUR (n=9) showed a substantially 

lower aortic diameter in vivo and ex vivo compared to mice without 01BSUR treatment (p<0.05) 

(Figure 2B, C). No significant difference in aortic diameter could be observed in vivo and ex 

vivo between the control group and Ang-II + 01BSUR group (p>0.05) (Figure 2B, C). In vivo 

measurements were in good agreement with ex vivo measurements of the cross-sectional area 

on histological sections (y=2.38x-1.17, R2=0.89; p<0.05, Figure 2D). 

 

Molecular MRI for the noninvasive assessment of the effects of IL-1β inhibitor 01BSUR on 

AAA formation 

ApoE-/- mice (n=9) developed extensive aortic aneurysm after 4 weeks of AngII-infusion as 

described previously including infiltration of inflammatory cells and ECM remodeling.14 Using 

the elastin-specific probe, a strong expression of elastin within the aortic wall could be 

observed in vivo in these mice due to a strong remodeling of the extracellular matrix (ECM) 

especially in the areas of former elastic fiber dissection. In contrast, 01BSUR treatment 

reduced the impact of Ang-II on elastin levels, prevent the destruction of elastic fibers within 

the aortic wall and therefore the development of abdominal aortic aneurysms (Figure 3). The 

control group receiving saline, showed no pathological changes of the aortic wall.  

T1-weighted MR imaging for the assessment of the gadolinium-based elastin-specific probe 

Prior to the administration of the elastin-specific MR probe, a low contrast-to-noise-ratio was 

measured in the aortic wall of all three groups. A significant (p<0.05) increase in CNR in the 

aortic wall was measured for mice receiving Ang-II, Ang-II + 01BSUR and the control mice 

following the administration of the elastin-specific agent (Figure 4A). The Ang-II group showed 

a strong signal enhancement in the area of the aneurysmal wall due to extracellular matrix 

remodeling by expression of elastic fibers in the area of former disruption of the internal elastic 

lamina. The Ang-II + 01BSUR group showed a significantly weaker signal enhancement in the 
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aortic wall indicating an absence of aortic rupture and prevention of AAA formation. In vivo 

measurements correlated with ex vivo histological measurements of elastic fiber density using 

Elastica van Gieson staining (y=0.34x-13.81, R2=0.85; p<0.05, Figure 4B). 

 

Correlation of in vivo measurements of the elastin specific probe with ex vivo histology 

For ex vivo measurements on histological sections, the Elastica van Giesson (EvG) staining 

was used to assess the amount and distribution of elastic fibers in the aortic wall (Figure 3A4, 

B4). The Ang-II group showed the development of aortic aneurysms due to the dissection of 

internal elastic fibers. After 4 weeks of AngII-infusion a strong remodeling of the aortic wall was 

observed at these areas. Due to this compensatory repair process, a significant increase in 

elastic fibers in both, in vivo and ex vivo measurements was observed in mice of the AngII-

group.  A good correlation was shown between ex vivo histological measurements and in vivo 

measurements using the elastin-specific probe (y=0.34x-13.81 R2=0.85; Figure 4B).  

 

Expression of IL-1β in the aortic wall by Immunofluorescence and Western Blot 

For the evaluation of the expression of IL-1β within the aortic wall, Western Blot analysis and 

immunofluorescence staining of histological sections were performed. Western Blot analysis 

of the abdominal aorta (n=3 per group) showed a significantly lower expression of IL-1β within 

the aortic wall in mice treated with 01BSUR compared with the AngII group (Figure 5A, B). 

These results were confirmed by histological analysis which also showed a significant 

decrease in IL-1β expression around the aorta after 01BSUR treatment (Figure 6). 

In addition, to evaluate the effects of 01BSUR on macrophage recruitment and accumulation, 

Western Blot analysis and immunofluorescence CD68 staining of adjacent histological slices 

were performed. Mice of the AngII group demonstrated extensive macrophage staining and a 

significant higher expression of CD68 whereas mice treated with 01BSUR had trivial 

macrophage staining (Figure 6) and lower CD68 expression in Western Blot analysis (Figure 

5A, C). Furthermore, immunofluorescence microscopy showed that IL-1β clearly co-localized 

with macrophages within the aortic wall (Figure 6). These findings are consistent with 01BSUR 

suppressing inflammatory processes in aneurysm development. 

 

Spatial localization of the gadolinium-based elastin-specific probe using laser coupled mass 

spectrometry (LA-ICP-MS) 
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LA-ICP-MS was performed to visualize the spatial distribution of gadolinium within the aortic 

wall. Sections of the aortic wall from mice of the Ang-II + 01BSUR group (n=3) and AngII group 

(n=3) after 4 weeks of AngII-infusion showed a strong co-localization of targeted gadolinium 

with elastic fibers (Figure 7A, B). 

 

Gadolinium concentration by inductively-coupled mass spectrometry (ICP-MS) 

For determination of the concentration of gadolinium from the elastin-specific contrast agent in 

the aortic wall, inductively coupled mass spectrometry (ICP-MS) was performed in 9 mice (n=3 

of each group). A strong correlation of in vivo CNR measurements and ex vivo measured 

gadolinium concentrations by ICP-MS was shown (y=0.02x+2.39; R2=0.81, p<0.05) (Figure 

7C).  
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Discussion 

This study demonstrates the potential of molecular elastin specific MRI to evaluate the effect 

of disrupting IL-1β signaling on AAA formation in ApoE-/- mice. Using an elastin-specific probe, 

the development of an abdominal aneurysm, as well as the response to therapy, could reliably 

be visualized in one imaging session after 4 weeks of AngII-infusion. This non-invasive in vivo 

visualization and quantification by molecular MRI could improve the early evaluation of 

response to therapy in patients and could help to identify responders and non-responders early 

after initiation of the therapy.   

Ex vivo histology and Western Blot analysis confirmed a reduction of inflammatory processes 

and IL-1β expression within the aortic wall due to the 01BSUR treatment. Further ex vivo 

examination by LA-ICP-MS and ICP-MS proved the specific binding of the molecular probe 

and correlated well with in vivo MR measurements.  

  

Role of IL-1β during AAA formation   

Inflammation has been shown to be a key process in AAA formation and progression including 

several different cytokines and proinflammatory cells. Interleukin-1β is one of the key 

mediators of inflammation and previous studies demonstrated its critical role in experimental 

aortic aneurysm development.8,10,26 Furthermore, IL-1β was found to be elevated 4-fold in 

human AAAs compared to healthy aortas while circulating IL-1β is increased by nearly 10-fold 

in AAA patients.11,12,27,28 By inducing the production of matrix metalloproteinases (MMPs) in 

fibroblastic cells and macrophages, including MMP-9, a protease with high elastolytic activity, 

IL-1β contributes crucially to the progressive destruction of aortic ECM proteins during AAA 

formation and progression.27,29 Especially the loss of medial elastin fibers is thought to be the 

initiating event of aneurysm development.30 Therefore, IL-1β antagonism represents a 

promising approach for AAA treatment by disruption of the inflammatory pathway.  

There are several pharmacological agents targeting the IL-1β pathway, including direct 

antibodies to IL-1β or IL-1 receptor (IL-1R). Although IL-1β neutralization was once thought to 

be predominantly limited to the treatment of autoimmune and chronic inflammatory diseases, 

including gout, rheumatoid arthritis or type 2 diabetes, the role of IL-1β in cardiovascular 

diseases has gained more and more in importance.31 

Anakinra, a commercially available recombinant human IL-1R antagonist, has previously been 

evaluated in an experimental abdominal and thoracic aortic aneurysms model. Johnston et al.  

treated C57Bl/6 mice following elastase aortic perfusion with escalating doses of anakinra.10,26 

Significant protection against AAA progression was shown in mice treated with anakinra 3 or 
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7 days following AAA initiation and furthermore mice treated prior to elastase exposure showed 

a dose-dependent decrease in maximal aortic dilation. This study indicates that IL-1β is critical 

for both the initiation and progression of experimental AAAs. A major clinical limitation of this 

study represents the application of anakinra at a dose of 100 (mg/kg)/day which exceeds the 

dosage approved for patient by 100-fold.    

The direct inhibition of IL-1β using the monoclonal antibody 01BSUR was also recently 

assessed in different mouse models including Kawasaki Disease, renal inflammation and 

AAAs.9,32,33 Isoda et al. showed that treatment with 01BSUR decreased AngII-induced AAAs 

in IL-1 Ra-deficient mice.9 Histological analyses were performed after 28 days of AngII-infusion 

and revealed decreased degeneration of smooth muscle cells, elastic fibers and a decreased 

accumulation of inflammatory cells. These findings are consistent with the current study. 

Moreover, in our study, the effects of 01BSUR treatment were not only evaluated by ex vivo 

histology but more importantly by noninvasive in vivo molecular MR imaging.  

 

Molecular MRI for the noninvasive assessment of treatment of aortic aneurysms 

For the diagnosis and evaluation of AAAs, MRI using molecular probes for the visualization of 

extracellular matrix proteins has shown potential in experimental studies in the last several 

years. Native MR imaging enables solely the assessment of the aortic diameter which may be 

an unreliable marker for the risk of rupture and expansion rate and therefore the inflammatory 

status of aortic aneurysm.34,35  

The gadolinium-based elastin-specific probe used in the present study allows the in vivo 

visualization of the elastin remodeling of the aortic wall at different stages of aortic aneurysms 

which has been shown by our research group14 and others.18,36 In our current study we showed 

that the use of this probe enables the early in vivo evaluation and quantification of AAAs and 

furthermore the response to the anti-inflammatory treatment with 01BSUR.   

To our knowledge, this study represents the first molecular MRI study on the in vivo effects of 

anti-inflammatory therapy of experimental AAAs.  

 
  

65 



Molecular MR-imaging for the noninvasive quantification of the anti-inflammatory effect of 
targeting interleukin-1β in a mouse model of aortic aneurysm 

 

Translational potential of this study  

Currently, there are no widely accepted medical options available to reduce or slow AAA 

progression. The recommended treatment paradigm includes monitoring of disease 

progression eventually followed by surgical intervention of AAAs larger than 55 mm while the 

management of asymptomatic medium-sized AAAs (40–55 mm) remains still controversial.37,38 

Therefore, there is a tremendous need for medical therapy for the treatment of patients with 

abdominal aneurysms. 

A fully human monoclonal antibody directed against IL-1β, canakinumab, was previously 

presented following investigation in a large phase 3 trial for the prevention of recurrent 

myocardial infarction.22 The anti-inflammatory therapy at a dose of 150 mg every 3 months led 

to a significantly lower rate of recurrent cardiovascular events than placebo, independent of 

lipid-level lowering, in patients with previous myocardial infarction. In addition, a phase IIb trial 

investigating canakinumab treatment in high-risk diabetic patients demonstrated a significant 

dose-dependent reduction in various major inflammatory biomarkers (C - reactive protein, IL-

6 and fibrinogen).39 These data support the potential of this novel therapeutic option for several 

inflammatory cardiovascular diseases, including AAAs. Regarding clinical translation in our 

present study, mice were treated with the clinically approved dose of an anti-IL-1β antibody as 

used within the CANTOS study. Using molecular MRI in addition to the evaluation of an anti-

inflammatory therapy of cardiovascular diseases, responders and non-responders could be 

identified early after the initiation of the therapy. Such an approach could be helpful to identify 

the most suited patient collective, which response to treatment early after the initiation of the 

therapy. Additionally, this could help to identify patient collectives which would benefit from a 

potentially increased dose and reduce the costs as only responders would be continuously 

treated. 

Another advantage of this study regarding clinical translation includes the use of a clinical 3 

Tesla MR scanner. Since we have not used an ultrahigh field preclinical MR scanner for small 

animals, relaxation, rotational correlation, and signal properties can be directly translated into 

a clinical setting. Furthermore, the elastin-specific probe used in this study, is comparable to 

contrast agents already used in clinical practice, regarding molecular size and composition, as 

well as blood clearance and was administered at a clinical dose.23   
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Mouse model used in this study 

In the small animal model used in this study, AngII-infused male apolipoprotein deficient mice 

develop suprarenal AAAs spontaneously without the need for surgical intervention.40 The 

formation of AAAs in this murine model and humane aneurysm formation have numerous 

commonalities, including medial elastic fiber degeneration, inflammatory processes and 

thrombus formation.41,42 AngII-infusion promotes macrophage infiltration, MMP activation as 

well as an increased release of cytokines, including IL-1β.43,44  

 

Study limitations 

The selected therapy with 01BSUR did not only reduce but prevent the formation of AAA in 

our current study. Therefore, a reduction in aneurysm size or inflammation within the aortic 

wall following AAA diagnosis with molecular MRI could not be evaluated. To further evaluate 

the feasibility of molecular imaging using an elastin-specific contrast agent for the monitoring 

of AAA therapy, a modified study design will be necessary, for example including a therapy 

onset after induction auf aneurysms. Consequently, more studies are needed, also to prove a 

possible translation into a clinical setting of AAA therapy monitoring using molecular MRI. 

Another limitation of the present study represents the used mouse model. Although it closely 

models human AAA formation, the murine AAAs develop in the suprarenal region, whereas in 

humans AAAs develop preferentially in the infrarenal region.40 Furthermore, the elastin-specific 

probe used in this study is currently not approved for clinical use and a safety profile has to be 

investigated before translation into a patient setting.  
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Conclusions 

Molecular MRI enables the early visualization and quantification of the anti-inflammatory 

effects of the IL-1β inhibitor 01BSUR in an ApoE-/- mouse model of AAAs. Responders and 

non-responders might be identified early after the initiation of the therapy using molecular MRI. 
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Figure Legends 
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Figure 1: Experimental setup 

Nine mice (n=9, Ang-II + 01BSUR group) were injected subcutaneously (s.c.) with 0.3 mg of 

01BSUR three times: on the day of minipump implantation (day 0), 7 days and 14 days after 

minipump implantation. The angiotensin-II group (n=9) and the control group received no 

treatment after minipump implantation. MR imaging with a clinical dose of an elastin-specific 

gadolinium-based (0.2 mmol/kg) of all three groups was performed 28 days following minipump 

implantation. 
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Fig. 2 

Figure 2: In vivo and ex vivo assessment of the aortic cross-sectional area 

The Time-of-flight (TOF) angiogram of the suprarenal part of the abdominal aorta 4 weeks after 

continuous infusion of angiotensin II showed a strong dilatation of the aortic lumen (A1, A2) 

whereas a non-dilated aortic lumen was observed in mice treated with 01BSUR (A3, A4). On 

in vivo cross-sectional area measurements (B) and ex vivo histological measurements (C) a 

significant increase in cross-sectional areas of the aortic lumen size was observed in untreated 

mice after 4 weeks of angiotensin II infusion, reflecting development of AAAs in these mice in 

contrast to mice treated with 01BSUR. There was no significant difference in the cross-

sectional area of the aortic lumen size between the Ang-II + 01BSUR group and the control 

group. In vivo MR measurements of the aortic diameter correlated strongly with ex vivo 

measurements on histological Elastica van Gieson (EvG) stained sections (D). aA: suprarenal 

abdominal-aorta; rRA: right renal-artery. 
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Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: In vivo molecular MRI of extracellular-matrix of the aortic wall 

Time-of-flight angiograms showing a suprarenal abdominal aorta including the right renal-

artery of a male ApoE-/- mouse after 4 weeks of Ang-II infusion (A1).  An extensive aortic 

aneurysm was developed after 4 weeks of Ang-II infusion including a strong remodeling of the 

extracellular matrix by an expression of elastic-fibers in the area of former elastin dissection 

which was observed in vivo by MRI after the administration of the elastin-specific-probe (A3, 

A4) and ex vivo by histological analysis (A5, A6). The abdominal aorta of a male ApoE-/- 

mouse treated with 01BSUR show no pathological changes of the aortic wall in vivo on the 

time-of-flight angiogram (B1), native MRI (B2) and T1-weighted-sequences using the elastin-

specific-probe (B3, B4) or on corresponding ex vivo histology (B5, B6). Scale bars represent 

200 µm. TOF: Time-of-flight, EvG: Elastica van Gieson staining, Elastic fibers are stained blue-

black; HE: Hematoxylin-Eosin-staining; MRA: magnetic-resonance-angiography; aA: 

suprarenal abdominal-aorta; rRA: right renal-artery.  
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Fig. 4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: In vivo MRI signal measurements and ex vivo quantification of the gadolinium-
based elastin specific probe 

Contrast-to-noise-ratio (CNR) values before and following the administration of the gadolinium-

based elastin-specific MR probe showed a significant increase in CNR in the aortic wall in mice 

of the Ang-II + 01BSUR group, Ang-II group and control group. The strongest signal 

enhancement was shown by the mice of the Ang-II group due to a strong remodeling and 

expression of elastic fibers in the aneurysmal wall. In vivo CNR measurements showed a 

strong correlation with ex vivo Elastica van Gieson (EvG) staining on corresponding 

histological sections (B).   
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Fig. 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Western Blot analysis  

Western Blot analysis (A) and quantification of protein bands (B, C) of suprarenal aortic tissue 

of ApoE-/- mice after 4 weeks of angiotensin II infusion (n=3) and ApoE-/- mice after 4 weeks 

of angiotensin II infusion treated with 01BSUR (n=3) using an interleukin-1β (17,5 kDa) 

antibody and CD68 (37 kDa) antibody. GAPDH (37 kDa) was used as loading control. A 

cropped Blot is displayed to improve conciseness. 
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Fig.6  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Ex vivo immunofluorescence measurements 

Immunofluorescence staining with CD68 antibody was performed on histological slices of mice 

of the Ang-II group (A) and Ang-II + 01BSUR group (B). A: Mice of the AngII-group showed an 

increased expression of IL-1β in the aortic wall (on the left hand; scale bar represent 200 µm). 

On the right hand: Macrophages (CD68) are shown in green, Interleukin-1β in red and cell 

nuclei (DAPI) in blue. The stacked image demonstrates a clear co-localization of IL-1β with 

macrophages. Scale bars represent 100 µm. B: Mice of the Ang-II + 01BSUR group showed 

a significant lower IL-1β expression (on the left hand) as well as a trivial macrophage staining 

(on the right hand). Scale bars represent 200 µm. Different magnifications were used due to 

the relatively large size of the aneurysm.    
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Fig. 7 

 

 

 

 

 

 

 

 

 

Figure 7: Spatial localization of the elastin-specific gadolinium-based probe in the aortic 
wall using laser coupled mass spectrometry (LA-ICP-MS) and correlation of in vivo MRI 
signal measurements with ICP-MS 

The phosphorus distribution was measured using LA-ICP-MS to get an anatomical overview 

of the histological sections (A2, B2). LA-ICP-MS visualized the elastin-specific gadolinium-

based probe within the aneurysmal wall (A4, B4) by the Gd signal. A clear co-localization of 

gadolinium accumulation with the elastic fibers in the Elastica van Gieson stain was shown 

(A3, B3). Scale bars represent 200 µm. C: A strong correlation of ICP-MS measurements for 

gadolinium with in vivo CNR measurements following the administration of the elastin-specific 

probe was demonstrated. CNR: Contrast to noise ratio; ICP-MS: Inductively coupled mass 

spectroscopy. 
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5 Discussion  

5.1 Molecular MR imaging for diagnosis and characterization of aortic aneurysms 

Molecular imaging represents a promising novel approach by using molecular probes that bind 

specifically to a molecular target for the visualization of pathological processes at a molecular 

and cellular level. In the context of abdominal aortic aneurysms, molecular imaging could 

improve the diagnosis as well as characterization of the changes within the aortic wall. 

Therefore, we have tested the feasibility of molecular MRI using an elastin-specific probe in 

combination with iron-oxide particles for the evaluation of AAA development and progression 

in a mouse model. 

As the most abundant ECM protein in the tunica media, elastin is highly responsible for the 

integrity of the aortic wall, constituting over 30% of the dry weight of the aorta (112). The 

increased degradation of elastic fibers by enzymes, including MMPs secreted by macrophages 

and neutrophils, leads to a reduced ability of the aortic wall to withstand the intravascular 

pressure and pulsation, resulting in a progressive dilatation of the aorta (101). Since elastin 

fragmentation was shown to be one of the initiating events of aneurysm development (14), 

elastin degradation has become one of the promising in vivo biomarkers to improve AAA 

characterization. To visualize these changes in elastin structure and amount within the aortic 

wall, we have used a gadolinium-based elastin-specific probe which binds specifically elastic 

fibers. Over the course of 4 weeks, different stages of AAA development could be visualized 

in vivo, starting 1 week after Ang II infusion of male ApoE-/- mice. Already in this early-stage 

aneurysms, a disruption of elastic fibers could be observed in vivo, due to a significant MR 

signal enhancement in the aneurysmal wall after administration of the elastin-specific probe. 

Furthermore, the visualization of an intramural hematoma was feasible. In late-stage 

aneurysms, it was even possible to observe a potential stabilization or repair process of the 

aneurysmal wall by a strong expression of elastic fibers at the former rupture site and 

throughout the thrombus. This process is thought to be a compensatory response to resist the 

intravascular pressure (103). In addition, elastin-specific MRI allowed not only the visualization, 

but also the quantification of changes in elastin composition. This could yield important 

information especially for the prediction of aneurysm progression and rupture.   

Besides the ECM degradation, inflammation was shown to be a key process in AAA formation. 

Especially monocytes and macrophages which migrate into the aortic wall to express various 

cytokines and proteases are of high interest as a new in vivo biomarker. To evaluate the 

inflammatory activity during AAA formation and progression, an ultra-small superparamagnetic 

iron oxide particle (ferumoxytol) was used in the first study. These USPIOs were taken up by 
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circulating macrophages that subsequently accumulate in the aneurysmal wall within 12-24h 

post injection. Causing a local shortening of the T2/T2* relaxation time, the accumulated 

macrophages could be visualized and quantified due to a corresponding signal void in the MR 

images. An increasing inflammatory response over the 4 weeks of AAA development was 

observed including an increasing accumulation of macrophages, particularly at the edges of 

the dissected elastin laminae, but also in regions of elastin degradation. These findings 

suggest that these macrophages release proteases, such as MMPs, which may directly 

degrade elastic fibers and other ECM proteins leading to a further aortic wall weakening and 

dilatation. The visualization of a high inflammatory status of the aneurysmal wall may, 

therefore, indicate a further AAA progression until potential fatal rupture.     

Several preclinical and clinical studies confirmed these findings using either elastin-specific 

contrast agents or iron-oxide particles (102, 106, 108, 111, 113). To our knowledge, we were 

the first to test the feasibility of concurrent imaging of inflammatory activity and extracellular-

matrix degradation by using two different molecular probes in one MR imaging session. 

Therefore, two crucial processes of AAA development could be visualized and quantified at 

the same time. Both probes could be distinguished easily during MR imaging because of their 

different effect on relaxation times. While the gadolinium-based elastin-specific probe causes 

a bright signal on T1-weighted sequences, the iron-oxide particle appears as signal void on 

T2/T2*-weighted sequences. Furthermore, we proved that there was no influence of the iron-

based probe on the visualization and quantification of the gadolinium-based probe and vice 

versa. This fact is particularly important in the context of a potential future clinical application 

of concurrent imaging with two different MR probes. Further advantages regarding clinical 

translation include the approval of the used iron oxide particle ferumoxytol by the U.S Food 

and Drug Administration (FDA) for the treatment of iron deficiency anemia. Therefore, it can 

be used off-label as an MRI agent in clinical practice (114). The elastin-specific probe is 

comparable to MRI contrast agents already used in clinical practice regarding molecular size 

and composition, as well as clearance from the blood (115). In addition, both probes were 

administered at a clinical dose. By performing both studies using a clinical 3 Tesla MR scanner, 

several configurations such as relaxation, rotational correlation, and signal properties can 

furthermore be directly translated to human application.  

 

5.2 Molecular MR imaging for the prediction of aortic aneurysms  

Besides the diagnosis and visualization of AAAs, the prediction of further aneurysm 

development or even rupture represents one of the most important and difficult challenges 

regarding molecular imaging in the cardiovascular context. The potential of inflammation as a 
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biomarker of AAA prediction as well as ECM protein degradation as another possible 

biomarker has already been investigated independently in different preclinical and clinical 

studies (100, 111).   

To our knowledge, our study was the first to investigate the feasibility of concurrent molecular 

MRI with two different imaging probes for the prediction of AAA rupture. Regarding the 

inflammatory processes, animals that showed already one week after AAA induction a high 

uptake of iron oxide particle in the aortic wall resulting in a high MR signal void suffered from 

subsequent AAA rupture compared to those animals that showed a significant lower iron oxide 

particle uptake. Consequently, a high inflammatory status including an extensive accumulation 

of macrophages within the aneurysmal wall may serve as a possible predictive biomarker for 

AAA rupture. Furthermore, the concurrent in vivo imaging of the extracellular matrix revealed 

that animals with subsequent deadly aneurysm rupture showed a significantly stronger 

breakdown of elastic fibers after one week of Ang II infusion compared to surviving animals. 

These results suggest that the degradation of elastic fibers could be another imaging 

biomarker for the prediction of aneurysm rupture. Even though iron oxide particle MRI, as well 

as MRI using the elastin-specific probe, enabled the prediction of AAA rupture with high 

sensitivity and specificity each, the highest accuracy was demonstrated by the combined 

assessment of both imaging probes. Therefore, both biomarkers have their independent 

values and advantages, but a combined MR based assessment of both pathological processes 

improves the risk of rupture prediction of AAAs.            

 

5.3 Interleukin 1 beta – a new therapeutic target for AAA treatment 

In our second study, we assessed the potential of a novel promising therapeutic approach 

including the disruption of the inflammatory pathways during AAA formation. One of the key 

mediators of inflammation represents the cytokine interleukin-1β. IL-1β is mainly expressed by 

macrophages whereas endothelial cells and smooth muscle cells are also capable of IL-1β 

synthesis when stimulated by IL-1β. This positive feedback loop system further enhances 

inflammatory processes. The wide-ranging effects of IL-1β on vascular cells include the 

regulation of smooth muscle cells and endothelial cells. As a result, smooth muscle cells 

secrete high amounts of IL-6 which stimulates primarily lymphocyte proliferation. Furthermore, 

IL-1β stimulates the induction of expression of endothelial cell adhesion molecules which 

further enhance the inflammatory response by recruiting additional inflammatory cells (116). It 

was shown that IL-1β contributes crucially to the formation and progression of AAAs especially 

by the activation of macrophages that produce various MMPs, including MMP-9, a protease 

with high elastolytic activity (117, 118). Therefore, IL-1β does not only promote the 
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inflammatory processes during AAA formation but also the destruction of ECM proteins like 

elastin. Since preclinical studies revealed the critical role of IL-1β in experimental AAA 

formation as well as a significant elevation of IL-1β was found in AAA patients, IL-1β has 

gained in interest as a potential target for AAA therapy (28, 116, 117).     

The disruption of the IL-1β pathway via direct antibodies to IL-1β or IL-1 receptor (IL-1R) has 

been investigated previously in various studies. The IL-1R antagonist Anakinra which is 

already commercially available for the treatment of rheumatoid arthritis showed a significant 

protection against AAA formation and progression in a mouse model of AAA although 

administered in a 100-fold dose compared to the clinical dosage (119). The monoclonal IL-1β 

antibody 01BSUR used in our second study has also been evaluated already in different 

preclinical studies using mouse models of Kawasaki Disease, renal inflammation and 

abdominal aneurysms (120-122). These studies confirmed our findings that the repeated 

administration of 01BSUR results in a significant reduction of inflammation and ECM 

degradation within the aortic wall and therefore in a significant decrease in AAA formation. 

Moreover, in our study, we have used an already clinically approved dose of the anti-IL-1β 

antibody as used within a large phase 3 trial investigating the anti-IL-1β antibody canakinumab 

for the prevention of recurrent myocardial infarction (123). Further studies are now needed to 

evaluate the potential of this novel approach of AAA therapy to enable a future translation into 

clinical practice.      

 

5.4 Molecular MR imaging for evaluation of AAA therapy 

The evaluation of anti-inflammatory therapies of abdominal aneurysms using molecular MR 

imaging has gained clinical importance in the last several years. The aim of our second study 

was to prove the feasibility of molecular MRI for the evaluation and quantification of AAAs in 

response to anti-inflammatory treatment. The use of the elastin-specific probe allowed the 

visualization and quantification of changes in the ECM composition within the aortic wall. The 

anti-inflammatory treatment of Ang II-infused mice seemed to prevent the destruction of elastic 

fibers within the aortic wall and therefore the development of abdominal aortic aneurysms 

which could be clearly visualized on MR images. Molecular MR imaging may therefore be a 

useful tool for the monitoring of AAA patients receiving an anti-inflammatory therapy. 

Especially, an early identification of responders and non-responders to therapy could be 

feasible for identifying the most suitable therapy option for an AAA patient or adjusting the 

dosage of the administered medication. In the context of atherosclerosis, molecular MRI for 

the assessment of therapeutic responses to anti-inflammatory interventions was already 

successfully tested in a clinical setting. USPIO enhanced MRI demonstrated quantifiable 

changes in carotid plaque inflammation within the first 3 months of therapy in patients with 
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atherosclerotic lesions (124). This confirms our findings that molecular MRI represents a 

promising new approach not only for the in vivo characterization of aneurysms but also for the 

evaluation of the response to therapy.      

 

5.5  Limitations 

One main difference between human AAAs and those formed in the mouse model used in our 

studies is the anatomic location. In ApoE-/- mice, AAAs develop in the suprarenal region, 

whereas in humans AAAs develop preferentially in the infrarenal region (125-127). One 

possible explanation is the regional differences in collagen and elastin composition in the aortic 

wall, which lead to altered mechanical properties (128). Furthermore, there are differences in 

the embryologic lineage of vascular smooth muscle cells of the thoracic and abdominal aortas, 

determining their response to various cytokines and extracellular matrix proteins. (125, 129). 

 

The molecular probes that were used in both studies are currently not approved for clinical 

use. Even though the used iron oxide particle ferumoxytol is already approved for the treatment 

of iron deficiency anemia, it has to be used off-label for MR imaging with care because of the 

potential risk of complement activation. In addition, the safety profile of the elastin-specific 

probe as well as the safety profile of both agents in combination has to be investigated before 

translation into a patient setting.
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6 Summary 

Development and evaluation of novel molecular probes for the characterization of 
abdominal aortic aneurysms using magnetic resonance imaging (MRI)  

Abdominal aortic aneurysms represent a cardiovascular disease with potentially life-

threatening consequences. Although ruptured AAAs being the third most common cause of 

sudden death after myocardial infarction and stroke, the exact causes, as well as pathological 

processes of AAA formation and progression, still remain unknown. Since the number of 

patients showing this irreversible dilatation of the infrarenal aorta has constantly increased in 

the last several years, novel approaches for AAA diagnosis and management are required.  

Currently, there are different imaging techniques available in clinical practice for the diagnosis 

of abdominal aneurysms by measuring the aortic diameter, including ultrasound, computed 

tomography and magnetic resonance imaging. Since the aortic diameter was shown to be 

highly limited as a diagnostic and especially as a prognostic parameter for AAA rupture, 

molecular imaging which enables the assessment of changes within the aortic wall at a 

molecular level, has gained in attention. The aim of the present studies was therefore to 

investigate the feasibility of molecular MR imaging for the visualization and characterization of 

AAAs in a mouse model using different molecular probes. On the one hand, by using a 

gadolinium-based probe binding specifically elastic fibers, the pathological changes in the 

extracellular matrix of the aortic wall were clearly visualized and moreover also quantified. On 

the other hand, due to the concurrent administration of iron-oxide particles, the inflammatory 

processes during AAA development could be evaluated in the same MR imaging session. 

Furthermore, the future rupture of the aneurysmal wall could be reliably predicted based on 

the combined information from both molecular probes. 

Molecular MR imaging has the potential not only to improve AAA diagnosis and risk 

stratification but also the assessment of responses to therapy. Consequently, we have aimed 

in our second study to investigate molecular MRI for the assessment of the therapeutic effects 

of an anti-interleukin-1β antibody on AAA formation. Using the elastin-specific probe, the anti-

inflammatory effects of the IL-1β antibody within the aortic wall could be already early 

visualized and quantified. The neutralization of the pro-inflammatory cytokine IL-1β seemed to 

prevent AAA formation in the mouse model and offers therefore a new pathway for AAA 

treatment. Since the current management of abdominal aneurysm is limited to frequent 

monitoring until surgical intervention of large AAAs, an anti-inflammatory pharmacological 

treatment of AAAs would be a substantial improvement for patients. 
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The studies demonstrate that molecular MRI represents a novel imaging technique with 

potential to improve the diagnosis, characterization, risk assessment and visualization in 

response to therapy of abdominal aortic aneurysms. By combining two imaging probes, the 

two key processes of AAA development, inflammation and ECM protein degradation could be 

reliably evaluated. This new imaging parameters may complement already established 

morphological parameters, such as the aortic diameter, and may therefore improve especially 

the prediction of risk of aortic rupture. Nevertheless, various barriers have to be overcome to 

realize a future translation into clinical practice, including high regulatory hurdles and costs as 

well as the evaluation of safety profiles of novel imaging probes.  
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7 Zusammenfassung 

Entwicklung und Evaluierung neuer niedrig-molekularer Sonden für die 
Charakterisierung von abdominalen Aortenaneurysmen mittels der 
Magnetresonanztomographie (MRT) 

Abdominale Aortenaneurysmen (AAA) zählen zu den kardiovaskulären Erkrankungen mit 

potentiell lebensgefährlichen Folgen. Obwohl die Ruptur von AAAs die dritthäufigste Ursache 

für ein plötzliches Versterben darstellt, hinter Herzinfarkten und Schlaganfällen, sind sowohl 

die genauen Ursachen als auch die pathologischen Mechanismen der Entwicklung von 

Aneurysmen noch weitetestgehend ungeklärt. Da die Zahl an Patienten mit dieser irreversiblen 

Erweiterung der infrarenalen Aorta in den letzten Jahren konstant zugenommen hat, werden 

neue Ansätze in der Diagnostik und Behandlung von AAAs dringend benötigt.  

Derzeit stehen in der klinischen Praxis verschiedene bildgebende Verfahren zur Diagnose von 

abdominalen Aortenaneurysmen zur Verfügung, darunter Ultraschall, Computertomographie 

und Magnetresonanztomographie. Bisher erfolgt die Diagnosestellung durch das Vermessen 

des Aortendurchmessers. Seit mehrere Studien gezeigt haben, dass sich der Durchmesser 

der Aorta diagnostisch und vor allem prognostisch für die weitere Entwicklung des 

Aneurysmas als sehr begrenzt erweist, hat die molekulare Bildgebung - die es ermöglicht, 

Veränderungen innerhalb der Aortenwand auf molekularer Ebene zu beurteilen - an 

Bedeutung gewonnen. Das Ziel unserer Studien war es daher, die Anwendbarkeit der 

molekularen MRT Bildgebung für die Visualisierung und Charakterisierung von AAAs in einem 

Mausmodell mit verschiedenen molekularen Sonden zu untersuchen. Einerseits konnten 

durch den Einsatz einer Gadolinium-basierten Sonde, welche spezifisch an elastische Fasern 

bindet, die pathologischen Veränderungen der extrazellulären Matrix dargestellt und darüber 

hinaus quantifiziert werden. Andererseits konnten durch die gleichzeitige Verabreichung von 

Eisenoxidpartikeln, die Entzündungsprozesse während der AAA-Entwicklung zeitgleich in 

derselben MRT Untersuchung evaluiert werden. Darüber hinaus konnte eine zukünftige Ruptur 

der Gefäßwand anhand der kombinierten Informationen beider molekularer Sonden 

zuverlässig vorhergesagt werden. 

Die molekulare MRT Bildgebung hat das Potenzial, nicht nur die Diagnostik und 

Risikostratifizierung von AAAs  zu verbessern, sondern auch die Beurteilung des Ansprechens 

auf Therapien. Daher war das Ziel unserer zweiten Studie, die molekulare MRT Bildgebung 

zur Beurteilung der therapeutischen Wirkung eines Interleukin-1β (IL-1β) Antikörpers auf die 

Bildung von AAAs zu untersuchen. Durch den Einsatz der Elastin-spezifischen Sonde, konnten 

die entzündungshemmenden Effekte des IL-1β Antikörpers innerhalb der Aortenwand bereits 
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frühzeitig visualisiert und quantifiziert werden. Die Hemmung des proinflammatorischen 

Zytokins IL-1β schien die Bildung der AAA im Mausmodell zu verhindern und bietet daher 

möglicherweise einen neuen therapeutischen Ansatz in der Behandlung von 

Aortenaneurysmen. Da das derzeitige Management von abdominalen Aortenaneurysmen 

lediglich eine regelmäßige Überwachung bzw. eine operative Behandlung großer AAAs 

beinhaltet, würde eine entzündungshemmende pharmakologische Behandlung von AAAs eine 

wesentliche Verbesserung für die Patienten darstellen. 

Die Studien zeigen, dass molekulares MRT eine neuartige Bildgebungstechnik mit großem 

Potenzial zur Verbesserung der Diagnose, Charakterisierung, Risikobewertung und die 

Beurteilung des Ansprechens auf Therapien von abdominalen Aortenaneurysmen darstellt. 

Durch die Kombination zweier bildgebender Sonden konnten die beiden Schlüsselprozesse 

der AAA-Entwicklung, Entzündung und Abbau extrazellulärer Matrixproteine, zuverlässig 

bewertet werden. Diese neuen bildgebenden Parameter können die bereits etablierten 

morphologischen Parameter, wie den Aortendurchmesser, ergänzen und somit insbesondere 

die Vorhersage des Rupturrisikos der Gefäßwand verbessern. Dennoch müssen verschiedene 

Hindernisse überwunden werden, wie hohe regulatorische Hürden und Kosten sowie die 

Bewertung der Sicherheitsprofile dieser neuartigen Sonden, um eine zukünftige Umsetzung in 

die klinische Praxis zu realisieren. 
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