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Article history: An abdominal aortic aneurysm (AAA) is a permanent dilatation of the abdominal aorta, usually accompa-
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bus composition. Remodeling of the extracellular matrix (ECM) during AAA development leads to stiffness
changes, providing a potential imaging marker. 14 apolipoprotein E-deficient mice underwent surgery for
angiotensin Il-loaded osmotic minipump implantation. 4 weeks post-op, 5 animals developed an AAA. The

Keywords: aneurysm was imaged ex vivo by microscopic multifrequency magnetic resonance elastography (WMMRE)

Magnetic resonance elastography with an in-plane resolution of 40 microns. Experiments were performed on a 7-Tesla preclinical magnetic

Proof-of-concept resonance imaging scanner with drive frequencies between 1000 Hz and 1400 Hz. Shear wave speed

g:\g (SWS) maps indicating stiffness were computed based on tomoelastography multifrequency inversion.
11rmness

As control, the aortas of 5 C57BL/6] mice were examined with the same imaging protocol. The regional
variation of SWS in the thrombus ranging from 0.44 + 0.07 to 1.20 £ 0.31 m/s was correlated fairly
strong with regional histology-quantified ECM accumulation (RZ = 0.79). Our results suggest that stiff-
ness changes in aneurysmal thrombus reflect ECM remodeling, which is critical for AAA risk assessment.
In the future, tMMRE could be used for a mechanics-based clinical characterization of AAAs in patients.

Statement of significance

To our knowledge, this is the first study mapping the stiffness of abdominal aortic aneurysms with
microscopic resolution of 40 pm. Our work revealed that stiffness critically changes due to extracellular
matrix (ECM) remodeling in the aneurysmal thrombus. We were able to image various levels of ECM
remodeling in the aneurysm reflected in distinct shear wave speed patterns with a strong correlation
to regional histology-quantified ECM accumulation. The generated results are significant for the appli-
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cation of microscopic multifrequency magnetic resonance elastography for quantification of pathological
remodeling of the ECM and may be of great interest for detailed characterization of AAAs in patients.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

An abdominal aortic aneurysm (AAA) is a degenerative vas-
cular disease of the aorta with mortality rates of up to 90% in
case of rupture [1]. Factors that lead to AAA rupture are not yet
fully understood, and diagnostic medical imaging is mainly based
on the anatomical representation of AAAs. In clinical practice, the
aneurysmal thrombi in human patients are diagnosed by ultra-
sound [2], computed tomography [3], or magnetic resonance imag-
ing (MRI) [4]. Based on the long-standing assumption that AAAs
rupture risk is positively correlated to size [5-7], the size criterion
still serves as the basis for deciding on surgical intervention [8].

There is growing evidence that rupture risk involves various
factors related to the biomechanical properties of AAAs and that
stiffness plays a central role in AAA expansion and rupture poten-
tial [9]. It is well-known that in healthy aortas, proper connective
protein density and intact extracellular matrix (ECM) network are
the basis for reversible extensibility during the cardiac cycle and
wall stability under high stress [10,11]. AAAs are formed under
progressive extracellular matrix (ECM) remodeling, mainly charac-
terized by elastin degradation and distortion [12,13]. Consistently,
ruptured AAAs show an even more progressed decrease in elastin
than unruptured AAAs [13].

An essential aspect of the aforementioned alterations in the
ECM content is the aneurysmal thrombus. Intraluminal thrombi
(ILTs) are present in the majority of larger human AAAs [14]. Stiffer,
well-organized thrombi lead to reduced wall stress in comparison
to pliant, less-organized thrombi [15,16]. On the other hand, ILTs
can indirectly weaken the arterial wall by causing hypoxia and pro-
moting neovascularization, infiltration with inflammatory cells and
enzymes [17,18]. Moreover, fissures in the ILT, especially those that
connect the lumen with the aortic wall and/or comprise a sub-
stantial volume of the thrombus mass, increase arterial wall stress
[19] and may thus facilitate AAAs rupture.

To study the underlying mechanisms and altered mechanical
tissue parameters for improved diagnosis and prediction of AAA
rupture risk, a direct, imaging-based measurement of the stiffness
of the AAA would be beneficial. Elastography comprises medical
imaging techniques such as MRI and ultrasound extended by me-
chanical vibrations in the audible range to induce shear waves and
inversion algorithms to recover stiffness maps from shear wave
patterns [20]. Unlike light-based techniques such as microscopy,
the resolution of elastography techniques depends on the accu-
racy of the measurement of wave gradients, which does not nec-
essarily increase with excitation frequency, but with the signal-
to-noise ratio (SNR) of the imaging technique [21]. Recent stud-
ies have shown the feasibility and potential of magnetic reso-
nance elastography (MRE) [22-31] and ultrasound elastography
(USE) [32-40] for quantifying aortic and AAA stiffness. However,
these studies were mainly limited in spatial resolution and focused
on humans [22,25-28,30-32,34,35,37,39] or large animal models
[23,24,29,33,36,38,40].

So far, preclinical MRE can provide maps of viscoelastic param-
eters with a spatial resolution on the order of 150 pm [41,42].
With microscopic magnetic resonance elastography (uMRE) 34 pm
pixel size was reported without mapping the heterogeneity of vis-
coelastic parameters [43]. We hypothesize that the highly hetero-
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geneous structure of AAA requires high resolutions MRE which can
be achieved with multifrequency inversion methods which have
been proven robust for mapping stiffness details in soft tissues in
vivo and ex vivo [44,45]. Therefore, we here combine tMRE with
multifrequency wave acquisition and reconstruction (UMMRE) to
arrive, for the first time, at stiffness maps with in-plane pixel sizes
of 40 x 40 pm?2.

This study is pursuing two objectives: First, to demonstrate the
feasibility of tMMRE to generate high-spatial resolution stiffness
maps in ex vivo samples of an AAA mouse model. Second, to com-
pare tMMRE stiffness maps with histological stainings of ECM pro-
teins to evaluate the potential use of AAA stiffness as a quantitative
biomarker of rupture risk.

2. Methods
2.1. Animal model

The animal experiments were approved and performed accord-
ing to the animal protection committee of the LaGeSo, Berlin, Ger-
many, the local Guidelines and Provisions for Implementation of
the Animal Welfare Act by Charité - Universititsmedizin Berlin and
the regulations of the Federation of Laboratory Animal Science As-
sociations (FELASA).

The surgery protocol in this study is as described in previ-
ous publications from our group [46,47]. In short, 8-weeks old
B6.129P2-Apoetm1Unc/] (ApoE-/-) male mice underwent surgical
implantation of osmotic minipumps (N = 14). The animals were
anesthetized by intraperitoneal (i.p.) application of 500 ng/kg
medetomidine, 50 pg/kg fentanyl, and 5 mg/kg midazolam. The
anesthesia was reverted post-operative by i.p. combination of
atipamezole (2.5 mg/kg), naloxone (1.2 pg/kg) and flumazenil
(500 pg/kg). Angiotensin II-filled osmotic minipumps (Alzet model
2004, Durect Corp, Cupertino, CA, USA) with an infusion rate of
1000 ng/kg/min were implanted subcutaneously in the dorsal neck
area [48]. Four weeks later, the animals were euthanized by cer-
vical dislocation, underwent cardiac perfusion with saline, the ab-
dominal portion of the aorta was dissected [49] and pMMRE was
performed directly afterwards. Additionally, 5 C57BL/6] healthy
male mice were euthanized at 12 weeks of age and followed the
same imaging protocol. Our control group consists of C57BL/6]
mice and not ApoE-/- mice, because the ApoE-/- strain could po-
tentially develop cardiovascular pathologies even under normal
housing and dietary conditions [50].

2.2. Sample preparation

The abdominal portion of the aorta was separated from the
surrounding tissue. In order to prevent the lumen from collaps-
ing, ligatures tying off both ends of the isolated artery were com-
pleted after perfusion, one in the renal region and one approxi-
mately 1.0 cm further cranial. By using the free ends of the suture
material, the samples were navigated into the 3.2 mm inner diam-
eter glass tube (Wilmad Lab Glass, Buena, NJ, USA) parallel to the
wall and consequently embedded in ultrasound gel with a SWS of
0.77 + 0.09 m/s between 1000 and 1400 Hz [51] (Gello GmbH Gel-
technik, Ahaus, Germany) using a 20G cannula (B Braun, Melsun-
gen, Germany) (Fig. 1).
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Fig. 1. Experimental setup. Apolipoprotein E-deficient mice underwent surgery for angiotensin II-filled osmotic minipump implantation (N = 14). (a) Four weeks later, five
animals developed an abdominal aortic aneurysm (n = 5), the abdominal aorta was dissected and inserted into a 3.2 mm, ultrasound gel-filled glass sample tube. (b) utMMRE
was conducted on a 7 T preclinical small animal MRI scanner using a 20 mm-diameter quadrature volume coil. For the control group, the aortas of C57BL/6] mice (n = 5)
were dissected and underwent the same imaging protocol described above. pMMRE microscopic multifrequency magnetic resonance elastography, MRI magnetic resonance

imaging.

2.3. Histology

Following ex vivo nMMRE, the aortic samples were embedded
in optimal cutting temperature compound (Sakura Finetek, Tor-
rance, CA, USA) at —25° in the same transverse orientation as
for t/MMRE imaging, frozen and cryosectioned at 14 um thickness.
The samples were than processed with Miller’s Elastica van Gieson
(EvG), Hematoxylin and Eosin (H&E) and Picrosirius red (PSR) his-
tology stains. The resulting slices were scanned and photographed
using a light microscope (Keyence BZ-X800, Keyence Ltd. HQ &
Laboratories, Osaka, Japan). For collagen quantification by PSR, a
polarizing filter (Daitron Co. Ltd, Tokyo, Japan) was inserted to
the microscope to measure fiber birefringence. The morphomet-
ric analysis of the aortic region was performed using Keyence BZ-
X800 Analyzer software (Keyence BZ-X800, Keyence Ltd. HQ & Lab-
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oratories, Osaka, Japan). To measure the ECM content in a single
digitized image, the color profile of collagen and elastin as seen
using PSR and EvG, respectively, was set as reference. All structures
within this specific color profile were automatically recorded and
divided by the overall tissue area of the aorta in order to acquire
the collagen or elastin concentration. In addition, we set regions
of interest in the thrombus representing ECM-rich and ECM-poor
areas and measured the local collagen and elastin concentration.
In order to detect local ECM variations, multiple transverse slides
from each aorta were analyzed.

2.4. Microscopic multifrequency magnetic resonance elastography

IMMRE of tissue samples was conducted on a 7 T preclini-
cal small animal MRI scanner (Bruker Biospec, Ettlingen, Germany;
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Paravision 6.0.1) using a 20 mm-diameter 'H-RF quadrature vol-
ume coil (RAPID Biomedical, Wiirzburg, Germany) at 23 4+ 0.5 °C.
Mechanical oscillations with 1000, 1100, 1200, 1300 and 1400 Hz
frequencies were induced into the sample as shown in Fig. 1b
by a custom-made driver setup [44]. Wave images were acquired
in a transverse view using a multi-shot spin-echo MRE sequence
equipped with sinusoidal motion encoding gradients (MEGs) in di-
rection of the slice select axis of the scanner. The frequencies of
the MEGs were identical to the vibration frequencies, respective
MEG numbers and amplitudes (in mT/m) were: 11, 320mT/m |
1000 Hz, 11, 320 mT/m | 1100 Hz, 12, 320 mT/m | 1200 Hz, 13,
aa | 1300 Hz, 14, 320 mT/m | 1400 Hz. Further acquisition param-
eters were: repetition time (TR): 2000 ms, echo time (TE): 31 ms,
field of view (FoV): 4.0 x 4.0 mm?2, matrix size: 100 x 100, in-
plane resolution 40 x 40 um2, and slice thickness: 0.7 mm. The
total acquisition time for all 5 vibration frequencies, each of which
sampled with 4 wave dynamics, was approximately 1 h per sam-
ple. Shear wave speed (SWS in m/s) maps as a marker of stiffness
were calculated from the complex-valued wave images after phase
unwrapping and temporal Fourier transformation of the four wave
dynamics using multifrequency wave-number inversion (k-MDEV).
In previous work, we have validated the inversion algorithm by a
similar tMMRE technique used herein applied to homogeneous ul-
trasound gel [51]. The entire postprocessing pipeline is open-access
under https://bioqgic-apps.charite.de.

2.5. Statistical analysis

Values are specified as mean+SD. A Student’s t-test (unpaired,
2-tailed) was applied. Following continuous variables were com-
pared: size, SWS, amount of collagen, amount of elastin. For sig-
nificance testing, a p-value < 0.05 was considered to indicate a
statistically significant difference.

3. Results
3.1. AAA development and morphometry

In the experimental group, 5 out of the 14 animals that under-
went surgery developed an AAA, the animals that did not develop
an AAA (n = 4) or suffered a rupture (n = 5) were excluded from
the study prior to data acquisition. 3 of the AAAs were accompa-
nied by the formation of a large thrombus while 2 AAAs did not
develop a pronounced thrombus. We observed no AAA develop-
ment in the control group.

Cross sections of the abdominal aorta were examined after 4
weeks of Ang Il-infusion by tMMRE and histology. We observed
a significant dilatation (p < 0.05) with an average luminal aortic
area of 0.52 mm? in the AAA group after 4 weeks of infusion in
comparison to an area of 0.29 mm? in the control group (Fig. 2).

3.2. Microscopic multifrequency magnetic resonance elastography

To evaluate the potential of tTMMRE as a tool for AAA character-
ization, we performed ex vivo examinations of different regions of
the thrombus. Fig. 3a shows representative wave images for a con-
trol aorta and for an AAA, both embedded in ultrasound gel for all
recorded frequencies. MRE magnitude images and SWS maps with
an in-plane resolution of 40 pm calculated by k-MDEV are shown
for a control aorta and an AAA in Fig. 3b, respectively.

3.3. Correlation of stiffness with ECM protein content and
distribution

Fig. 4 shows a comparison between (MMRE based spatially
high resolved SWS maps (row 1) and histological stainings for
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Fig. 2. AAA development. A pronounced dilatation of the aortic lumen was ob-
served in histology between the control group and AAA group (p = 0.008). AAA
abdominal aortic aneurysm, H&E hematoxylin-eosin stain.

AAAs with (columns b, ¢, d) and without (column e) a pronounced
thrombus, as well as a healthy aorta (column a). For an overview
of tissue structure, H&E staining was acquired (row 2). To inves-
tigate the spatial distribution and concentration of ECM proteins
in AAA and healthy aortas, EvG (row 3) and PSR (row 4) stain-
ings were performed to assess elastin and collagen content, respec-
tively. Strong matrix remodeling is evident, with inhomogeneity
of the thrombus that was characterized by distinct ECM-rich and
ECM-poor regions (columns b, ¢, d). In addition, there was a strong
spatial overlap between regional collagen and elastin content.

Based on the EvG and PSR stainings (row 3 and row 4, respec-
tively, in Fig. 4), regional analysis of SWS for ECM-rich and ECM-
poor regions of three thrombi revealed significant different mean
stiffness (p < 0.05) based on mean SWS of 1.04 m/s (SD = 0.31)
and 0.44 m/s (SD = 0.07) shown in Fig. 5a. When comparing
ROIs demarcating ECM-rich and -poor areas of the thrombus in
SWS maps and histology, SWS values correlated greatly with both
elastin (R2 = 0.79) and collagen (R = 0.79) content separately and
collectively (RZ = 0.80) (Fig. 5c—e). Moreover, when comparing the
SWS maps to H&E staining of the same transverse aortic regions,
there was a fairly strong positive correlation in lumen diameter
(R?2 = 0.71) (Fig. 5f) as well as total AAA size, including the area
of the thrombus (R? = 0.70) (Fig. 5g).

4. Discussion

This is the first study to investigate the use of uMMRE for
imaging AAAs in a small animal model. Under ex vivo conditions,
maps of SWS as a surrogate marker for stiffness with a spatial res-
olution of 40 x 40 um could be obtained. By comparison, the
highest spatial resolution achieved so far was reported for USE
with 60 x 250 pum in axial / lateral sound wave direction for
ex vivo investigations on porcine aortas. The diameters of the lu-
men and the total AAA size based on H&E stainings and stiffness
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Fig. 3. Ex vivo microscopic multifrequency magnetic resonance elastography. (a) A custom-made driver setup was used to induce mechanical oscillations with 1000, 1100,
1200, 1300 and 1400 Hz frequencies into the specimen. (b) MRE magnitude and shear wave speed images of AAAs and healthy aortic vessels were acquired in a transversal

view.

maps showed strong correlations (R? = 0.71, R = 0.70) with a sig-
nificant, almost doubled increase in lumen diameter from 0.29 to
0.52 mm? after 4 weeks of Ang Il-infusion. This is in good agree-
ment with published results on AAAs in the Ang Il-infused mouse
model [47]. While the absolute number of animals that developed
an AAA in our study is smaller than normally described in the lit-
erature [48], it is important to note that 5 of the animals suffered
a rupture during the first week after implantation, which is in line
with the 10-30% mortality rate previously described [48]. Since 5
of the remaining 9 animals developed an AAA, our numbers are in
line with the expected incidence of 50% or more [48].

The main focus of our current study was to provide local stiff-
ness information of AAAs as a new biomarker for the estima-
tion of rupture risk. The basis for this hypothesis is structural
change of tissue in the formation of AAAs. While the pathogene-
sis of AAA development has not been fully elucidated, accompa-
nying dysregulated tissue homeostasis is generally accepted [52].
In the arterial wall, elastolysis causes a shift of the mechanical
load from elastic lamellae to collagen fibers that are 100 to 1000

393

times stiffer than elastin, leading to an increased risk for rupture
[53]. The morphology and structure of the simultaneously form-
ing thrombus has an additional influence on the occurrence of a
rupture. In humans, thrombi can be highly heterogeneous. Individ-
ual areas may appear disorganized or show different consistency,
thickness, stratification, microstructure and mechanical properties
[14,54,55]. In this context, several types of blood-filled channels
described as cavities, canaliculi, or fissures have been character-
ized [19,56,57]. In addition to these "holes," thrombus stability is
reduced via inflammation-driven neovascularization [58]. Finally,
concerning the rupture risk of arterial walls, there is a complex
interplay between protective properties provided by a thick throm-
bus and likewise weakening by SMC apoptosis and ECM degrada-
tion [59,60].

These observations were confirmed by our histological analysis.
Both total elastin and collagen quantity determined by Elastica-
van-Gieson (EvG) and Picrosirius red (PSR) stainings, respectively,
decreased significantly (p < 0.05) in AAAs compared to the control
group. Thrombi were characterized by strong matrix remodeling
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(e)

Fig. 4. Extracellular matrix imaging in ex vivo tMMRE and histology. Representative shear wave speed (1), Hematoxylin-Eosin (2), Elastica-van-Gieson (3) and Picrosirius red
stainings (4) of a control aorta (a), three different AAA samples with a pronounced thrombus mass (b-d) and an AAA that did not develop a thrombus (e) are presented. The
circles represent extracellular matrix-rich (red) and -poor (blue) ROIs inside the AAA thrombus (b-d). The scale bars in the histological images represent 100 pm. uMMRE
microscopic multifrequency magnetic resonance elastography, AAA abdominal aortic aneurysm, ROI region of interest.

with pronounced inhomogeneity and distinct ECM-rich and ECM-
poor regions. The combined information from ex vivo uMMRE, EvG
and PSR stainings demonstrated a very good correlation of SWS
as a stiffness marker with the local distribution and quantity of
elastin (R = 0.79) and collagen (R* = 0.79). Consistently, SWS
differed significantly (p < 0.05) between ECM-rich and ECM-poor
regions. These results indicate the importance of high spatial res-
olution when correlating stiffness with histopathological features
towards AAA rupture risk assessment. In addition, it is possible
to adapt a similar utMMRE-based approach for analyzing excised
human AAAs in the future, similar to other ex vivo biomechanical
measurement techniques [9].

Literature data on MRE and USE in AAA are sparse, studies
have been performed in a porcine model [24] and in patients [27],
with a highest spatial in-plane resolution of 3.13 x 6.25 mm. For
the longitudinal ex vivo animal study [24], AAAs sized in the range
between 3 and 12 cm showed 5.8-6.8 kPa stiffness at vibration
frequencies of 70 Hz. In the in vivo human study [27], the mean
stiffness of AAAs was 13.97 4+ 4.2 kPa. In agreement with our
study, a significant reduction of collagen and elastin due to re-
modeling of the ECM of AAAs was observed in both studies. For
comparison, we can convert the SWS determined in our study to
the shear stiffness y given in [24,27] using the formula: ;1 = SWS?
- p (with p = 1000kg/m3 as density of AAA). There are several
reasons for the clear difference compared to values of 0.2-1.1 kPa
found in our study for AAA stiffness. First, species differ, and
physiological parameters vary between in vivo and ex vivo studies,
in particular the blood pressure is an important confounder for
vessel wall stiffness [35]. Furthermore, the algorithms used to
compute viscoelastic parameters differ. In [24,27] a local-frequency
estimation (LFE) inversion algorithm was used while we applied
a wave number-based inversion method. Different filter settings
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for the suppression of pressure waves and noise influence the
resulting stiffness values. In addition, the aforementioned studies
calculated stiffness values for AAAs as a whole, without differ-
entiating between the thrombus mass and vessel wall. This, and
fundamentally methodological differences in data acquisition pre-
vent a comparison with other MRE studies performed on porcine
and human aortas addressing stiffness changes due to fixation
[29], hypertension [23], cardiac cycle-induced stiffness changes
[25], reproducibility [25], and age dependence [27].

Methodological similarities with the present study in the use of
multiple vibration frequencies for data acquisition and subsequent
calculation of stiffness with the k-MDEV method exist for time-
harmonic ultrasound elastography (THE) and multi-frequency MRE
(MMRE). For THE, SWS of 2.14 m/s were found for an arterial pres-
sure of 30 mm Hg in a porcine model [36] (vibration frequencies:
60,70, and 80 Hz), and 2.09-2.14 m/s were reported for healthy
subjects with an average age of 30 years (vibration frequencies:
60,70, and 80 Hz) [37]. Application of steady state MMRE revealed
for abdominal human aortas in healthy subjects with a median age
of 33 years SWS of 2.48 m/s (vibration frequencies: 50, 60,70, and
80 Hz) [28]. The lower AAA values in our ex vivo mouse model
could possibly be related to the observed depletion of ECM com-
ponents and thus reflect true absolute stiffness values. Neverthe-
less, we cannot fully exclude the influence of the soft gel matrix
in which tissue specimens were embedded on the measured shear
wave speed.

Further limitations of our study are: (i) an increase in the num-
ber of animals would improve the statistical power of the results.
Since only five animals developed an AAA in the experimental
group and only three of those developed a pronounced thrombus
that could be measured in wuMMRE, our results should be viewed
as an exploratory work. (ii) The sample preparation protocol could
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Fig. 5. Correlation of local ROI shear wave speed and extracellular matrix proteins. (a) The average shear wave speed in the ECM-poor ROIs of the thrombus was 0.44 m/s
while in the ECM-rich ROISs, it reached 1.04 m/s. (b) Compared to the control group, the total amount of both elastin and collagen significantly decreased in the AAA group.
The local shear wave speed in tMMRE was in great correlation to elastin (c) and collagen (d) separately and altogether (e). The dots in the diagrams in (c), (d) and (e)
indicate ECM-poor ROIs while the squares represent ECM-rich ROIs in the thrombus. (c-e) Multiple transversal slides (n = 8) from each thrombus-containing AAA were
analyzed in order to detect local ECM variations in the thrombus. (f) A strong correlation between the aortic lumen area in tMMRE and H&E stain was found (R? = 0.71).
(g) The total AAA area including the thrombus also correlated highly (R? = 0.70). In order to detect local changes in the lumen and total AAA size, we took n = 14 (f)
measurements for lumen size from all samples and n = 8 (g) for total AAA size from the animals that developed a thrombus, measured as the outer diameter around the
adventitia. AAA abdominal aortic aneurysm, pMMRE microscopic multifrequency magnetic resonance elastography, H&E hematoxylin-eosin stain, ROI region of interest, ECM

extracellular matrix.

be further optimized, since the aortic lumen partially collapsed
in some samples. However, the aneurysmal thrombus was always
clearly visible even in the areas with collapsed lumen. (iii) the in-
clusion of a longitudinal study design would allow to monitor the
remodeling of ECM during the AAA development. (iv) the thickness
of the murine aortic wall is at the limit of xMMRE imaging resolu-
tion, therefore we could only analyze the thrombus and it was not
possible to deliver reliable information about the aortic wall dur-
ing AAA development and progression. (v) the translation of our
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results on AAAs in the ex vivo mouse model to humans is limited.
While there is agreement in the fundamental disease mechanisms,
e.g. ECM remodeling, hematoma development, and luminal di-
latation, differences to the Apo E-/- Ang Il mouse model exist
in regard to the development of suprarenal dissecting AAAs due
to breakage in elastin, whereas humans mostly develop fusiform
infrarenal AAAs [61,62]. In our disease model, no calcifications
in the thrombus were observed which can lead to a potential
overstretching of the noncalcified tissue portions in human
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thrombi [54,63]. Furthermore, progression to in vivo experiments
would be desirable to comply with confounding variables in
the body, such as blood pressure and vicinity to other organs
and tissues. For this purpose, the examination method must
be adapted to the physiological boundary conditions existing
in mouse models. These adjustments include synchronizing the
MUMMRE acquisition technique with heartbeat and respiratory cycle
as well as further development of the existing actuator system to
be able to induce shear waves with sufficient amplitude in the
murine aorta.

5. Conclusion

Using ex vivo pMMRE with 40 pm resolution we were able to
map stiffness of AAAs in a murine model. Spatially resolved SWS
correlated with local ECM remodeling in the aneurysmal throm-
bus quantified by histological stainings. This study is an important
step in assessing tissue stiffness as an image marker sensitive to
structural changes during the pathological ECM remodeling in the
course of AAAs.
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