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WHAT THIS PAPER ADDS?

� Aortic abdominal aneurysm mouse models are a valuable tool to study the pathogenesis of this condition. Recently, it has been
shown that AAAs developed in the murine elastase-induced model are measurable with ultrasound. In this study we demonstrated
the feasibility of aortic measurement with MRI in this particular model. Because MRI may provide cellular and biochemical
information about the aortic wall, the development of an aneurysm follow-up model with MRI could provide new insights con-
cerning risk factors for rupture or help to predict rapid evolution of AAAs still under surveillance.
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Objectives: There are, to date, no published non-invasive or longitudinal studies performed in mice to
measure aortic diameter and wall thickness in an elastase-induced abdominal aortic aneurysm. This MRI
study at 11.75 T aimed at evaluating the reliability of longitudinal in vivo aortic diameter and wall
thickness measurements in this particular model.
Methods: Adult male C57BL/6 mice underwent transient elastase or heat-inactivated elastase perfusion
(controls). Aortic dilatation was measured before, during and immediately after elastase perfusion, and
again 14 days after, with a calibrated ocular grid. MRI was performed just before initial surgery and at day
14 before harvest using an 11.75 T MR microscopy imager.
Results: Aortic diameter was significantly greater in elastase-perfused mice compared to controls as
measured by optic grid (1.150 � 0.153 mm vs 0.939 � 0.07 mm, P ¼ 0.038) and according to MRI
measurement of the outer diameter on spin echo images (1.203 � 0.105 mm vs 1070 � 0.048 mm,
P ¼ 0.0067). Aortic wall thickness was found to be significantly increased in elastase-perfused mice at
day 14.
Conclusions: This study demonstrates in the mouse elastase-induced aneurysm model that character-
ization of aneurysm development by its inner and outer vessel diameter and vessel wall thickness can be
carried out longitudinally using high resolution MRI without significant mortality.

� 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Introduction

Abdominal aortic aneurysm (AAA) is a common and poten-
tially life-threatening condition associated with advanced age,
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cigarette smoking, atherosclerosis, and an inherited predisposi-
tion. Several animal models have been developed to determine
the mechanism of AAA formation.1 The most commonly used
mouse models of AAA are produced by calcium chloride,2

angiotensin II (AngII)3 or elastase.4 The infusion of AngII into
either fat fed, LDL receptor �/� or apolipoprotein E-deficient
mice (ApoE-KO) leads to the production of a suprarenal aneu-
rysm. Surprisingly, in this model, medial early events are accu-
mulation of macrophages and dissection, a different aortic
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pathological entity as supposed to aneurysm.5 Despite a very
reproducible localization of the AAA in the suprarenal region of
the aorta during AngII infusion, it has been observed that specific
experimental conditions can generate AAAs that are grossly
variable in morphologic appearance. However, these variations
were not easily reflected by any measurements such as changes
in vessel size. Therefore, a classification system for different
forms of AAAs has been established.6 However, this classification
might be difficult to assess with current MRI or duplex tech-
niques. In the second model, peri-aortic incubation of calcium
chloride promoted arterial wall thickening. This model led to the
development of luminal dilatation, but without the preceding
mechanical effects that are noted in the elastase perfusion
model.2 The elastase perfusion model was initially performed in
rats and later transferred to mice.4,7 The adaptation of the elas-
tase perfusion model to mice has brought the important advan-
tage of allowing studies in genetically modified strains, and
therefore has led to a more sophisticated definition of the
underlying mechanisms. On the other hand, this adaptation
implies working on much smaller aortic diameters. The elastase
perfusion model in mice involves transient elastase-induced
aortic injury resulting in only mild to moderate immediate
aortic dilatation within 14 days of surgery. This reproduces many
of the critical features of human AAAs, including transmural
infiltration of the aortic wall by mononuclear phagocytes,
increased local production of MMPs, and progressive degradation
of aortic wall matrix proteins.8 MRI is an ideal tool for vascular
research, because it can generate high-resolution images across
many time-points and assess the vascular wall biology. Previously
published studies have already used MRI in mouse models of
atherosclerosis9,10 and in other models of aortic aneurysms.11,12

However, and to the best of our knowledge, this is the first
time that MRI has been used to assess the aorta in the elastase
perfusion model. Indeed, aneurysm size in the elastase model is
small (diameters around 1.3 mm) compared for example to the
aneurysm created in the ApoE angiotensin model (diameters
around 2.5 mm). These measurements required high spatial
resolutions and have been possible with the use of high field
MRI (11.75 T), which is an innovative tool in small animal
cardiovascular research. The aim of this study was to demon-
strate the feasibility and the reliability of in vivo MRI measure-
ments of aortic morphology in the elastase perfusion model in
C57Bl/6 mice in comparison to the reference method by micro-
scope grid measurements. As a longer-term goal, this study
may serve as a basis for multiparametric and molecular MR
imaging,11,13 and may provide helpful information for future
clinical applications.

Materials & Methods

Elastase perfusion model of AAA

Eighteen adult male 8e12 week old C57BL/6J mice (HARLAN,
Indianapolis, IN, USA) were used. Within this very common age
range, variations in size, weight and aortic diameter are known
to be small.14,15 Animals were cared for and used according to
a protocol approved by the committee on animal ethics at the
Université de la Méditerranée, and in accordance with the Euro-
pean convention for the protection of vertebrate animals used for
experimental purposes and institutional guidelines n� 86/609/CEE
November 24, 1986. The mice were randomly assigned to two
groups, nine undergoing elastase perfusion and the remaining
nine undergoing heat-inactivated elastase (HIE) perfusion for
control. They underwent transient perfusion of the abdominal
aorta to induce AAAs, as described previously.4 The mice were
anesthetized, and a laparotomy was performed with the assistance
of an operating stereo microscope (Leica). The infrarenal abdom-
inal aorta was isolated, and the pre-perfusion aortic diameter was
measured with a calibrated ocular grid. The isolated aortic lumen
was perfused for 5 min at 100 mmHg (1 mmHg _ 133 Pa) with
a saline solution containing type 1 porcine pancreatic elastase in 9
mice (0.1455 units/ml; Sigma, St. Louis, MO, USA). The elastase
dose for inducing AAAs with confidence and without aortic
dystrophy was determined in preparative experiments carried out
on 49 mice: HIE group (n ¼ 9), 0.1164 units/ml (n ¼ 10),
0.1455 units/ml (n ¼ 11), 0.1746 units/ml (n ¼ 12) and
0.2328 units/ml (n ¼ 7). During this initial phase mouse mortality
was measured. The 9 control mice underwent aortic perfusion
with HIE, in which the standard dose elastase solution was heated
to 100 �C for 30 min to eliminate enzymatic activity. HIE is the
compound of reference used as a control for this model since it
was described by Pyo et al. in 1998.4 All experiments were per-
formed with a single porcine pancreatic elastase (PPE) preparation
derived from the same commercial source and lot.

Protocol

MRI was performed at day 0 before elastase perfusion,
compared with optical grid measurement, and repeated 14 days
after elastase perfusion. After MRI at day 14, a second laparotomy
was performed, and the perfused segment of the abdominal aorta
was reexposed and measured in situ before sacrifice. Pre-perfusion
aortic diameter was measured before isolation of the abdominal
aorta at the time of elastase perfusion, and post-perfusion aortic
diameter was measured at least 5 min after successful restoration
of arterial flow. Final aortic diameter measurements at day 14 were
obtained in vivo immediately before euthanasia and approximately
1 h after MRI.

MRI

In vivo MRI was performed on a Bruker AVANCE 500 11.75 T
(Bruker, Ettlingen, Germany) wide bore vertical imaging system
equipped with microimaging gradients. Animals underwent
isoflurane induction at 3%, and were inserted in a 30 mm
diameter radiofrequency volume resonator. During the MRI
acquisitions, 1.6e1.8% isoflurane in a 300 mL/min air-flow was
administered through an adapted nose cone assuring a stable
sleep under physiologic conditions. Breath-monitoring and gating
were obtained using an SA Instruments (Stony Brook, NY, USA)
system and a pressure sensor connected to an air-filled balloon.
Temperature was maintained at 37 �C by heating of the
surrounding magnetic field gradient coils. An angio FLASH
sequence (TE ¼ 2 ms, TR ¼ 120 ms, flip angle 90�, FOV 30 mm,
matrix 256 � 256, averages 2) was used to visualize the aorta in
two longitudinal planes. These images served as a basis for
perpendicular slice positioning of the vessel-wall imaging
sequence (Fig. 1). For imaging the vessel wall, a respiratory-gated
multi-slice spin-echo sequence was used with 9 slices, TR
w1500 ms, TE ¼ 15 ms, FOV 20 mm, matrix size 256 � 256 mm,2

slice thickness: 0.5 mm, interslice distance ¼ 1 mm and a total
duration of 12 min. Multi-slice FLASH imaging was then used to
acquire positive-blood-contrast images from the same slices
(TR ¼ 60 ms, TE ¼ 2.6 ms, flip angle ¼ 30�, FOV ¼ 20 mm, matrix
size ¼ 256 � 256, slice thickness ¼ 0.5 mm, interslice
distance ¼ 1 mm). In order to obtain reproducible cranio-caudal
slice positions between day 0 and 14, the lowermost slice was
first placed at iliac bifurcation level, and the entire slice block was
then shifted upward by 3 mm. The total duration of the protocol
was 30 min.



Table 1
Optic grid aortic diametermeasurements immediately before (pre), during (per) and
after (post) elastase or heat-inactivated elastase (HIE) perfusion.

Diameter (mm) Elastase N ¼ 9 HIE N ¼ 9 P-value

Pre perfusion 0.533 � 0.040 0.506 � 0.032 NS
Per perfusion 0.964 � 0.078 0.922 � 0.042 NS
Post perfusion 0.823 � 0.022 0.804 � 0.016 NS

All data are given as means � SEM. Statistical analyses were carried out using
Student’s t-test.

Figure 1. (A) Coronal and (B) sagittal abdominal FLASH angiography images used for perpendicular positioning of imaging slices.
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Image analysis

MRI image analysis was performed using Image J 1.43u software
by personnel blinded with respect to results from optic grid
measurements. Measurements were repeated on two separate
occasions using random selection of datasets and with operator
blinding to prevent any bias.

Vessel diameters were calculated from strictly circular areas,
which were manually fitted to the outer or inner contour of the
vessel on the spin echo (black blood) images. The inner and outer
vessel diameters were calculated from these circular areas. As an
internal control, the aortic lumen diameter was also measured
using the gradient echo images.

Aortic wall thickness was calculated by subtracting the inner
from the outer area and the inner from the outer radius, both of
which were measured on the spin-echo images. Among the 9
available slices, the one with the largest measured diameter was
retained for comparison with the optic grid measurements, among
which also the largest diameter was retained for comparison. In
order to assess potential tissue structure changes between aneu-
rysms and controls with MRI, aortic wall gray scale mean was
calculated as the mean signal intensity on spin echo images using
Image J 1.43u software and gray scale histogram function. The
region of interest was delimited by the outer and inner contour of
the vessel on the slice in which the diameter was the largest.

Statistics

Data are presented as group means � SD or, if the data did not
pass the normality test, as median with interquartile range.
Student’s t test was used to compare themeans of two independent
sample groups when values were sampled from Gaussian distri-
bution. Otherwise the ManneWhitney test was used. Mortality
rates were compared with Fisher’s exact test. Statistical analysis
was performed with GraphPad PRISM version 3.00 for Windows 95
(GraphPad Software, San Diego, CA, USA). To assess the correlation
between MRI and micro grid optic measurements, a linear regres-
sion analysis was performed. The Pearson coefficient was
computed to measure the strength of the relation; P values �0.05
were considered significant. A BlandeAltman plot was used to
compare the techniques.16

Results

With the four different elastase concentrations initially
tested (0.1164 units/ml, 0.1455 units/ml, 0.1746 units/ml and
0.2328 units/ml) the final diameters obtained at 14 days were
0.95 � 0.22, 1.12 � 0.17, 1.10 � 0.20, and 1.49 � 0.48 mm, respec-
tively, which were compared with the diameter obtained with HIE
(0.92� 0.04mm).We retained the concentration of 0.1455 units/ml
for the MRI assessment, because it was the lowest elastase
concentration producing a significant diameter increase compared
with controls perfused with HIE (P ¼ 0.0112). During these
preparative experiments, mortality was 8.2%.

At day 0 of the main protocol, pre, per and post perfusion aortic
diameters obtained with the optic grid during surgery did not differ
significantly between groups, confirming that surgery protocol was
comparable between the two groups (Table 1). There was an
increase in aortic diameter right after perfusion in both groups. This
is due to the initial perfusion of the aorta, which is performed under
pressure. This perfusion over-expands the aorta, and when the
pressure is released the aorta remains dilated. Perfusion creates the
same initial diameter increase in both groups. The mortality rate in
operated mice between day 0 and day 14 was 3 out of 18 mice
(16%); this was not statistically different compared to the mortality
observed in the first part of the experiment (P ¼ 0.3751). MR image
quality was such that morphologic measurements of the aortawere
possible in all obtained images. A typical example of MRI images in
both groups at day 0 and day 14 is shown in Fig. 2.

The mean aortic diameter measurements obtained with optic
grid and MRI are shown in Table 2. At day 0, none of the measure-
ments performed with optic grid or MRI were different between the
groups. At day 14, aortic diameters obtained with the optic grid
method were significantly higher in elastase-perfused mice than in
controls, and a 100% increase in diameter fromday 0 pre perfusion to
day 14 was obtained in 6 out of 7 mice (85%) perfused initially with
elastase, in agreement with a previous report using the elastase
perfusion model.17 Using MRI measurement we observed at day 14
a significantly larger outer aortic diameter in elastase-perfused mice
compared to controls, in agreement with optic gridmeasurement. In
addition, MRI allowed measuring the inner aortic diameter which
was not available with optic grid measurement. The inner aortic



Figure 2. Typical example of MRI images in mice at day 0 and day 14 after elastase or heat-inactivated elastase perfusion. Scale bar ¼ 1 mm.

M.A. Bartoli et al. / European Journal of Vascular and Endovascular Surgery 44 (2012) 475e481478
diameter measurement was found to be significantly different
between perfused mice and controls, on either spin echo images or
gradient echo images. Overall, the most significant difference
between the two groups was observed using the outer diameter
assessed with the spin echo sequence.

There was a significant linear correlation (P ¼ 0.0001) between
MRI and opticmeasurements of the outer diameter at day 0 and day
14, with both groups pooled (Fig. 3). BlandeAltman analyses of MRI
and optic gridmeasurements showed good agreement between the
two methods in day 0 mice, day 14 controls and day 14 elastase-
perfused mice. At day 0, MRI showed significantly higher aortic
diameter values, and with increasing diameters at day 14 the bias
was reduced by one half (Fig. 4). Diameters obtained with gradient
echo images were higher, which is likely due to a relatively high
signal intensity from the blood and blurring. MRI also allowed us to
measure aortic wall thickness. At day 14, wall thickness was
significantly greater in elastase-perfused mice compared with
controls. Both groups showed a significant increase in aortic wall
thickness from day 0 to day 14 (Fig. 5). The analysis of the gray scale
value between aortas perfused with HIE and aortas perfused with
elastase at day 14 did not show any difference (Fig. 6).

Discussion

In vivo imaging technologies are of obvious interest in the study
of animal models of AAA. To the best of our knowledge, this is the
Table 2
Comparison of aortic diameter measured with MRI and optic grid at day 0 and day 14.

Day 0

HIE N ¼ 9 Elastase N ¼ 9

MRI e spin echo
Inner diameter (mm) 0.525 � 0.022 0.564 � 0.067
Outer diameter (mm) 0.745 � 0.035 0.773 � 0.064
MRI e gradient echo
Inner diameter (mm) 0.681 � 0.035 0.720 � 0.067
Optic grid
Outer diameter (mm) 0.506 � 0.032 0.533 � 0.040

Mean � SEM aortic diameter value obtained with MRI and optic measurement.
HIE: heat-inactivated elastase.
first study demonstrating the feasibility of in vivo aortic measure-
ments in the elastase-induced aneurysm mouse model. We have
also showed that significant diameter differences between
elastase-perfused mice and HIE-perfused mice can be revealed
using MRI at 14 days, and this finding was in agreement with the
ocular grid reference technique4 carried out on the same animals.
With an acceptable mortality rate, a high level of reproducibility
and the possibility to perform longitudinal studies, this approach
offers a significant benefit in terms of animal sacrifice, since in
future studies the kinetics of the aortic diameter might be assessed
with MRI at several time points, following up animals individually
instead of sacrificing the animals at each stage for comparison
purposes. Beyond diameter measurements we also demonstrated
the ability to assess aortic wall thickness non-invasively, which
offers further possibilities for the analysis of aneurysm walls. The
same measurements are obviously possible in transgenic animals.

The ability to perform non-invasive follow-up and aortic wall
analysis in different AAA animal models13,18 with the same imaging
modality now enables comparison of different complementary
models and studies of the pathologic processes leading to aneu-
rysm development.

In this specific model, the relatively small size of the aortic
aneurysm is one of the major difficulties when using non-invasive
measurements. In 1998, Fayad et al.9 demonstrated the first in vivo
MR microscopy images of the arterial wall of wild type and
genetically engineered mice, such as ApoE-KO mice, that non-
Day 14

P value HIE N ¼ 8 Elastase N ¼ 7 P value

0.1457 0.799 � 0.057 0.865 � 0.051 0.0335
0.2988 1.070 � 0.048 1.203 � 0.105 0.0067

0.1966 0.851 � 0.027 0.927 � 0.056 0.0078

0.1672 0.939 � 0.070 1.150 � 0.153 0.0038



Figure 3. Comparison of outer aortic diameters as measured by MRI or optic grid at
day 0 and day 14 for both groups (n ¼ 33 measurements). The linear regression yielded
a significant positive correlation.

Figure 5. Box and whisker plot of aortic wall thickness. Box represents median and
interquartile range and whiskers the extreme values. Comparison of aortic wall
thickness at day 0 and day 14 between control and elastase-perfused mice as measured
by spin echo MRI.
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invasively identified and characterized atherosclerotic lesion
burden. It was shown later that these measurements were also
possible at early stages of plaque development.10 These studies
demonstrated the potential of high resolution MRI in this field.

In a more recent study, Turner et al.18 had to deal with larger
aneurysms compared to the AAA elastase-induced model, since the
study was carried out on the AngII ApoE-KO model of aneurysm. In
this model, the AAA area reached 4 mm2 after 4 weeks, which is
equivalent to a diameter of 2.26 mm, and this facilitated an
assessment with MRI.18 In this particular study, it is interesting to
note that the AAA area increased very significantly while in the
same period of time the aortic lumen area decreased. This
phenomenon was not observed in our study, in which a parallel
increase of the lumen and of the aorta was observed as shown in
Table 2.

Several studies have used duplex ultrasound and have shown
reliable results with the AngII ApoE-KO model.19,20 However, in
highly dilated aortas, some difficulties appear in sharply delin-
eating the lumen from the aortic wall boundary in grossly diseased
vessels with this technique. The AAAs obtained with the elastase
perfusion model are relatively small compared to the AngII ApoE-
KO model despite a relatively smooth aortic wall boundary. The
aortic wall thickness is probably difficult to reliably measure with
ultrasound, partly due to the aortic position behind the guts in the
abdomen. In a recent report, Azuma et al. have validated high-
frequency ultrasound imaging to non-invasively assess AAA
development in the murine model of elastase-induced AAA.21 This
study, however, was entirely based on aortic lumen measurements,
which is likely related to the aforementioned difficulties in
Figure 4. BlandeAltman analyses comparing MRI and optic grid measurements of aortic dia
after elastase perfusion.
delineating the external boundaries of the aneurysm with ultra-
sound.19,20 Taken together, these data show that the assessment of
aortic wall thickness in two of the main AAA mice models seems to
be challenging with ultrasound. However, aortic wall visualization
with ultrasound might become important in aneurysm research
given the recent developments in contrast-enhanced ultrasound,
which can assess neovascularization in the vessel wall and probe
aortic wall biology with microbubbles targeted to specific vascular
endothelial cell ligands.22

In a previous study, it was demonstrated that small aortic wall
thicknesses are measurable with MRI in ApoE-KO mice.10 In this
study, we were able to reproduce these measurements at the level
of the abdominal aorta in the elastase perfusion model. Moreover,
we were able to show that aortic wall thickness increases when
perfusion is performed with elastase rather than HIE. We observed
that in spin echo images the aortic wall is particularly well visu-
alized at the level of the inter aorto-caval space, because the aorta is
surrounded by arterial and venous blood. This isolated part of the
aorta might be a useful target for advanced MRI analyses of the
aortic wall. In human aneurysms, it has been reported that localized
wall thickness is a possible important feature of AAAs.23 The ability
to assess this parameter with MRI in the elastase mousemodel may
therefore enable new experimental research on this particular
aneurysm feature.

This study is in agreement with recent non-invasive measure-
ments of AAA using ultrasound or MRI in un-operated aorta that
showed larger diameters than those monitored by visual micros-
copy.20,21,24 Different hypotheses have been presented to explain
this finding.21 We hypothesize that vascular tone plays a major
role.25 Interestingly, we observed a smaller bias in the HIE group at
day 14 compared to day 0. The aortic dilatation performed at day
0 with HIE during the procedure probably modifies slightly the
ability of the aorta to respond to external vasoactive stimuli.
meter in mice at day 0 (both groups), in mice at day 14 after HIE and in mice at day 14



Figure 6. Box and whisker plot of gray scale value measured on aortic wall with MRI at
day 14 in HIE-perfused mice and elastase-perfused mice. Box represents median and
interquartile range and whiskers the extreme values (P ¼ 3357).
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Moreover, the bias was smallest at day 14 in the aorta perfusedwith
elastase. At this stage, the elastic layer was more severely injured
due to fragmentation of elastin layers and compensatory collagen
accumulation. MRI, however, allowed detection of diameter
differences between HIE and elastase perfused mice at day 14.

The ability to assess the aortic wall with MRI in the elastase
aneurysmmousemodel offers interesting perspectives for studying
this pathology. The different surgical therapies for AAA are char-
acterized by their individual mortality pattern. In the interest of
benefit for the patient, surgical management of AAA is therefore
commonly indicated only when the aneurysm reaches a diameter
greater than 55 mm.26 Below this diameter, simple close follow-up
is recommended. However, during this period the risk of aneurysm
rupture remains. To date, the most reliable parameter correlating
with the risk of rupture is the AAA diameter. Thus, it is of interest to
create a model of aneurysm follow-up and to establish new
markers of rapid evolution or risk of rupture during this follow-up
period. This approach will also help to assess the efficacy of future
medical therapies on the stabilization of the AAA growth. More-
over, it has been shown that MRI provides the possibility to use
ultra-small superparamagnetic iron oxide (USPIO) to detect the
acute inflammatory process involved in the development of the
AngII ApoE-KOmodel.27 In a second step, it has been demonstrated
that uptake of USPIO in human AAA identifies cellular inflamma-
tion and appears to distinguish those patients with more rapidly
progressive AAA expansion.28 Recently, Klink and colleagues
demonstrated in a new AAA mouse model that high-resolution,
multisequence MRI allowed for longitudinal monitoring of AAA
progression while the presence of collagen was visualized by
nanoparticle-enhanced MRI.11 Taken together, these data suggest
that mouse models give complementary information useful for the
determination of new biomarkers for aneurysm development.

One of the main clinical goals of this study was to identify new
imaging markers of AAA evolution. These markers will have
numerous potential clinical applications also in the EVAR field, such
as evaluation of aortic wall changes after EVAR performed with
a nitinol stent graft and assessment of the neck quality before EVAR.

Conclusion

High-resolutionMRI in mice may provide information about the
progression of cardiovascular disease by characterizing the size, the
scope and the biochemical structure of the aortic wall. These results
show the feasibility of morphologic measurements of aneurysms
after aortic elastase perfusion in mice using MRI. The results
correlated well with optical measurements. Moreover, MRI offers
the possibility to assess the aortic wall thickness in vivo, which is
not possible with optic grid measurements. This approach
combined with a wider range of mouse models of aneurysm might
contribute to a better understanding of the pathologic mechanisms
that contribute to aneurysmal degeneration and to the develop-
ment of new therapeutic approaches.
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