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Abstract—Locally disturbed flow has been suggested to play
a (modulating) role in abdominal aortic aneurysm (AAA)
formation, but no longitudinal studies have been performed
yet due to (a.o.) a lack of human data prior to AAA
formation. In this study we made use of recent advances in
small animal imaging technology in order to set up entirely
mouse-specific computational fluid dynamics (CFD) simula-
tions of the abdominal aorta in an established ApoE 2/2
mouse model of AAA formation, combining (i) in vivo
contrast-enhanced micro-CT scans (geometrical model) and
(ii) in vivo high-frequency ultrasound scans (boundary
conditions). Resulting areas of disturbed flow at baseline
were compared to areas of AAA at end-stage. Qualitative
results showed that AAA dimension is maximal in areas that
are situated proximal to those areas that experience most
disturbed flow in three out of four S developing an AAA.
Although further quantitative analysis did not reveal any
obvious relationship between areas that experience most
disturbed flow and the end-stage AAA dimensions, we
cannot exclude that hemodynamics play a role in the initial
phases of AAA formation. Due to its mouse-specific and
in vivo nature, the presented methodology can be used in
future research to link detailed and animal-specific (baseline)
hemodynamics to (end-stage) arterial disease in longitudinal
studies in mice.
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INTRODUCTION

The pathogenesis and ‘‘natural history’’ of aortic
aneurysm formation are still not fully understood.
Despite the fact that known risk factors such as old
age, male gender, smoking, hypertension or genetic
predisposition are of a systemic nature, aneurysms
tend to occur at a limited number of aortic sites. A
typical example is the abdominal aortic aneurysm
(AAA), that (in humans) most often develops in the
infrarenal region of the abdominal aorta. Several the-
ories have been proposed over the years to explain the
specific local nature of this phenomenon.1,30,31 The
human infrarenal abdominal aorta is believed to be
a region of low mean and oscillatory wall shear
stresses,29 hemodynamic conditions that have been
shown to be related to the onset of atherosclerosis.23,26

Furthermore there is anecdotal evidence for a rela-
tionship between disturbed flow and AAA formation
in patients with spinal cord injury20,41 and patients
with one amputated leg.40 Therefore, one theory on the
location of AAA formation hypothesizes that biome-
chanical factors related to the forces induced by the
blood flow on the endothelium (low shear stress levels
and/or oscillatory blood flow patterns) interplay with
vascular biology. However, this theory has never been
tested in a longitudinal study comparing hemodynamic
conditions pre- and post-AAA.

To assess the aforementioned biomechanical factors
related to the blood flow, one requires detailed infor-
mation on the 3-dimensional flow field with a high
resolution both in time and in space. It is feasible to
measure flows in the aorta using either ultrasound
or MRI, but neither of these techniques provides a
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resolution (in time nor space) that would allow to
study the flow field in sufficient detail to assess the
shear forces directly. To overcome this problem,
computational fluid dynamics (CFD) can be used to
resolve the flow field in the abdominal aorta. For this
purpose one typically needs (i) an accurate 3D geo-
metrical model and computational mesh of the
abdominal aorta and major side branches; (ii) precise
information on the inflow and outflows (boundary
conditions) in each branch. This information should be
patient-specific and preferentially measured in vivo.
Patient-specific CFD results at baseline, if available,
can then be compared to AAA location in the end-
stage geometry of the same patient.

Unfortunately, it is virtually impossible to monitor
the genesis and progression of an aneurysm in humans
throughout their life. The main reason for this is the
fact that most AAA is asymptomatic and as such there
are no baseline data in almost all clinical cases. More-
over disease progression often takes several decades,
another complicating factor in the study of the natural
history.19 Given these limitations in human research
animal models in general, and mouse models in par-
ticular, are therefore a suitable alternative to unravel
the potential role of these biomechanical factors in
aneurysm development. The most well studied mouse
model for AAA is probably the ApoE knockout mouse
model which, when continuously infused with Angio-
tensin II with an implanted osmotic pump, leads to
development of an abdominal aneurysm.10 This mouse
model has been used in several studies to assess, e.g., the
different stadia of aneurysm formation ex vivo32 or the
morphometric evolution of the aortic diameter over
time in vivo.5 A remarkable observation is that the
AAA in this mouse model develops in the suprarenal
region in contrast to the infrarenal region in humans.9

The debate as to why this is the case is still ongoing. It
has been shown that the suprarenal region has a higher
degree of curvature (bending to the left) that appears to
correlate with the direction of vessel motion over the
cardiac cycle and direction of average AAA expansion
(both of which also appear leftward).17 Another study
showed that ApoE 2/2 mice, as opposed to humans,
do not experience reversed flow in the infrarenal
abdominal aorta.2 The latter observation was based on
MRI measurements of aortic volumetric blood flow
rate, but did not include CFD simulations to study the
local hemodynamics in detail. Until recently, the lim-
iting factor for such studies was the lack of temporal
and spatial resolution in the available imaging modal-
ities. In literature, most CFD simulations working with
murine data base their arterial geometry on a vascular
cast (excluding longitudinal studies) and the applied
boundary conditions are often generic (e.g., applying a
fixed volumetric flow rate).14,22,36,37 Recent advances in

imaging technology have, however, allowed to cir-
cumvent these limitations.38

In this study, we developed an experimental-com-
putational framework combining information from
both contrast-enhanced micro-CT (arterial geometry)
and high-frequency ultrasound (boundary conditions)
to set up mouse-specific CFD simulations allowing to
study the hemodynamic situation in the abdominal
aorta in a detailed way. For each mouse included in the
study a representative set of volumetric flow rates
(compatible with each other throughout the cardiac
cycle) going to all abdominal branches is presented.
Moreover, using a previously described mouse model
of AAA formation11 we compared hemodynamics in
the abdominal aorta at baseline—i.e., before the
aneurysm is initiated—to the location of the aneurysm
in the end-stage geometry.

MATERIALS AND METHODS

Mice

Ten in-house bred male ApoE 2/2 mice on a
C57Bl6 background (age 12 ± 3 weeks; other data: see
Table 1) were included in this study. They were housed
in separate cages and water and regular mouse diet
were available ad libitum. As previously described11

these mice were implanted an osmotic pump (model
Alzet 2004; Durect Corp, Cupertino, CA), filled with
Angiotensin II (Bachem, Bubendorf, Switzerland). To
avoid interference with the micro-CT images, the metal
flow divider inside the pump was replaced by a PEEK
alternative (Durect Corp, Cupertino, CA). Each pump
released its content over a period of 28 days, at an
infusion rate of 1000 ng kg21 min21. Pumps were im-
planted subcutaneously on the right flank via an inci-
sion in the scapular region. Mice were observed daily
after the implantation of pumps. Ultrasound and
micro-CT scans (see below for details) were obtained
at baseline (before pump implantation) and at
end-stage (31 days after pump implantation). After the
last scan, the animals were euthanized and the
abdominal aorta was dissected. Images of the dissected
AAA region were taken using an Olympus microscope
equipped with a 5 MPixel camera. All experiments
were in accordance with EC guidelines for animal
research and were approved by the animal ethics
committee of the Ghent University.

In vivo Imaging

Micro-CT

At each scanning timepoint, animals were anesthe-
tized with 1.5% isoflurane and, once anesthetized,
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injected intravenously in the lateral tail vein with 100
microliter/25 g of Aurovist (Nanoprobes, Yaphank,
NY). As the contrast is maximal immediately after
injection, the animals were subsequently scanned in
supine position in a GE FLEX Triumph CT scanner
(Gamma Medica-Ideas, Northridge, CA, USA). The
acquisition parameters were the following: 50 lm focal
spot, 2 9 2 detector binning, 1024 projections over
360�, 3.5 times magnification, and 70 kVp tube volt-
age. Using a blank air scan, the ideal tube current was
determined by increasing the current until the detector
response saturated. This ideal tube current was deter-
mined at 180 lA for a 70 kVp tube voltage. The gantry
rotated continuously, providing faster acquisition
compared to step-and-shoot mode. This results in a
33.81 mm transverse field of view, a theoretical spatial
resolution of 46 lm and a scanning time of 4.26 min.
The projections were reconstructed with proprietary
software (Cobra EXXIM, EXXIM Computing corp.,
Livermore, USA) using a Feldkamp-type algorithm
with Parker’s weighting function in a 512 9 512 9 512
matrix with a 75 lm voxel size.

Ultrasound

After the micro-CT scan, anesthesia was maintained
and mice immediately underwent an ultrasound scan.
Ultrasound data were obtained with a high-frequency
ultrasound apparatus (Vevo 2100, Visualsonics, Tor-
onto, Canada) equipped with a linear array probe (MS
550D, frequency 22–55 MHz) and mouse handling
table. All measurements were performed by a unique
operator. The animal was secured on the table in
supine position and ECG and respiratory rate were

monitored via four electrodes connected to the paws of
the animal while body temperature was monitored via
a rectal probe. The ultrasound protocol was restricted
to 1 h per mouse. First, B-mode imaging of the
abdominal aorta and side branches was performed
followed by pulsed Doppler to assess flow velocities at
proximal (inflow) and distal (outflow) abdominal aor-
ta, with angle correction upon measurement. To enable
correlation of flow velocity measurements with diam-
eters obtained in micro-CT, the distance from (a) the
location of proximal aortic flow velocity measurement
to the bifurcation of the celiac artery and (b) the
location of distal aortic flow velocity measurement to
the bifurcation of the mesenteric artery was measured
along the aorta. Color Doppler imaging was used to
locate celiac, mesenteric and left and right renal
arteries, and pulsed Doppler was used to assess flow
velocities in these side branches of the abdominal aorta
(with angle correction upon measurement). Each flow
velocity measurement in the side branches was per-
formed at two locations: the first one immediately after
branching, and the second more distally in the bran-
ched artery. For each pulsed Doppler measurement the
distance from the measurement location to its origi-
nating bifurcation was measured along the branch.

Processing Imaging Data

Micro-CT

Reconstructed images were converted into DICOM
standard format, and imported into the 3D segmen-
tation software package Mimics (Materialise, Leuven,
Belgium). The abdominal aorta and its four major

TABLE 1. Baseline data for all studied mice.

Mouse ID

BW

(g)

HR

(bpm)

Average flow [mL/s (%)] Diameter (mm)

PAA CA MA RRA LRA DAA PAA CA MA RRA LRA DAA

AA1a 29.0 424 1.65 0.11 (7) 0.25 (15) 0.54 (33) 0.41 (25) 0.34 (21) 1.48 0.41 0.66 0.71 0.55 0.87

AA2a 29.9 423 1.05 0.11 (10) 0.22 (22) 0.05 (5) 0.19 (19) 0.47 (45) 1.27 0.52 0.76 0.54 0.43 0.77

AA4a 23.1 512 1.18 0.12 (11) 0.40 (34) 0.16 (13) 0.21 (18) 0.28 (24) 1.18 0.37 0.59 0.42 0.46 0.76

AA5 24.8 458 1.21 0.15 (12) 0.30 (25) 0.33 (28) 0.20 (16) 0.23 (19) 1.09 0.40 0.51 0.54 0.38 0.57

AA6 23.9 514 1.62 0.18 (11) 0.37 (23) 0.47 (29) 0.21 (13) 0.32 (20) 1.18 0.50 0.71 0.56 0.41 0.80

AA7 22.0 392 1.14 0.17 (15) 0.40 (35) 0.15 (13) 0.13 (11) 0.30 (26) 1.21 0.43 0.67 0.51 0.41 0.77

AA8 23.6 403 2.34 0.18 (8) 0.99 (43) 0.49 (21) 0.25 (11) 0.42 (18) 1.34 0.43 0.69 0.65 0.50 0.67

AA9 21.4 438 1.60 0.15 (9) 0.35 (22) 0.35 (22) 0.22 (14) 0.53 (33) 1.28 0.40 0.60 0.53 0.49 0.70

AA10a 21.5 435 1.46 0.16 (11) 0.61 (42) 0.16 (11) 0.13 (9) 0.40 (27) 1.16 0.45 0.66 0.37 0.28 0.68

Mean 24.4 444 1.47 0.15 (10) 0.43 (29) 0.30 (20) 0.22 (15) 0.36 (25) 1.24 0.43 0.65 0.54 0.43 0.73

Stdev 3.1 43 0.40 0.03 (2) 0.24 (10) 0.18 (9) 0.08 (5) 0.10 (9) 0.12 0.05 0.07 0.10 0.08 0.09

Indicated volumetric flow rate data going to each branch are the redistributed flows as they were imposed in the CFD simulations. All

volumetric flow rate values are averaged over a cardiac cycle. The fraction of the volumetric flow rate going to each side branch is indicated

between brackets.

HR heart rate, BW body weight, Stdev standard deviation, PAA proximal abdominal aorta, CA celiac artery, MA mesenteric artery, RRA right

renal artery, LRA left renal artery, DAA distal abdominal aorta.
aMouse developed an AAA.
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branches (celiac, mesenteric, left, and right renal
arteries) were semi-automatically segmented using the
built-in segmentation tools, with as final result a 3D
reconstruction of the abdominal aorta. All superfluous
parts at inlet and outlets were removed and the surface
was smoothened to remove occasional artifacts such as
bulges and dents. The luminal surface, represented as
triangular grid, was processed in pyFormex39 to gen-
erate a structured and conformal fully hexahedral
mesh inside the aortic flow domain, allowing higher
accuracy than unstructured meshes, thanks to a lower
numerical diffusion error in the CFD calculations.13

Briefly, the mesh was generated using a multi-block
approach, in which hexahedral cells were aligned lon-
gitudinally along the vessel centerlines and combined
together in a conformal fashion at locations of
branching, both for bi- and trifurcations. We refer to
Fig. 1 for an example of the mesh used for the flow
computations.

Ultrasound

Doppler flow velocity spectra were automatically
traced using the built-in analysis tools of the Visual-

sonics software and subsequently exported for further
analysis in dedicated software tools (Matlab, Natick,
MA). These time-series, containing multiple beats,
were first converted into an ensemble averaged flow
velocity waveform. To do so, the R-peak of the ECG-
signal was used to mark the start and ending of a
cardiac cycle. A minimum of three cycles was selected,
and one representative average flow velocity waveform
was obtained.

Since flow velocity is not constant throughout an
arterial segment (due to the tapering) and as the
boundary conditions in the CFD model were not
always applied at the exact same location where flow
velocity was measured, a conversion to volumetric flow
rate was mandatory. For this purpose the diameter at
the location of the flow velocity measurement was
measured in the reconstructed 3D model of the artery
(based on the micro-CT scans). To determine the
location of the flow velocity measurement on the 3D
model, the distance along the aorta was used. Volu-
metric flow rate was then obtained by multiplying flow
velocity with the local cross-sectional area and dividing
by 2, assuming that velocity profiles are parabolic and
that pulsed wave Doppler measures the peak of the

FIGURE 1. A conformal hexahedral mesh is generated to be used as a geometrical model in the CFD simulations.
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parabolic flow profile. For the four side branches, in
general the average between the proximal and distal
measurement was used when both were available.

These calculations lead to one volumetric flow rate
waveform (proximal aorta) used as input, and five
volumetric flow rate waveforms that could poten-
tially be used as output boundary conditions. Since
the flow velocity measurements in different branches
were not obtained simultaneously, small differences
in heart rate occurred for all volumetric flow rate
waveforms. Therefore, the average heart cycle dura-
tion over all waveforms was calculated and all
waveforms were resampled and scaled in time to
match this heart cycle duration. Furthermore, as the
CFD simulations are performed assuming rigid walls,

it is essential that at any timepoint, the input equals
the sum of the output volumetric flow rates (dotted
lines in Fig. 2c) to balance the conservation of mass.
To ensure that this was effectively the case, the dif-
ference between the measured volumetric outflow
rate (dotted line in the bottom panel of Fig. 2c) and
the computed theoretical volumetric outflow rate
(dashed line in the bottom panel of Fig. 2c, obtained
by subtracting the measured outflow towards all side
branches from the measured inflow) was redistrib-
uted over all in- and outlets (resulting in the solid
lines in Fig. 2c). This redistribution was according to
a weighing scheme based on the diameter of the
in- and outlets: it was assumed that the largest
branch (usually the proximal aorta) was subject to

FIGURE 2. Methodology to obtain realistic CFD boundary conditions from the measured flow velocity waveforms, shown for
mouse AA6. At each outlet micro-CT diameters (a) are combined with measured US flow velocities (b) to obtain representative flow
profiles based on measurements (c, dotted lines). The computed (theoretical) outflow (c, bottom panel, dashed line) is determined
subtracting the flow rate to all side branches from the flow rate at the inlet. The error between measured and computed (theoretical)
flow rates is then calculated and redistributed over all outlets, and the resulting flow profiles (c, solid lines) are imposed as
boundary conditions.
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the largest measurement error. The final volumetric
flow rate curves were then divided by the cross-sec-
tional area at the respective in- or outlets of the
model, to finally obtain flow velocities that can be
imposed as boundary conditions in the CFD model.
Figure 2 displays how ultrasound measurements were
processed for an example case.

Analysis of Measured Flows

All measured ultrasound data were processed as
described above and mouse-specific redistributed vol-
umetric flow rates going to each branch are presented
in Table 1. Differences between different branches in
blood supply and aortic diameter were analyzed using
a paired student’s test in which a p value smaller than
0.05 was considered significant.

CFD Simulations

All numerical simulations of the flow field were
performed with Fluent 6.2 (Ansys, Canonsburg, PA), a
commercially available CFD software package. Blood
density was taken to be 1060 kg/m3 and at the high
shear rates appropriate for the murine arterial system
the dynamic blood viscosity was assumed to remain at
a constant asymptotic value of 3.5 mPas.14 As inflow
boundary condition, a parabolic flow velocity profile
derived from the volumetric flow waveform was
imposed in the proximal abdominal aorta (see above).
The time-dependent outflow velocity curves as derived
above (Fig. 2) were imposed as parabolic profiles at
the outlets of the mesenteric, celiac and left and right
renal arteries. To avoid numerical instabilities via
imposing flow boundary conditions at all in- and
outlets, the distal abdominal aorta was modeled as a
traction-free outlet. For each simulation, three cardiac
cycles were simulated and all results were obtained
from the third cycle, when cycle-to-cycle variability
had ceased. The hexahedral mesh consisted of about
500,000 cells, and a mesh-sensitivity analysis was per-
formed in one typical case, increasing the number of
cells up to 900,000 to ascertain that a further increase
of the number of cells did not influence the results.

Post-processing

Derived CFD data consisted of time-varying
3-dimensional vector fields of the flow velocity in the
abdominal aorta and side branches, and these data
were further processed using Tecplot (Tecplot Inc.,
Bellevue, WA). Time-averaged wall shear stress
(TAWSS), oscillatory shear index (OSI), and relative
residence time (RRT) were calculated, which have

previously been suggested as potential measures of
disturbed aortic flow.24
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RRT ¼ 1�2 �OSI

sj j
�s: Instantaneous wall shear stress vector

T: Period of the cardiac cycle

In order to quantify the correlation between these
CFD-based parameters and the location of the aneu-
rysm, the latter needs to be represented by a quantifi-
able parameter. However, although both baseline and
end-stage geometries were obtained in the same animal
they did not match one-on-one due to the different
position of the animal on the bed. Also, the aorta
expanded both in length and in diameter since there
was a 5 weeks time period between both scans. To
account for these differences, the Vascular Modeling
ToolKit (VMTK3) was used to subdivide the end-stage
geometry into five separate parts, using natural land-
marks such as bifurcations. Each part was then man-
ually co-registered with the corresponding baseline
geometry and a distance map was generated to calcu-
late the closest node-to-surface distance from the
baseline geometry to that part of the end-stage geom-
etry. These five distance maps were merged to obtain
one single distance map which allowed to pinpoint the
exact location of the (at that stage yet to be developed)
aneurysm on the baseline geometry.

VMTK was used afterwards to divide the aortic
surface into patches.4 The aorta was subdivided into
longitudinal zones with a nominal length of 1 mm, and
each longitudinal zone was again subdivided into six
circumferential patches. This resulted in a batch of
120–150 patches per aorta, and these were used to
calculate the average TAWSS, OSI, RRT, and distance
over each patch (see Fig. 3). These patched values were
then used afterwards to generate scatter plots (Fig. 6),
to enable a quantitative analysis of the results. Patches
were divided into three different groups to visualize
their longitudinal position along the abdominal aorta.
A first group included all patches in the proximal
abdominal aorta, while a second group included three
layers (18 patches) proximal to the celiac artery as well
as all patches between celiac and left renal arties. A
third group included all patches distal from the left
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renal artery. Dividing the surface in such a structured
way thus allowed us to focus on the region of our
interest: the aneurismal area of the abdominal aorta.

RESULTS

Of the 10 mice included in the study (indicated as
AA*), eight animals survived the complete procedure.
One animal (AA3) died 7 days after pump implanta-
tion and was therefore further excluded from the
study. This animal was found to have severe intra-
abdominal bleedings, in accordance with Saraff et al.32

who found that on average 10% of the animals die
from aortic dissection in the first week. To facilitate
analysis of the results, any aortic region in which the
distance between the geometry at day 31 and the
geometry at baseline expanded with more than 0.3 mm
was termed ‘AAA region’. One animal (AA6) was
euthanized 18 days after pump implantation for ethical
reasons, since it was suffering of a necrotic tail. This
animal showed a small dilatation of the abdominal
aorta on post-mortem inspection, but was not con-
sidered a mouse with developed AAA since the dila-
tation was smaller than 0.3 mm. In four of the eight
remaining animals, the abdominal aorta showed local

dilation >0.3 mm, visually confirmed on post-mortem
inspection after 31 days. This is in agreement with
previous studies, reporting an incidence of around
50% in male ApoE 2/2 mice.9 The post-mortem
diagnosis of AAA was confirmed afterwards based on
segmented micro-CT images. The circumferential
location of the AAA region was not the same in all
animals: in three out of four cases the aneurysm was
fusiform (AA1, AA2, AA10), in the fourth animal a
saccular aneurysm developed on the left side of the
aorta (AA4). The longitudinal location of the AAA
region was also varying: in some cases it was limited to
the region proximal to the celiac artery (AA4, AA10),
in others it included the trifurcation region where
mesenteric and right renal artery branch off the aorta
(AA1, AA2).

The data presented in Table 1 show the average
measured diameters and volumetric flow rates per
branch at baseline for every mouse, as well as the
fraction of the volumetric flow rate going to each side
branch. In general, the mesenteric artery is supplied
with the largest fraction of the volumetric flow rate
(29%), followed by the distal aorta (25%), right renal
artery (20%), left renal artery (15%), and celiac artery
(10%). Figure 4 shows streamlines in an example case
(mouse AA2) at different timepoints in the cardiac

FIGURE 3. Methodology for generation of distance map and patches in mouse AA2. (a) Baseline (black) and end-stage (white)
geometries in their original configuration. (b) The end-stage geometry is divided into five parts and each part is co-registered
manually to the corresponding baseline geometry. (c) A displacement map is generated indicating the distance from baseline to
(co-registered) end-stage in each node. (d) The surface is divided into patches to enable quantification of the results. Each patch is
colored with the average distance value of its nodes. (e–g) The patched surface is used to generate patch values of all CFD-based
parameters.
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cycle. These streamlines reveal a very ordered laminar
flow throughout the cardiac cycle, only showing some
complex laminar flow (recirculation) near the trifur-
cation immediately after the systolic peak.

Figures 5 and 6, respectively, show a qualitative and
a quantitative analysis of the results of CFD simula-
tions in the four cases in which an AAA region could
be detected. The qualitative plots for mouse AA2
(Fig. 5a) show a distinct zone of disturbed flow (low
TAWSS and high RRT) at the trifurcation, and a
similar but less distinct zone just proximal to the celiac
artery. The distance map and the end-stage geometry
reveal that the aneurysm takes its largest dimension
in the aortic region proximal to the celiac artery and
extends over the trifurcation region. The patches
containing the AAA region (represented by a large

distance to baseline geometry), however, did not
experience more disturbed flow compared to other
patches along the aorta (Fig. 6a). Also, patches where
RRT was highest at baseline (at the trifurcation) are
not the ones where AAA region is maximal. The sit-
uation in mouse AA4 (Fig. 5b) is similar: there is a
small zone of disturbed flow at both the left and right
hand side of the celiac artery and at the trifurcation.
The AAA region is on the left hand side of the celiac
artery, but in a more proximal part of the aorta. Again,
the scatter plots for mouse AA4 (Fig. 6b) show that
there was no disturbed flow at baseline in the AAA
region. Mouse AA10 does not experience seriously
disturbed flow, the highest values of RRT occurring at
the trifurcation and opposite to the left renal artery
(Fig. 5c). The AAA region on the other hand is to be

FIGURE 4. Streamlines at different timepoints in the cardiac cycle in mouse AA2.

Aneurysm Formation in Angiotensin II-infused ApoE 2/2 mice 2437



FIGURE 5. Qualitative results. TAWSS, RRT, and distance maps at baseline are shown for all four animals that developed an
aneurysm, as well as the corresponding end-stage geometry as obtained from micro-CT images (lumen) and dissection (outer wall,
including adventitia). (a) AA2; (b) AA4; (c) AA10; (d) AA1.
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FIGURE 6. Quantitative results. Scatter plots show the relationship between local hemodynamics at baseline and the distance to
the corresponding end-stage geometry. Each point represents one patch as obtained via the procedure shown in Fig. 3. Patches
were divided into three different groups according to their longitudinal position along the abdominal aorta. Each group was
allocated a different symbol. Note that the second figure in (a) was set to a different scale to include outliers. (a) AA2; (b) AA4; (c)
AA10; (d) AA1.
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found just proximal to the celiac artery, a region in
which there was no disturbed flow at all at baseline.
This is also reflected in the scatter plots (Fig. 6c), as
there is a tendency for TAWSS to be higher and RRT to
be lower in the AAA region when compared to other
patches. The last mouse in which an AAA region was
detected is mouse AA1. Figure 5d shows three regions
of disturbed flow at baseline: one distinct zone at the
trifurcation and two smaller zones at the level of celiac
and left renal arteries. In this case, the aneurysm is
located proximal to the celiac artery, extending to the
trifurcation region.Again, the scatter plots do not reveal
any trivial relation between the studied flow parameters
at baseline and the size of the AAA at day 31.

DISCUSSION

We performed mouse-specific CFD simulations of
the abdominal aorta in a mouse model of AAA for-
mation to study the relation between intra-aortic
hemodynamics and AAA formation. Until recently, the
limiting factor to perform such studies was the lack of
temporal and spatial resolution in the available imaging
modalities. Some studies have performed CFD simu-
lations of the flow field in the mouse aorta basing both
geometry and boundary conditions on MRI,21 but
although in recent work an isotropic voxel resolution of
up to 117 lm3 has been reached in mice,18 the resolu-
tion is in most cases not sufficient to capture flow in the
(smaller) side branches. In literature, most CFD simu-
lations in the mouse aorta base their arterial geometry
on a vascular cast, a plastic replica of the arterial system
which is subsequently scanned in vitro using micro-
CT.14,22,36,37 Obviously, this technique excludes longi-
tudinal studies, since the mouse needs to be sacrificed.
The recent introduction of contrast agents for micro-
CT has allowed to circumvent this problem.38 Due to
these contrast agents the aorta can be differentiated
from surrounding tissues, and it is no longer necessary
to sacrifice the animal to obtain a 3D geometry of its
arterial system. Apart from the geometry, boundary
conditions are indispensable to prescribe the flow rate
at the in- and outlets of the model. In literature, most
CFD studies working with murine data impose a fixed
volumetric flow rate (throughout the cardiac cycle) to
all side branches. These fixed volumetric flow rates are
in some studies (partially) based on mouse-specific flow
velocity measurements using ultrasound or MRI14,22

and in other studies on literature data obtained in dif-
ferent mice.36,37 In this paper, a novel methodology was
used to obtain time-dependent volumetric flow rate
profiles in vivo in all necessary branches, combining
flow velocity measurements (based on high-frequency
ultrasound) and diameter measurements (based on

contrast-enhanced micro-CT). Over the length of an
arterial segment (not including any side branches), flow
velocity can change significantly due to tapering,
whereas volumetric flow rate remains constant. More-
over, although ultrasound is a reliable technique it has
some drawbacks: it is operator-dependent and it is not
always possible to obtain good measurements at all
locations throughout the arterial tree. Therefore, an
important advantage of the inclusion of diameter data
from micro-CT is that it allows to measure ultrasound
flow velocities at the location where quality of the
pulsed Doppler signal is optimal.

Our methodology corrected for a possible mismatch
between different measurements, and resulted in a set
of time-dependent mouse-specific volumetric flow rate
profiles, compatible with each other throughout the
cardiac cycle. These data, listed in Table 1 (and used
for the CFD simulations), provide new insight into
how the flow is distributed to the different branches in
the mouse abdominal aorta, and can therefore be used
as reference values for future research. The presented
data were obtained after redistributing the error in the
mass balance at the outlet over all branches. The
redistribution had some influence on the final flow
values (mean differences: PAA 0.16 mL/s (11%);
CA 0.02 mL/s (15%); MA 0.04 mL/s (13%); RRA
0.03 mL/s (11%); LRA 0.02 mL/s (11%); DAA
0.06 mL/s (18%)). However, without this redistribu-
tion the theoretical volumetric outflow rate showe-
d—in some cases—phases of negative flow which were
not present in the measured outflow signal of these
animals. There are several reasons as to why an error
in the mass balance is inevitable: (i) not all branches
between the inlet and the outlet of the model have been
taken into account. Several smaller branches, such as
the middle suprarenal arteries, inferior phrenic artery,
gonadal artery, and spinal branches were neglected
since they were too small to be segmented with suffi-
cient accuracy from the micro-CT images. Also, it
would have been difficult to measure flow velocity to
all these side branches within the reasonable timeframe
of 1 h; (ii) the actual aorta has a buffer capacity that
allows it to distend over time, therefore the flow
waveform arrives at a later time point in the cardiac
cycle further downstream the aorta. Our CFD simu-
lation is based on a rigid model, which not only implies
that the computed wall shear stresses are expected to
be higher than what would be the case in a distensible
model, but also that at all moments in time the sum of
flows at outlets should equal the flow at the inlet. This
is incompatible with the (minute) time shift that exists
between the measurements. Therefore, measurements
of flow in the proximal and distal aorta were not per-
formed at the physical location of the in- and outlets
of the model, but close to the location of the side
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branches. Since there were no side branches between
the measurement location and the model inlet, the
mean value of the volumetric flow rate is the same, but
the time shift between different measurements is much
smaller. This allowed us to subtract outlet flows from
the inlet flow without losing the characteristic time-
dependent waveform of the flow profiles.

Taking a closer look at the average flow ratios going
to each branch, there is a strong trend (p = 0.07)
towards a difference in blood supply to the left and
right renal arteries. The difference between both renal
arteries is also reflected in their size, as the left renal
diameter (mean value: 0.43 mm) is significantly smaller
than the right renal artery (mean value: 0.54 mm;
p< 0.05). This difference has not been reported pre-
viously and is, to the best of our knowledge, not
present in humans. It is interesting to note that, unlike
in humans, the right renal artery (and kidney) is
located superior to its left counterpart. Thus, reduced
flow to the left renal artery may be a simple matter of
less flow in the aorta at that distal location. Further
data confirm that flow is not only determined by the
cross-sectional area of a branch, as the left renal shows
a tendency to take on average 50% more flow than
the celiac artery (p = 0.06), while they have exactly the
same average diameter (0.43 mm). Also, flow to the
mesenteric artery is not significantly different from
flow to the distal abdominal aorta (p = 0.55), even if
its diameter (mean value: 0.65 mm) is significantly
lower than that of the distal aorta (mean value:
0.73 mm) (p< 0.05). The presented flow data also
illustrate the importance of mouse-specific boundary
conditions: simply applying a constant outflow rate
based on Murray’s law to each branch37 would not
hold true in this setting. Noteworthy, a relatively large
spread is observed between different animals, espe-
cially in the right renal and mesenteric arteries. It
should be mentioned that the animals did not fast prior
to the scans and had ad libitum access to water, which
may account for some of the variability in the data. A
large fraction of the variation is caused by outliers, but
the relative distribution of all flow rates is consistent
within each animal. It seems that some animals in
general experience much higher flow (in all branches)
than others (e.g., AA8).

The in vivo obtained flow profiles and geometries
were combined to set up a mouse-specific CFD simu-
lation at baseline. Previously, it has been shown that
low and oscillatory shear can be linked to atheroscle-
rosis, both in humans23,26 and mouse models.8 No such
data exist for aneurysm formation except for the study
of Boussel et al.,7 who have shown in a quantitative
way that a human cerebral aneurysm grows most in the
region of lowest time-averaged wall shear stress
(TAWSS). However, in this study the aneurysm was

already present at the start of the study so its results
are only relevant for aneurysm growth, not for its
initial phase. In other studies an existing (cerebral)
aneurysm was digitally removed in order to obtain an
artificial baseline geometry,27,28,34 that served as a basis
for a CFD simulation to calculate several hemody-
namic parameters that could then be linked to the
location of the (removed) aneurysm. The eccentric
shape of the cerebral aneurysm makes this operation
more feasible than, e.g., for an abdominal aneurysm,
but the fundamental problem remains: one must
always assume the shape (and boundary conditions)
of the original geometry. In our study we could avoid
this problem since we ascertained to the actual base-
line data.

Streamlines reveal a laminar, very structured flow
throughout the cardiac cycle except for systolic decel-
eration, when a complex laminar flow with recirculat-
ing streamlines can be observed near the trifurcation.
This laminar flow can be explained when taking into
account the Reynolds number (Re), a key dimension-
less parameter in fluid dynamics expressing the ratio of
inertial and viscous forces. It allows us to assess whe-
ther flow is laminar (Re< 2000), turbulent (Re>

2500) or in a transition phase (2000 £ Re £ 2500). In
our simulations the average Re is 40, whereas a typical
value in a human abdominal aorta would be around
200.16 We did not find a direct, trivial correlation
between areas of disturbed flow (low TAWSS, high
OSI, high RRT) and location of aneurysm formation
in the animals developing AAA (AA1, AA2, AA4, and
AA10). However, we did observe some recurring pat-
terns when analyzing the results of CFD simulations:
the most distinct area of disturbed flow often occurs at
the trifurcation, where mesenteric and right renal
artery branch off the aorta (AA2, AA4, and AA1).
This can also be observed in Fig. 4, where a small
recirculation zone is present in the trifurcation area
immediately following the systolic peak. Furthermore,
smaller areas of disturbed flow occur in the region of
celiac (AA2, AA4, and AA1) and, to a lesser extent,
left renal artery (AA10, AA1). Note, however, that the
absence of correlation between the area of disturbed
flow and the location at which the aorta is dilated
most, does not necessarily mean that hemodynamics
do not influence AAA formation. In three out of four
mice (AA2, AA4, AA10) the zone where the AAA
region is maximal and the zone of disturbed flow are
located at the same side of the aorta, and the AAA
region is located proximal to the zone of disturbed
flow. From a hemodynamic point of view, one might
speculate that AAA formation is initiated at a location
that suffers from disturbed flow at baseline (the tri-
furcation in AA2 and AA1, the celiac artery in AA4).
Once a (small) dilatation is established, areas of
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disturbed flow would arise in the proximal part of this
dilatation, as is the case in an actual aneurysm.15

Therefore, if AAA formation does depend on the local
hemodynamics, one would expect the AAA to origi-
nate proximally to the area at which disturbed flow
occurs at baseline. Even though the AAA area is not
systematically overlapping with the area of disturbed
flow at baseline, this hypothesis is (partly) confirmed
by the current results, although one would need addi-
tional intermediate data to confirm it.

The short-time effect of pump implantation on
abdominal hemodynamics is unclear. Although there
are no data that would support this theory, we cannot
exclude the possibility that pump implantation itself
causes a sudden change in hemodynamics (e.g., due to
geometric deformation of the aorta). It might thus be
beneficial to obtain a set of extra ‘baseline’ data just
after pump implantation. Furthermore, it is an open
question why the incidence of AAA after pump
implantation in male ApoE 2/2 mice is not higher
than 50%. In this paper we were mainly interested in
the relationship between hemodynamics and AAA
formation in those animals that do develop an AAA
and as such we considered it beyond the scope of this
work to hypothesize on this incidence rate.

We decided to limit our geometrical model to the
abdominal aorta and its most important side branches.
Similar to our reasoning about the small abdominal
side branches, reduction of scanning time was the main
argument not to include the aortic arch (and the three
great vessels branching off it) into our model. This
decision was further supported by the fact that the
aortic arch is not included in most CFD models of the
human abdominal aorta found in literature.6,25,41 We
modeled the velocity flow profile entering the abdom-
inal aorta as a non-skewed, fully developed parabolic
profile. In reality, however, blood enters the descend-
ing thoracic aorta as a skewed profile, due to the
particular bending of the arch.33 Including this rota-
tional part of the flow into the inlet boundary condi-
tion of our model might therefore influence the
distribution over the aorta of several of the calculated
hemodynamic parameters.35 Furthermore, the ApoE
2/2 mouse model infused with Angiotensin II has
recently been reported to develop thoracic aortic
aneurysms in some cases as well.12 This is an important
finding, since the presence of an aneurysm in the
proximal part of the aorta might influence the flow
profile entering the abdominal aorta.

We calculated a distance map to represent the
growth from baseline to end-stage geometry in the four
animals that developed an AAA. The main goal of the
distance map was to identify the AAA zone on the
baseline geometry, thus enabling a comparison with
CFD data in a quantitative way. A simple automatic

rigid co-registration of the baseline and end-stage
geometries (Fig. 3a) did not suffice to generate a reli-
able distance map on the baseline surface. Subdividing
the end-stage geometry into five subparts allowed us to
overcome the effect of the different bending of the
aorta in both geometries (Fig. 3b). However, this
co-registration is still fairly rigid and therefore in some
locations the generated distance map will still be sub-
optimal (e.g., the distal abdominal aorta in Fig. 3b).
However, we believe that the artificial distance caused
by this suboptimal positioning is negligible when
compared to the distance at the location of the aneu-
rysm. It is in any case impossible to match both
geometries one-on-one since—due to the 5 weeks per-
iod between both scans—the aorta has not only
expanded in diameter but also in length, causing an
increase in the distance between different landmarks
(e.g., celiac bifurcation, mesenteric, and right renal
trifurcation) as well. We have chosen to optimize the
position of the part containing the aneurysm itself,
which in some cases implies a slight longitudinal mis-
match in proximal and distal parts of the aorta.

The size of the patches was determined in such a
way that contingent local spurious flow features were
averaged out, but sufficient detail was maintained to
distinguish different zones from each other based on
their hemodynamic conditions. Patches on the differ-
ent side branches were not taken into account since we
are only interested in locating the region of the aortic
wall that is most prone to AAA development. Since the
scans of both geometries in general did not contain the
exact same aortic length, superfluous patches at in and/
or outlets were dismissed in the quantitative analysis,
as were patches at in- and outlets that contained arti-
ficially high WSS values due to the inlet conditions.

Throughout this work, we have used the term ‘AAA
region’ for all aortic regions in which the difference in
distance between the end-stage and the baseline lumen
was greater than 0.3 mm. This is a somewhat artificial
definition not based on clinical practice (where an
aneurysm is defined as a dilatation of at least 1.5 times
the local diameter). However, we believe that it is
justified to use this term even for small dilatations,
since we do not use it as the basis for a clinical decision
but are mainly interested in AAA initiation itself. The
presence of AAA was initially based on a macroscopic
evaluation of the aorta just after autopsy. All animals
were dissected on the same day the last micro-CT scan
was performed, and in general there is a good agree-
ment in the macroscopic shape of the AAA between
images obtained from autopsy and end-stage micro-
CT (Fig. 5). One can observe that the AAA region
often looks smaller in the micro-CT images (e.g., AA1
in Fig. 5d). This is mainly due to the fact that the
micro-CT geometry is based on the (segmented) lumen.
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However, it is known that medial and adventitial
remodeling occur (see Saraff et al.32) which may in
some cases cause significant differences between the
circumferential shape of interior and exterior AAA
wall. Consequently, the calculated distance map in
these particular cases (e.g., AA1) may not correspond
entirely to the actual aneurysmatic region.

CONCLUSION

We set up an experimental-computational frame-
work combining flow velocity measurements (based on
high-frequency ultrasound) and diameter measure-
ments (based on contrast-enhanced micro-CT) to set
up mouse-specific CFD simulations of the hemody-
namic situation in the mouse abdominal aorta, only
based on in vivo data. We applied the methodology in
an established mouse model of AAA to investigate the
relation between the presence of disturbed hemody-
namics at baseline and the formation of abdominal
aortic aneurysm (AAA). We observed significant inter-
individual variability in hemodynamic characteristics
of the abdominal aorta, emphasizing the importance of
mouse-specific analysis. The most distinct area of dis-
turbed flow was in most cases either at the trifurcation
(where mesenteric and right renal artery branch off) or
at the bifurcation where the celiac artery branches off
the aorta. Qualitative results showed that for the ani-
mals which developed AAA, AAA dimension is max-
imal in areas that are situated proximal to those areas
that experience most disturbed flow in three out of four
mice. Although further detailed analysis did not reveal
any obvious relationship between areas that experience
most disturbed flow and the end-stage AAA dimen-
sions (and therefore excludes a conclusive message),
the results of this study do not exclude that hemody-
namics do play a role in AAA formation. Due to its
mouse-specific and in vivo nature, the presented
methodology can be used in future research to link
detailed and animal-specific (baseline) hemodynamics
to (end-stage) arterial disease in longitudinal studies in
mice.
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