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ABSTRACT
A feature of particular interest observed in vivo in murine ab-
dominal aortic aneurysm (AAA) is the presence of a vortex shed
from the proximal edge of the abdominal aortic aneurysm. It
is unclear whether the occurrence of the shed vortex is due to
the periodic nature of the flow-rate waveform, to geometric fea-
tures, or to the compliant nature of the vessel tissue. Numer-
ical simulations were performed on 3D semi-idealized and 2D
axi-symmetric models of the abdominal aortic aneurysm at a
mean Reynolds number of 63 and a Womersley number of 2
(for unsteady inflow conditions). The numerical results from the
3D model showed good agreement with the flows visualized by
Doppler Ultrasound with respect to the development of the ob-
served shed vortex. The idealized axi-symmetric models under
steady flow conditions showed no signs of vortex shedding. Un-
der unsteady inflow conditions, however, shear-layer roll-up oc-
curred near the peak systolic velocity. The presence of a proximal
lip was found to lead to vortex separation (from the wall) earlier
in the cardiac cycle, and the presence of the proximal narrowing

∗Address all correspondence to this author.

led to the earliest vortex separation. The sensitivity to the inflow
waveform shape also showed that the presence of the shedding,
in the model with proximal narrowing, disappeared when the
peak-to-mean velocity ratio was reduced by approximately half.
Therefore, we conclude that the observed intra-aneurysmal vor-
tex shedding is a shear-layer rollup phenomenon; however, the
geometry can act to enhance further the observed vortex shed-
ding.

INTRODUCTION
An abdominal aortic aneurysm (AAA) is a dilation of at least 1.5
times the diameter of the largest blood vessel [1]. These dilations
are characterized by discrete structural deterioration of the aor-
tic wall, and occur in up to 10% of the population greater than
65 years of age, with preponderance in males [1–6]. They of-
ten progress slowly over many years, but eventually rupture; ab-
dominal aortic aneurysms (AAAs) are estimated to be the 10th
most common cause of mortality and are responsible for 2% of
all deaths in developed countries [4]. AAAs exhibit many fea-
tures of inflammation and tissue degeneration that are common
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to chronic diseases [5]. Smoking and hypertension are prime risk
factors for AAA, combined with inflammatory processes in the
vessel wall that includes atherosclerotic plaque buildup. Remod-
eleing events in the vessel wall are exacerbated by alterations
in mechanical forces that change over time [7]. These events
disrupt the extracellular matrix resulting in altered collagen and
elastin, adaptive remodeling and smooth muscle cell depletion.
There is a dearth of knowledge as to the molecular and cellu-
lar events that cause the development of human AAAs [2–5] be-
cause most of our information is gleaned from pathological spec-
imens obtained at the time of surgical intervention or at autopsy.
To circumvent this drawback, several rodent models of AAA
have been developed either via genetic exploitation or via chem-
ical methods; their advantages and limitations have been consid-
ered [8]. The angiotensin II (AngII) infusion mouse model in the
atherosclerotic susceptible strain (apolipoprotein E deficient) has
become the most widely used model in recent years because of its
simplicity and because certain facets of the model resemble hu-
man disease acquisition, including male gender preponderance in
the setting of mild hypertension with enhanced incidence in the
presence of hyperlipidemia [8, 9]. There is a well-defined time
course of events in this model with early macrophage infiltration
into the smooth muscle-rich medial layer of the aneurysm-prone
area, transmedial dissection that causes rapid luminal expansion
within the first 7 days of AngII infusion, with subsequent com-
plex inflammatory events that include intramural thrombus for-
mation, elastin degradation and profound remodeling in which
the thrombus is often resorbed and replaced by fibrous tissue in-
terspersed with leukocytes [9, 10].
There has been much work describing the fluid dynamical envi-
ronment within a human AAA [11–16], but with the considerable
research being undertaken with the AAA mouse model it is im-
portant to understand this unique hemodynamic environment and
how it may be different from that of the human. Within the range
of human flow conditions using idealized aneurysm geometries
previous studies have quantified the dominant flow features. Yu
et al. [11] observed the presence of a single large vortex in the
aneurysm bulb under steady flow conditions; the vortex shifted
towards the distal end of the aneurysm as the Reynolds number
(Re) (based on the normal vessel diameter and the mean velocity
over the cardiac cycle) was increased from 400 to 1400. With
unsteady inflow conditions driven by a sine wave, they observed
migration of this vortex from the proximal to the distal end of
the aneurysm bulb during the systolic deceleration phase of the
flow cycle. Taylor et al. [13] also report a similar finding in their
computational study of side wall AAA models, with a vortex be-
ing formed at the proximal edge of the aneurysm just after peak
systole and traveling the length of the aneurysm during the sys-
tolic deceleration. Yip et al. [12] demonstrated, using particle
flow visualization, the presence of vortex separation at Re = 445
and Womersley number (dimensionless number describing the
ratio of the frequency of the flow-rate waveform to the viscous

effects) of (α = 7.3). The vortices formed on the proximal wall
during systolic acceleration, but did not separate until early di-
astole. Sheard et al. [14] studied the flow in an idealized axi-
symmetric AAA model at Re = 330 and α = 10.3, again observ-
ing vortex formation and separation during the systolic decelera-
tion phase of the cardiac cycle. Finol et al. [15] studied the flow
in asymmetric idealized models of human AAA at Re = 300 and
α = 11.5. They found, similarly, that vortices were formed and
shed from the proximal edge of the aneurysm during the sys-
tolic deceleration phase of the cardiac cycle. There has also been
much work studying the patient specific flow patterns of the hu-
man geometries [17–19] .
In a first attempt to understand the intra-aneurysmal fluid dy-
namics of mouse AAA we focus, in this study, on the mecha-
nisms by which unsteady flow patterns originate; that were ob-
served by Doppler ultrasound ECG-based Kilohertz Visualiza-
tion (DUS-EKV) . To this end the flow patterns were first repro-
duced by means of a semi-idealized three-dimensional model of
the mouse AAA. To elucidate further the parameter space under
which this observed unsteadiness occurs, a series of idealized
axi-symmetric models with different inlet flow conditions were
explored.

METHODS
In vivo studies of AAA induction were performed in mice, which
were of an apolipoprotein E (apoE) deficient genetic background
and male in gender. Alzet osmotic mini-pumps loaded with an-
giotensin II (Ang II) were implanted subcutaneously into mice
(8-12 weeks of age) in the dorsal region under isoflurane anes-
thesia to obtain a delivery rate of 1 µg/kg/min over the course
of 4 weeks. An AAA was defined as having a minimum of 150%
enlargement of the diameter of the aorta. Abdominal aortic en-
largements, as well as aneurysm complications such as aortic dis-
section and rupture were observed during the study. The Animal
Use Committee at Queens University approved all animal proto-
cols.
Ultrasound Imaging was performed with mice placed supine on
a heated table under isoflurane anesthesia and depilated with hair
removal cream. A Vevo 770 high-resolution ultrasound imaging
system (VisualSonics, Toronto, Canada) with 40 MHz frequency
real-time microvisualization scan-head (RMV 704) and 10 x 10
mm field of view was used first in B-mode to obtain a 2D trans-
verse image to localize the suprarenal abdominal aorta on day 7
post-Ang II infusion. Aortas were then visualized longitudinally
via B-mode imaging and confirmed by Pulsed-wave Doppler. A
more detailed examination of complex fluid-dynamical changes
during AAA formation was obtained by the ECG-based Kilo-
hertz Visualization (EKV) reconstruction technique that synthe-
sizes B-mode images from a series of heart rhythm cycles and
reconstructs one representative heart cycle that is spatially pre-
cise and synchronized to the animals ECG (VisualSonics soft-
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FIGURE 1. (A) LATERAL VIEW OF THE SEMI-IDEALIZED
COMPUTATIONAL MOUSE MODEL. (B) DUS IMAGE ON WHICH
THE DIMENSIONS OF THE COMPUTATIONAL MODEL (A)
WERE BASED. (C) 45◦ VIEW HIGHLIGHTING THE ASSUMED
CIRCULAR CROSS SECTION ALONG WITH THE TETRAHE-
DRAL SURFACE MESH.

ware). Recorded EKV Cine Loop videos (120 frames at a rate
of 1000 Hz) were further analyzed, measured, annotated and re-
constructed into computerized models to elucidate the mecha-
nism of observed vortex shedding during AAA formation. Power
Doppler 3D acquisitions were initially conducted on day 14 and
28 to obtain parameters of 3D geometry and volume changes to
be followed up after analysis of all initial samples with a new
set of animals at day 7. Twenty-one mice with AAAs were im-
aged over the 4-week course of the study. Mice with ruptured
aneurysms were not included in these numbers.

FIGURE 2. (A) AXI-SYMMETRIC MODEL BASED ON YIP et
al. [12]. THE AXI-SYMMETRIC MODEL WAS SUBSEQUENTLY
ALTERED TO INCLUDE A PROXIMAL LIP (B) AND 50% NAR-
ROWING (C). NOTE THE ZOOMED IN REGIONS HIGHLIGHTING
THE MESH DENSITY IN THE CRITICAL SEPARATION REGION.

Safety concerns for the mice, related to the length of time un-
der anesthetic, made it unfeasible to acquire a 3D image data set
and an EKV flow image within the same week. In this study 3D
images were only acquired one week following the EKV veloc-
ity measurements. Rapid remodeling of the intra luminal region
occurred during the week between the EKV and the 3D image
data collection. Therefore, the 3D image data were not a re-
liable model of the 3D geometry during the time of the EKV-
DUS flow visualization. To facilitate our understanding of the
mouse AAA hemodynamics a semi-idealized model (Figure 1A)
was constructed based on the reconstructed B-mode image. This
was accomplished by measuring the lumen diameter at various
locations along the axial length. As no out-of-plane informa-
tion was available the simplifying assumption was made that the
cross section of the vessel was circular. This produced a model
that was anatomically realistic in one plane of view but idealized
by the assumption of a circular cross-section. Upstream of the
inlet and downstream of the outlet flow extensions of length ten
times the inlet cross sectional diameter were appended to min-
imize end effects. The tubular inlet and outlet sections of the
model were meshed using hexahedral elements while the more
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geometrically complex aneurysm section was meshed with tetra-
hedral elements. In total the model is comprised of 771,000 el-
ements with 572,000 of the elements in the area of the vessel
narrowing and aneurysm bulge.
Three idealized axi-symmetric models were constructed to fur-
ther explore the parameter space under which the observed vor-
tex shedding was occurring. The idealized aneurysm geometry
was based on the geometry characterized by Yip et al. [12] with a
peak height of twice the vessel diameter and an aneurysm length
of five times the vessel diameter (Figure 2A). This model was
subsequently altered to create a second model with a lip at the
aneurysms proximal edge (Figure 2B) and a third model with a
proximal-aneurysmal narrowing of one half the vessels original
diameter (Figure 2C). Each of the three models had added to it a
five-diameter-long inlet section and twenty-diameter-long outlet
section, to insure fully developed flow entering the aneurysm sec-
tion and remove outflow boundary condition interference. The
idealized model based on the geometry of Yip et al. [12] was
meshed with 105,000 hexahedral elements. The inlet and out-
let extension sections of the modified geometries, lip and proxi-
mal narrowing, were meshed with hexahedral elements while the
aneurysm portion of the geometry was meshed with tetrahedral
elements for a total of 78,000 and 81,000 elements respectively.
All simulations were performed using the unstructured finite-
volume solver, openFOAM R© [22], which is second-order accu-
rate in time and space. In this study we have assumed smooth
walls and Newtonian fluid. As the inlet flow-rate waveform was
not measured for the mouse, on which the 3D model was based,
we applied the mean suprarenal waveform measured by Amir-
bekian et al. [20]. Based on this work a mean Reynolds number
of 63 and a Womersley number of 2 were prescribed as the work-
ing parameters (for unsteady inflow conditions). At the inlet a
fully developed Womersley velocity profile [23] was applied (in
the case of steady flow a fully developed Poiseuille profile was
used at the inlet) and a homogenous Neuman condition for pres-
sure. At the outlet the homogenous Neuman condition was ap-
plied for velocity and a fixed value of pressure. Since the flow is
laminar (although unsteady) no turbulence model is required.
The first goal of this study was to explore, using computational
fluid dynamics (CFD), the vortex shedding observed via EKV
Doppler ultrasound in more detail, as the flow visualization tech-
nique relies on averaging images taken over multiple cardiac cy-
cles. The general flow patterns observed in the 3D mouse model
were also of great interest as, to the authors knowledge, these
flow patterns have not yet been reported in the literature. To fur-
ther understand the role of geometry, three axi-symmetric models
were incorporated, from the simple one to models containing ge-
ometrical characteristics expected to enhance shedding. Finally
we also wished to explore the role the inlet flow rate waveform
had on the observed shedding. To this end, aside from the nor-
mal mouse suprarenal waveform [20], steady flow, a sine-wave
driven flow and a flow driven by an average human carotid artery

waveform [21] were used as inlet flow boundary condititions (all
scaled to the Reynolds and Womersley number of the mouse).

RESULTS
As the mouse model is currently being used as a surrogate for the
human aneurysm, it is imperative that we understand the fluid
mechanic environment in the mouse and how it relates to that
of the human. Unsteady flow patterns were observed, to some
degree, in eleven of the fifteen mice that underwent full EKV
Cine Loop scanning. The observed vortex shedding is charac-
terized by the formation of a small vortex at the proximal edge
of the aneurysm (Figure 3A, B), which then detaches and trav-
els the length of the aneurysm (Figure 3C - F). The time frame
over which this shedding occurs is less then 1/15 of the cardiac
cycle. Although the DUS-EKV images were not registered to
the flow rate waveform, it appears from the animations that the
shedding is occurring as the flow accelerates towards the peak
systolic value, this is one of the questions we wish to clarify with
our computational models. This process can be seen even more
clearly in a second mouse, on which the semi-idealized 3D model
was based, in Figure 4 (right-hand column).
The 3D model shows qualitative agreement with the DUS visu-
alization (Figure 4), with A high degree of similarity observed
in both the position and size of the vortex at each point in the
cardiac cycle (Figure 4). From the semi-idealized model we can
see that the vortex shedding is initiated as the flow accelerates
towards the peak systolic value (Figure 4, inset waveforms), it
appears as though the vortex is riding on the front of the accel-
erating fluid as it moves through the aneurysm domain; after it
reaches the distal side of the aneurysm a stable vortex is estab-
lished within the aneurysm, which migrates to the proximal end
of the aneurysm for the remainder of the cardiac cycle. Here we
postulate that the shed vortex is caused by a rollup of the shear-
layer, as the jet of fluid accelerates through the aneurysm cavity,
while prior to systolic acceleration the fluid in the suprarenal ab-
dominal aorta is moving with a velocity very close to zero.
To further understand if this shear-layer rollup is driven by the
sharp proximal edge or the presence of the proximal narrowing
to the aneurysm, a series of three idealized aneurysms were ex-
plored (Figure 2). First note that for all three models the flow
within the aneurysm bulb both prior to and following the shed
vortex (Figure 5, top and bottom row respectively) is driven by
a single large vortex (aside from the case of the proximal nar-
rowing, which shows a secondary vortex at the aneurysm dome
during deceleration most likely caused by the increased momen-
tum imparted to the large circulation by the presence of the proxi-
mal narrowing). All three models show vortex shedding originat-
ing off of the proximal wall of the aneurysm during the systolic
acceleration (Figure 5, middle row). Note however that the lip
caused the separation to occur at an earlier stage in systolic ac-
celeration then that of the model based on Yip et al. [12] and,
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FIGURE 3. TIME SERIES OF THE DUS-EKV VISUALIZED FLOWS IN A MOUSE AAA MODEL. THE RED DOT INDICATES THE AP-
PROXIMATE CENTER OF THE VORTEX. NOTE THE INITIAL FORMATION OF THE SEPERATION REGION (A) AND ITS DETACHMENT
FROM THE WALL (B) FOLLOWED BY DISTAL MIGRATION (C-F). THE ENTIRE PROCESS OCCURS IN LESS THEN 1/15 OF THE CAR-
DIAC CYCLE.

not surprisingly, the presence of the narrowing causes the sep-
aration to occur even earlier, almost immediately following the
initial systolic acceleration of the flow. It is also pertinent to note
that the presence of the narrowing causes the center of this vor-
tex to be shifted towards the distal end of the aneurysm relative
to the other two models at the time immediately prior to the peak
systolic acceleration (Figure 5, first row). This highlights the in-
creased momentum imparted to the intra-aneurysmal circulation
by the presence of the narrowing, and the subsequent increase
in the centerline velocity. These data suggest that the underly-
ing cause of the observed vortex shedding is indeed shear-layer
rollup, but the presence of a proximal lip or narrowing will de-
crease the velocity at which the proximal edge vortex separates.

Next, having determined the geometry was not the underlying
cause of the vortex shedding, the role of the input flow-rate wave-

form was investigated. Three cases were explored, the case of
steady flow, sine-wave driven flow (with a minimum velocity
slightly greater then zero) and that of a carotid waveform (chosen
with a peak-to-mean ratio of 1.6 as compared to the mouse wave-
form which had a value slightly greater then 3). Under steady
flow conditions (Figure 6, first row), at a Reynolds number of 63,
there was a single large recirculation zone within the aneurysm.
For the Yip et al. [12] aneurysm and the case with the proxi-
mal lip this vortex was centered just above the aneurysm dome,
while the proximal narrowing saw the center of the recircula-
tion zone shifted towards the distal end of the aneurysm. When
driven by the sine wave (Figure 6, third row) all three models
were again seen to exhibit vortex shedding, showing a similar
trend, as observed with the normal mouse waveform (Figure 6,
second row) , of the proximal narrowing shedding at the onset of
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FIGURE 4. THE LEFT HAND COLUMN SHOWS THE VELOCITY STREAMLINES (COLOR CODED TO THE MAXIMUM VELOCITY AT
EACH TIME POINT) FOR THE SEMI-IDEALIZED MOUSE MODEL. THE RIGHT HAND COLUMN SHOWS THE CORRESPONDING DUS-
EKV IMAGE, NOTE THE DUS-EKV IMAGES WERE REGISTERED TO THE CFD DATA BY CHOOSING THE POINT OF VORTEX FORMA-
TION AS THE INITIAL REGISTRATION POINT (IN TIME). THE RED DOT IN THE RIGHT HAND COLUM INDICATES THE APPROXIMATE
CENTER OF THE VORTEX.
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FIGURE 5. STREAMLINES COLOR-CODED TO THE MAXIMUM VELOCITY DURING THE CARDIAC CYCLE FOR THE THREE IDE-
ALIZED GEOMETRIES; THE MODEL BASED ON YIP et al. [12] (LEFT COLUMN), THE PROXIMAL LIP (CENTRAL COLUMN) AND THE
PROXIMAL NARROWING (RIGHT COLUMN).

the systolic rise followed by the proximal lip model and finally
the Yip et al. [12] model exhibited shedding when the veloc-
ity exceeded the mean flow rate. The case of the carotid wave-
form (Figure 6, bottom row) was perhaps the most interesting
as the Yip et al. [12] model and proximal lip model both exhib-
ited vortex shedding following the similar trend of the proximal
lip exhibiting shedding earlier in the systolic rise. However, the
proximal narrowing model exhibited no shedding at any point in
the cardiac cycle. This is attributed to the increased momentum
imparted to the intra-aneurysmal vortex by the presence of the
proximal narrowing (leading to a centerline velocity four times
that of the other two models), and its increased momentum com-
bined with the fact that flow rate never gets near zero (as in mouse
and sine waveform) the shear layer never produces enough mo-
mentum to disrupt the large intra-aneurysmal circulation once it
is set up leading to a single large vortex that is stable throughout
the cardiac cycle.

DISCUSSION
This study has demonstrated the presence of a shear-layer rollup
in the mouse AAA, which leads to vortex shedding from the
proximal edge of the aneurysm to the distal end during the sys-
tolic acceleration phase of the cardiac cycle. This is assumed

to be caused by the lower Reynolds number in the mouse, as
compared to the human, causing the fluid in the aneurysm to be
dragged along with the leading edge of the jet as it moves through
the aneurysm. It is imperative to stress that this was first observed
in vivo in the mouse AAA model, and CFD was used to inves-
tigate the mechanism by which this phenomenon was occurring.
We have also demonstrated that the presence of a lip causes the
separation to occur earlier during the systolic acceleration and,
not surprisingly that, a proximal narrowing (leading to a higher
velocity jet) leads to separation at the onset of systolic accelera-
tion. We have further observed that under steady flow conditions
the flow is characterized by a single large recirculation zone, with
the center of the recirculation region shifted from the approxi-
mate center of the aneurysm to the distal end in the case of the
proximal narrowing, attributed to the increased momentum of the
central flow. The sine wave and carotid waveform inflow condi-
tions have demonstrated that the vortex shedding is not entirely
dependent on the shape of the inflow waveform. However the
proximal narrowing model driven by the carotid waveform has
shown that if the peak-to-mean ratio is small the momentum of
the incoming fluid will not be sufficient to overcome the momen-
tum of the intra-aneurysmal recirculation zone and cause vortex
shedding to occur at the proximal edge.
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FIGURE 6. STREAMLINES (COLOR CODED TO THE MAXIMUM VELOCITY AT EACH TIME POINT) FOR THE YIP et al. [12] (LEFT
COLUMN), PROXIMAL LIP (MIDDLE COLUMN) AND PROXIMAL NARROWING (RIGHT COLUMN) GEOMETRIES FOR THE CASES OF
STEADY FLOW (TOP ROW) MOUSE WAVEFORM [20] (SECOND ROW), SINE WAVE (THIRD ROW) AND CAROTID WAVEFORM [21]
(BOTTOM ROW).

A direct comparison, of our results, against the literature is not
possible as there have been no previous studies investigating the
the flow patterns in the mouse AAA. However, the DUS-EKV
images show a high degree of correlation with the semi-idealized
3D model of the mouse AAA (Figure 4). It is of particular in-
terest to note the differences in the fluid mechanics observed in
this study with those of the human vasculature, as there has been
much more extensive research done in this area. Previous stud-
ies investigating the human AAA fluid mechanics in idealized
aneurysm models [11–15] have demonstrated the presence of a
shed vortex from the proximal edge of the aneurysm during sys-
tolic deceleration. This is attributed to the fact that, as the fluid
decelerates, it becomes unstable and a vortex forms and subse-
quently separates from the proximal edge. In comparison to this
we have seen in the mouse AAA model that separation occurs

during the systolic acceleration, and is attributed here to the vor-
tex forming in the shear layer of the jet and subsequently being
carried through the aneurysm by the momentum of the jet. Dur-
ing the systolic deceleration the flow consists of a single large re-
circulation zone and this recirculation zone persists through the
diastolic tail of the cardiac waveform.

Although this paper has not focused on the biological implica-
tions of the observed flow, conjecture about the implications of
the observed fluid mechanics on the life cycle of AAA. Figure 4
(bottom row) shows the fluid flow during the diastolic tail, which
makes up roughly half of the cardiac cycle. This flow is domi-
nated by the presence of a recirculation zone encompassing the
upper proximal half of the aneurysm. What is interesting to note
about the location of this recirculation zone is that this is the area
in which the thrombus develops.
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This study has required several simplifications and assumptions
that should be mentioned here. As previously alluded to, a vi-
sually obvious limitation of this study is the lack of the animal-
specific three-dimensional geometries. Although it would have
been desirable to have such information, the present study has
demonstrated that the vortex shedding is not entirely geometry
dependent. The lack of a measured subject inflow waveform has
required the use of the normal mouse suprarenal waveform [20],
but again the flows we were studying were found not to be crit-
ically dependent on the waveform shape (at least with regards
to using the animal-specific waveform versus a normal mouse
waveform). Possibly the most critical limitation is the use of the
rigid wall assumption for the mouse model. The B-mode images
of the mouse AAA over the cardiac cycle showed the aneurysm
itself to be relatively stationary, but the proximal abdominal aorta
did show substantial deformation during the cardiac cycle.

CONCLUSION
Based on the data presented in this study we propose that the vor-
tex shedding observed in the mouse model, during systolic accel-
eration, is unique to the mouse. Further geometric analysis of the
mouse AAA combined with CFD studies will in future allow us
to quantify more completely the fluid dynamic environment of
the mouse AAA. It will also be necessary to look at the effects
of scaling as the configuration changes from that of the mouse
to the human, to understand further the cause of the shedding
moving from the systolic acceleration in the mouse to the sys-
tolic deceleration in the human. The goal in future is to combine
subject-specific mouse AAA CFD at various critical time points
in the AAA development life cycle and look for links between the
fluid dynamics and the evolution of the aneurysm. Even though
the fluid mechanic environment between the mouse and the hu-
man may not be identical, the progression of the disease and its
response to the fluid dynamics may have critical links to further
our understanding of the human AAA life cycle.
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