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Abstract—Direct numerical simulations were performed on
four patient-specific abdominal aortic aneurysm (AAA)
geometries and the resulting pulsatile blood flow dynamics
were compared to aneurysm shape and correlated with
intraluminal thrombus (ILT) deposition. For three of the
cases, turbulent vortex structures impinged/sheared along the
anterior wall and along the posterior wall a zone of
recirculating blood formed. Within the impingement region
the AAA wall was devoid of ILT and remote to this region
there was an accumulation of ILT. The high wall shear stress
(WSS) caused by the impact of vortexes is thought to prevent
the attachment of ILT. WSS from impingement is compa-
rable to peak-systolic WSS in a normal-sized aorta and
therefore may not damage the wall. Expansion occurred to a
greater extent in the direction of jet impingement and the
wall-normal force from the continuous impact of vortexes
may contribute to expansion. It was shown that the
impingement region has low oscillatory shear index (OSI)
and recirculation zones can have either low or high OSI. No
correlation could be identified between OSI and ILT depo-
sition since different flow dynamics can have similar OSI
values.

Keywords—Abdominal aortic aneurysm, Intraluminal

thrombus, Pulsatile flow, Oscillating wall shear stress.

INTRODUCTION

An abdominal aortic aneurysm (AAA) is a dilata-
tion of the aorta between the renal arteries and the iliac
bifurcation. Dilatation weakens the aortic wall making
it susceptible to rupture and currently the decision to
repair an AAA is based on a diameter criterion of 5.5
cm in men and 5 cm in women. The risk of rupture is
significant at sizes > 5.5 cm and increases with
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diameter'®; however, ruptured AAA (RAAA) can have
diameters smaller than 5 cm, while others can reach
sizes of 1012 cm without rupture. The fact that rup-
ture can occur at a wide range of sizes indicates addi-
tional criteria could be wused to evaluate the
susceptibility of AAA rupture.

The tangential force exerted on the arterial wall by
blood flow, referred to as wall shear stress (WSS), is
thought to be an important hemodynamic factor that
regulates arterial health. Low WSS and oscillations in
blood flow direction are dominant mechanisms that
can lead to a deterioration of the arterial wall.*® The
fact that the majority of aortic aneurysms are infra-
renal suggests hemodynamics specific to this region
trigger the initial aortic dilation. Under resting condi-
tions, only one third of the supraceliac flow rate is
directed into the legs'® and WSS is substantially lower
in the abdominal segment of the aorta.* Interestingly,
it has been shown that patients with a single above-
knee leg amputation are more likely to develop
AAA.* In addition to further lowering WSS in the
abdominal aorta, due to reduced blood requirement
from the amputated leg, a single above-knee leg
amputation causes an asymmetrical flow pattern at the
aortic bifurcation. The majority of the blood flow
being directed down a single iliac artery of the non-
amputated leg causes a higher wall-normal pressure
force to be applied along the side with the amputation
and expansion was found to be more prevalent on this
side.

It is common for intraluminal thrombus (ILT) to
accumulate within AAA. Once a layer of ILT forms
the aortic wall is no longer directly exposed to low and
oscillating WSS and this can not be considered the
cause of wall deterioration.'” The aortic wall receives
oxygen primarily from luminal blood flow and a layer
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of ILT may decrease the flow of oxygen (hypoxia),
which in turn may decrease wall integrity, making it
more susceptible to further expansion or rupture.** It
has been shown that ILT deposition increased AAA
growth rate,”>***® and that regions of the AAA wall
with ILT experienced localized hypoxia*' and were
thinner with more inflammation.'® Alternatively it has
been suggested that ILT is protective and shields the
aortic wall from pressure forces.>*****” In Speelman
et al’>* AAA wall stress was lower when a large ILT
volume was present but growth rate was also higher.
The authors stated that the deterioration of the aortic
wall from ILT may be more significant than the
hemodynamic forces acting on the wall. It has been
suggested that ILT thickness could be used as a crite-
rion, in addition to diameter, when determining risk of
rupture®’ and ILT deposition in small-sized AAA
should be a factor when considering ecarly surgical
repair.>**

It is possible that zones of stagnant blood, turbulent
fluctuations and flow impingement produce a hemo-
dynamic environment that contributes to AAA
expansion, ILT deposition and rupture. As an AAA
increases in size adverse hemodynamic conditions may
worsen, further increasing the risk of rupture. Since
AAA can have a wide variety of shapes, it is possible
that particular geometries have greater disturbances in
blood flow. Some AAA may dilate to very large sizes
while maintaining stable non-disturbed blood flow and
therefore could potentially be at a lower risk for rup-
ture. It would be beneficial to be able to identify the
flow dynamics associated with particular aortic
geometries.

In this current work we computationally investi-
gated pulsatile blood flow dynamics in patient-specific
AAA. The study consisted of 23 cases and we will be
focusing our presentation on cases 1-4. The results
indicate that the impingement of blood flow may pre-
vent ILT deposition and influences the overall aneur-
ysm shape. The remaining 19 cases will be referenced
to further support this observation.

MATERIALS AND METHODS

Model Description

Case 1-3 have diameters of 6.8, 6.0 and 11 cm,
respectively, and posterior-eccentric ILT of maximum
thickness 1.8, 0.4 and 4.4 cm, respectively. For case 3
the ILT becomes circumferential-eccentric in the lower
AAA segment. Case 4 has a diameter of 7.4 cm and is
devoid of ILT. The models are generated from com-
puted tomography angiography (CTA) images using
the commercial medical imaging software Mimics-17.0
(Mimics, Materialise, Leuven, Belgium). To simplify
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the geometry, arteries that branch off of the aorta, such
as the visceral arteries, are excluded and the common
iliac arteries are modeled to the bifurcation of the
internal and external iliac arteries.

The non-dimensional parameters that govern blood
flow are the bulk Reynolds number Re,, Womersley
number Wo and the oscillating-to-mean flow rate ratio
f, which are, respectively,

Rep = ﬁth/V, (1)
Wo = Dy/2\/w/v, (2)
B = tose [ Tp. (3)

Here v = u/p is the kinematic viscosity, with u and p
being the dynamic viscosity and density, respectively,
® = 2n/T is the angular frequency, u, is the ampli-
tude of the oscillating component of the pulse and u; is
the time-average of the bulk velocity at the inlet
boundary. The length scale used to define Re and Wo is
the inlet hydraulic diameter D, = 44 /P, where 4 and
P are the cross-sectional area and perimeter of the
upstream aorta inlet, respectively. Although blood is a
non-Newtonian fluid it can be assumed to behave like
a Newtonian fluid in large arteries.'® The governing
equations for the conservation of mass and momen-
tum, in a Cartesian coordinate system x = (x, y, z), are
as follows:

Vou=0 (4)

/ot +uNu=—Vp+vWu (5)

where the velocity field is given by u = (u, v, w), ¢ is the
time unit and p = P/p, with P being the pressure.
Using physiologically-realistic flow conditions f§ = 5.5,
u=0.0035kgm "' s, p=1050kgm> and T=1s.
The mean and maximum bulk flow rate is 20 and 130
ml s, respectively. For the cases in this study, Re,
varied from 254-313 and Wo varied from 16.5-20.5.
The x-axis is placed perpendicular with the axial plane
and is referred to as the streamwise direction.

The temporal variation in the infrarenal bulk flow
rate used in this study is shown in Fig. la. The term
infrarenal refers to the segment of the aorta below the
renal arteries. The pulse profile is from Les er al.,*°
where it was calculated from patients with AAA and
the mean infrarenal flow rate was found to be 17.5 £
5.44 ml s~'. The flow rate used in our study is then
slightly above average for patients with AAA.

Systole refers to cardiac contraction and diastole to
cardiac relaxation. At the end of systole, the infrarenal
bulk flow rate reverses direction and throughout
diastole the flow rate is effectively zero.
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(a) Temporal variation in infrarenal bulk flow rate. (b) Analytical solution to a fully-developed pulsatile velocity profile

in a pipe. Profiles calculated using bulk flow rate data from Les et al.?®

Simulation Details

The open source finite-volume code OpenFOAM-
2.2.2 (OpenCFD Ltd, Bracknell, United Kingdom) is
used to directly solve the governing equations. The
code uses the PISO algorithm'? for pressure-velocity
coupling, a second-order central difference scheme for
the spatial derivatives and a second-order implicit
Euler method for the time derivative. To satisfy a cri-
terion of having the Courant-Friedrichs-Lewy (CFL)
number <1 the time-step is fixed at At = 0.25 x 107> s
for case 1 and Ar = 0.5 x 107 s for cases 2-4. At each
time-step the equations are considered converged when
the residuals become less than 1 x 107°. The time-de-
pendent bulk velocity from Fig. 1a is implemented at
the upstream inlet boundary. A uniform velocity is
used as the boundary condition, as opposed to a fully
developed profile, since within the aorta only several
cm are required for an oscillating boundary layer to
develop®® and at no point does the mean component
reach a fully developed state.* At the outlet bound-
aries, downstream in the iliac arteries, a reference
pressure of p = 0 is imposed and the arterial walls are
assumed to be rigid with a no-slip condition. The initial
flow field is set to zero and statistics are collected after
5 pulses simulated to remove the effect of initial con-
ditions. The time average of a flow quantity is repre-
sented by an overbar and is calculated by averaging
over a period defined by #;, = 5 s and ;=13 s.

Unstructured grids composed of prism cells ex-
truded from the wall and tetrahedral cells occupying
the interior of the domain are generated using the
commercial grid generation software Pointwise-17.2
(Fort Worth, Tex, US). The wall tangent edge length
of the first prism cell adjacent to the wall is fixed at
0.002 cm and 15 prism cells are extruded at an
expansion rate of 1.25. The edge length of the interior
tetrahedral cells is fixed at 0.065 cm. The size of the
grids used in this study varied from 6494498 to
13173579 and is comparable to those from previous
studies."!'** The grid resolution is assessed by com-
paring the average edge length of a grid cell A to the

time-averaged Kolmogorov length scale 77 = (v3 /E)l/ 4
where the term 7 gives the smallest scale of turbulent
motion.”’ The term € is the time-averaged rate of tur-
bulent kinetic energy (TKE) dissipation and is calcu-
lated wusing the triple decomposition method
introduced by Hussain and Reynolds.'? The instanta-
neous velocity field can be decomposed into

u=ut+u+u,

(6)

where % is the time average, u is the periodic flucuation,
u' is the turbulent fluctuation. Each period is seg-
mented into M = 50 equidistant phase positions and at
each phase N = 25 snapshots of the velocity field are
collected. The average of u locked at a phase is cal-

culated as

1 N—-1

NZ u|t+nT

n=0

(uy=u+u= (7)
and the turbulent fluctuation is &' =u — (u). The
instantaneous rate of TKE dissipation is calculated as
e =28, with §' = (V' + V') /2 being the fluctu-
ating strain-rate tensor and the time-average of € is
calculated by averaging the 1250 instantaneous snap-
shots. This procedure has been performed for case 3
and the maximum A/7 is found to be 3.1 with a
majority of the domain containing values <2.5. This
indicates that the smaller turbulent fluctations are
sufficiently resolved by the grid.

Hemodynamics Analysis

Turbulent coherent structures are defined as spatial
regions of high vorticity that maintain their shape for
an extended period of time. Here they are visualized
using the O-criterion,'' where Q is defined as
(@* - S%)/2, the tensors S= (Vu+Vu')/2 and
Q= (Vu—Vu')/2 are the strain and rotation-rate
tensor, respectively. The quantity Q measures the
amount the local vorticity magnitude exceeds the strain
rate. The WSS vector 1, = (T, Ty, Twz) 18 defined as
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the tangential component of the surface traction vector
t = tn,, where ny is a unit vector normal to the surface,
t=2uS is the shear stress tensor. The tangential
component of t is isolated by subtracting out the
normal component through

T, =t — (t-ng)ny. (8)

The time-averaged WSS (TAWSS) is a scalar defined
as

t
TAWSS = / el 9)
tf_ li L

where ||.|| is the magnitude of a vector. The oscillatory
shear index (OSI)'° quantifies the oscillation in the
WSS vector’s direction and is defined as

OSI = 0.5(1 — HEn,HTAWSS). (10)

Low OSI indicates a single dominate flow direction
and high OSI indicates oscillations in the flow
direction. The transverse time-averaged WSS
(transTAWSS)?’ quantifies the disturbance in the WSS
vector and is defined as
(o)
Tw - \ Bs X 7
]

1 /tf
tf— t; 4

Low transWSS indicates the WSS vector is predomi-
nately parallel with a single axis during the cardiac
cycle and high transWSS indicates the WSS vector
fluctuates about the dominate flow axis. Since a large
range of TAWSS values can occur in AAA, transWSS
was normalized by the local value of TAWSS.

transWSS = dr.  (11)

RESULTS

Velocity Field

To better understand the expected flow dynamics in
the abdominal aorta, the analytical solution to a fully-
developed pulsatile velocity profile is calculated for a
pipe segment of radius R, radial coordinate r, Wo = 15
and abdominal aortic flow conditions. The mean
component of the analytical solution is a Poiseuille
velocity profile and the oscillating component is cal-
culated using Fourier coefficients obtained from the
bulk flow rate data in Les er al.?® The calculation of an
oscillating velocity profile requires the bulk flow rate to
be shifted to it’s corresponding pressure gradient and
this is done using correlations given by Womersley.*
In Fig. 1b the analytical velocity profile is shown at
various times during systole and early-diastole. As the
blood flow decelerates, close to the wall it reverses in
direction at /7 = 0.29. For all of diastole the velocity
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profile consists of a low negative component close to
the wall and a low positive component in the core re-
gion. Blood flow that oscillates in direction while
maintaining a net positive direction is referred to flow
reversal without separation.’” Where as, blood flow
with a flow direction at the wall that is opposite to the
dominate direction is referred to as a recirculation
zone.

The extent of the flow reversal that occurs for a
given pulse profile is govern by Wo and this parameter
defines the ratio of pulsatile inertia forces to viscous
forces. Since v and T are fixed parameters within the
cardiovascular system, Wo is dependent on the size of
the artery. In small arteries and capillaries, where
Wo < <1, the pressure gradient is aligned with the flow
rate and the flow can be treated as quasi-steady. As Wo
is increased, the bulk flow rate begins to lag behind the
pressure gradient.* Close to the arterial wall, oscilla-
tions in the blood flow will be more aligned with the
oscillations in the pressure gradient compared to the
blood flow in the center region of an artery. As de-
scribed by Hale et al.,® near wall velocity is low,
therefore it will have less momentum and can be more
easily reversed by the pressure gradient.

Figure 2 shows for case 1, mid-sagittal CTA,
instantaneous and time-averaged contours of stream-
wise velocity plotted on the mid-sagittal section. Dur-
ing systole, the blood flow is predominately channeled
within the AAA. By late-systole, a jet has formed that
is directed towards the anterior wall and there is a
small zone of recirculating blood along the posterior
wall. During diastole, although the bulk flow rate in
the abdominal aorta is effectively zero, the high
momentum jet structures continue to flow down-
stream, shearing/impinging against the anterior wall
and transition to turbulence. By /T = 0.56 the struc-
tures have traversed to the mid-region of the AAA. In
the upstream aorta, throughout the cardiac cycle, the
blood flow behaves qualitatively similar to the ana-
lytical solution shown in Fig. 1b. The time-averaged
streamwise velocity shows blood flow channeling along
the anterior wall and a region of recirculating blood
along the posterior wall. Referring to the mid-sagittal
CTA, anterior wall is devoid of ILT and the posterior
wall exposed to recirculation correlates with ILT
deposition.

Figure 3 shows for cases 2—4, mid-sagittal CTA,
instantaneous coherent structures visualized using the
Q-criterion and time-averaged streamlines. During
diastole for case 2 and 3, turbulent vortexes shearing
along the anterior wall and recirculating blood occurs
along the posterior wall. The wall is devoid of ILT at
the impingement site and directly below this region
ILT accumulates and the posterior wall has consider-
able ILT. White arrows shown on the CTA indicate



The Relationship Between Pulsatile Flow Impingement 61

a
(@) (b) (©): (d)
jet
§ n structures
: : J
g %1) ILT
= < recirculation
zone channeled

i " flow

@) (h) |

jet
structures

J oscillating
velocity
4 within
recirculation

7.5cm
time-averaged

recirculation

J zone

Ocm
zone

FIGURE 2. Case 1. (a) Mid-sagittal CTA. Instantaneous streamwise velocity at (b) t/T =0.24, (c) t/T =0.32, (d) t/T = 0.36, (e)
t/T=04,(f)t/T =0.56 and (g) t/T = 0.72. (h) Time-averaged streamwise velocity. Dashed line in contours seperates regions of

positive and negative velocity. Dashed line outside flow channel in (b) shows ILT deposition.

the location on the anterior wall ILT starts to accu-
mulate. Case 4 is devoid of ILT and although a jet
forms at the neck during systole, the vortexes stagnate
at the neck region without propagating downstream
into the AAA. The time-averaged streamlines indicate
the blood flow is predominately channeled for this
case.

Figure 4 and 5 shows for case 1 and 2, respectively,
mid-axial CTA, instantancous and time-averaged
contours of streamwise velocity plotted on the mid-
axial section. The jet is initially laminar and transitions
to turbulence once it impacts against the wall. White
arrows shown on the CTA indicate the location on the
wall ILT starts to accumulate. The region of high
velocity is devoid of ILT and the edge of this region
correlates with the start of ILT accumulation. For case
1, the layer of posterior ILT results in the circular
shaped AAA having an oval shaped lumen and the
oval shape is tilted in the direction of impingement.

Wall Shear Stress

The peak WSS calculated from the analytical solu-
tion in Fig. 1bis 2.4 N m~2 and this value will be used
as a reference. Figure 6 shows for case 1, anterior
facing surface contours of ,, . at various times during
diastole. From late-systole to early-systole of the next
pulse the blood flow reverses in direction close to the
wall and this results in the streamwise-component of
WSS having low and negative values for a majority of

the cardiac cycle. Regions of elevated t,, , correspond
to the impact of vortexes against the wall. The peak
WSS magnitude within the AAA occurs at t/T = 0.52
and is |t,] = 3.4 N m~2. Although WSS caused by
impingement is significantly higher then the sur-
rounding regions in the AAA, it is comparable to the
peak value obtained from the analytical solution. In
the upstream aorta, peak WSS varies based on aortic
diameter but is similar to the value predicted by the
analytical solution.

Figure 7 shows for case 2, the streamwise-compo-
nent of WSS plotted along the circumference of the
axial slice shown in Fig. 5a. At peak-systole, 1, . is low
and uniform along the circumference. During late-
systole, 7,., continues to be low but has reversed in
direction along the posterior-right side. During dias-
tole, turbulent vortexes shear pass the anterior-left side
causing high and fluctuating WSS.

Surface contours of OSI for cases 1-4, are shown in
Figs. 8a—8d. Since a uniform velocity was imposed at
the inlet, OSI is low directly downstream of the inlet.
Once an oscillating boundary layer develops, OSI is
high within the straight segments of the aorta. For
cases 1-3, the continuous blood motion from
impingement causes low OSI within this region. Case
2’s recirculation zone has low OSI, indicating contin-
uous upstream motion caused by the jet’s downstream
motion on the opposite side. The recirculating zone for
cases 2 and 3 contain regions with both high and low
OSI values. High OSI within a recirculation zone is the
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FIGURE 3. Mid-sagittal CTA with white arrow indicating the region on the anterior wall ILT starts to accumulate, instantaneous
coherent structures visualized using the Q-criterion and time-averaged streamlines for (a) case 2, (b) case 3 and (c) case 4.

result of oscillating velocity similar to that shown in
Fig. 2d. For cases 2 and 3, directly below the
impingement region OSI remains low and the lower
anterior wall for case 3 has high OSI. For case 4, aside
from the neck region, OSI is predominately high within
the AAA.
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Surface contours of normalized transWSS are shown
for cases 3-4 in Figs. 8¢ and 8f. Within the straight
segments of the aorta transWSS is low and this indicates
that although the blood flow is highly oscillatory, the
oscillations occur along a single axis. Within the
impingement region, transWSS is high combined with
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FIGURE 4. Case 1. (a) Mid-axial CTA with white arrows indicating the region on the aortic wall ILT starts to accumulate.
Streamwise instantaneous velocity at (b) /T =0.20, (c) /T =04, (d) t/T =044, (e) t/T =052, (f) /T =0.60 and (g) t/T = 0.72.
(h) Time-averaged streamwise velocity. Dashed line in contour separates regions of positive and negative velocity. Dashed line
outside flow channel in (b) shows ILT deposition.
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FIGURE 5. Case 2. (a) Mid-axial CTA with white arrows indicating the region on the arterial wall ILT starts to accumulates.
Streamwise instantaneous velocity at (b) /T =0.20, (c) t/T =0.36, (d) /T = 0.40, (e) t/T = 0.44, (f) t/T = 0.48 and (g) t/T = 0.56.
(h) Time-averaged streamwise velocity. Dashed line in contour separates regions of positive and negative velocity. Dashed line
outside flow channel in (b) shows ILT deposition.

low OSI. This indicates the instantaneous WSS vector DISCUSSION

fluctuates about the dominate axis and the fluctuation

remain directed along the dominate flow direction. Al- Results are presented from simulations of pulsatile
though case 4 has a large lumen, transWSS is predom- blood flow in four medium-to-large-sized AAA. It is
inately low, indicating laminar blood flow within the found that a jet forms at the AAA neck during systole.
AAA. At most wall locations, an inverse relationship is For cases 1-3, during diastole turbulent vortexes from
found between OSI and transWSS. the jet continue to circulate within the AAA and im-
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FIGURE 7. Case 2. Instantaneous streamwise-component of WSS plotted along the circumference of the mid-axial slice shown in
Fig.5aat(a)t/T =0.20,(b) t/T =0.32,(c)t/T =0.40,(d) t/T =0.48,(e) t/T = 0.52,(f)t/T = 0.56,(g) t/T = 0.60 and (h) /T = 0.64.
Blue and red color distinguishes positive and negative values, respectively.

pinge against the anterior wall with a zone of recircu-
lating blood forming along the posterior wall. It can be
seen in Figs. 3, 4, and 5 that the impingement site is
devoid of ILT and there is a build-up in ILT remote
from this region. Figure 7 shows that within the AAA,
WSS caused by impingement is significantly higher
than peak-systolic WSS. We present an argument that
high WSS from the impact of a vortex prevents the
attachment of ILT to the aortic wall.

It has been established by previous studies that
recirculating blood correlates with vascular disease.
Regions of recirculating blood have been shown to
develop atherosclerosis in carotid bifurcation* and
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ILT in intracranical aneurysms.*® Doyle ez al.” inves-
tigated the growth and rupture in an AAA and it was
shown that low WSS corresponded with the region
with AAA growth, ILT deposition and rupture.
Zambrano et al.*® studied ILT growth in a group of 14
various sized AAA and observed ILT deposition oc-
curred in regions with low WSS and ILT accumulation
began in a localized region before spreading out
to other regions. Since our present study uses a single
static CTA for each case, it does not provided any new
insight into the hemodynamic cause of ILT deposition.
Rather it identifies a hemodynamic factor that may
locally prevent the accumulation of ILT.
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(e) case 3 and (f) case 4.

It has been suggested high WSS from impingement
in intracranial aneurysms contributes to growth and
rupture”’ and Dolan ef al.® defined high WSS as >3 N
m~2. Although our simulations showed WSS from
impingement is relatively high, it is comparable to
peak-systolic WSS in a straight normal-sized aorta.
Therefore, vortexes shearing along the wall may not
directly damage the aorta. Caro et al* suggested

increased cardiac output from exercise would raise
WSS and have a protective effect against atherogene-
sis. It has been shown exercise conditions raised WSS
and lowered OSI within the abdominal aorta.’>3
Similar results were found to occur in AAA'3* with it
being suggested this would reduce AAA growth'” or
the accumulation of ILT.*® Exercise promoting aortic
health by raising WSS is consistent with the concept of
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high shear from impingement locally preventing ILT.
An increased cardiac output is not considered a car-
diovascular risk and this supports the hypothesis that
impingement does not cause shearing damage.

It can be seen in Fig. 8 that cases 1-3 experience
greater expansion on the side the flow structures im-
pact. Although the continuous impact of these vortexes
may have a positive effect by locally preventing ILT,
the wall-normal force exerted by these impacts could
contribute to expansion. This is consistent with a
previous finding that AAA from patients with single
above-knee leg amputations were more likely to ex-
pand on the side with the amputation due to asym-
metric blood flow*” and it was suggested by Lasheras'’
that tensional stresses, and not shear stresses, are the
cause of AAA remodeling. Since impingement is found
to occur primarily during diastole, the vortexes are
relatively slow-moving compared to peak-systole flow
velocity. It can be speculated that although their im-
pact may gradually influence expansion, it has insuf-
ficient force to be the cause of mechanical failure
(rupture) in the wall. In our previous work, we exam-
ined the location of rupture in a group of 7 RAAA,?
and found that although high pressure and WSS oc-
curred at the impingement site, rupture occurred in
regions dominated by low WSS, recirculating blood
and ILT deposition.

For this study a total of 23 AAA cases with diam-
eter > 5 cm were simulated. The AAA size, ILT
location and impingement location if present, are
summarized in Table 1. It is observed that blood flow

impingement similar to cases 1-3 only occurs in AAA
with medium-to-large-sized lumen and requires a
sudden expansion in lumen cross-sectional area at the
neck. For AAA geometries with small-sized lumen or
gradual increases in lumen diameter at the neck, flow
structures stagnant at the neck (similar to what was
seen with case 4). Irrespective of the size or shape of an
AAA, during peak-systole the blood flow is channeled
and predominately laminar. The time-averaged veloc-
ity field gives an overall description of the hemody-
namics, but does not fully capture the disturbed flow
dynamics that can occur during late-systole and dias-
tole. For example, Fig. 2 shows the size of the recir-
culation zone varies with time and Fig. 6 shows the
region of high WSS moves along with the vortexes as
they flow downstream.

Impingement is found to occur in 9 cases with the jet
structures always flowing in the direction the neck
angles the blood flow. For 8 of these cases, ILT of
various thickness is present remote from the impinge-
ment site. Six cases have anterior-eccentric ILT and
one case has circumferential-eccentric ILT. For these
cases, a thick layer of ILT results in a small-sized lu-
men flow channel and the blood flow is stable without
impingement or recirculation. From a single static
CTA, it can not be identified what hemodynamic fac-
tors would cause ILT to deposit on the anterior wall.
The remaining 7 cases experience flow dynamics simi-
lar to case 4, where there is no impingement and
minimal ILT. Again this study does not identify why
AAA similar to case 4 would develop.

TABLE 1. Patient information.

Case Sex Maximum AAA diameter (cm) Neck angulation (°) Maximum ILT thickness (cm) ILT deposition location Impingement location

1 M 6.8 45
2 M 6.0 45
3 M 11.0 60
4 M 7.4 80
5 F 5.0 45
6 M 5.3 25
7 F 5.5 60
8 M 5.5 40
9 M 8.0 45
10 F 5.4 70
11 M 6.5 30
12 M 5.5 20
13 M 6.9 35
14 M 5.7 45
15 F 6.6 0
16 M 5.5 0
17 M 5.7 50
18 M 5.5 20
19 M 5.9 15
20 F 5.5 20
21 M 9.2 75
22 M 8.0 80
23 M 5.5 20

1.8 Posterior Anterior
0.4 Posterior-right Anterior-left
4.4 Posterior Anterior
0.0 - -

0.5 Right Anterior-left
1.0 Anterior -

1.0 Circumferential-anterior -

1.4 Posterior Anterior
2.8 Circumferential-posterior -

0.0 - Left

4.0 Anterior -

2.0 Right Left

2.8 Anterior -

0.4 Anterior-left -

2.0 Circumferential-anterior -

1.0 Posterior -

1.0 Posterior Anterior
0.4 Posterior-left-right -

1.0 Circumferential -

2.4 Anterior -

0.8 Right Left

0.0 - -

2.8 Anterior -
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Previous studies have shown it to be more common
for ILT to be anterior-eccentric in AAA.%**?® Since
our study showed impingement is primarily directed
towards the anterior wall, this could indicate that the
shape that leads to impingement is less common
compared to other AAA shapes. In Metaxa et al.** it
was found that AAA with posterior-eccentric ILT have
lower growth rates compared to AAA with anterior-
eccentric ILT. Although impingement may contribute
to expansion, the possible removal of ILT deposition
along the anterior wall may result in a overall slower
rate of growth compared to AAA with a thick layer of
anterior-eccentric ILT. Despite case 4 having a large
lumen, its blood flow is predominately non-disturbed
and no ILT deposition was present. As such, it may
represent a type of AAA geometry that is at lower risk
of further growth and rupture.

The question was raised in Peiffer er al.>® whether
high OSI and low WSS adequately describe relevant
blood flow features. Since WSS is proportional to
diameter, in general WSS will decrease as AAA size
increases. Although OSI provides a useful description
of the flow dynamics, we believe within AAA it is not
the correct metric to use when identifying abnormal
hemodynamics. It should be noted that a wide variety
of pulse profiles and values for Re, and Wo can occur
within the cardiovascular system. Any observations
made for AAA hemodynamics may not hold for dif-
ferent cardiovascular locations. For example, typical
non-dimensional parameters in intracranical aneur-
ysms are Rep =436, Wo=1.8 and f=0.6 (Valen-
Sendstad er al*”). Although Re, is similar between
these cardiovascular locations the large differences in
Wo and f will produce vastly different flow dynamics,
i.e., in intracranical arteries high OSI may be an indi-
cation of disturbed flow behavior.?! Below is a sum-
mary of the observed flow dynamics compared with
OSI and ILT deposition.

e At the location the jet structures impinge OSI is
low, WSS and transWSS are high and the wall
is devoid of ILT. Simply from this observation
it could be concluded that low OSI has an
preventative affect on ILT deposition; however,
we believe that the mechanism is the shearing
caused by the impact of vortexes and low OSI is
only a consequence of this flow.

e For cases 2 and 3 directly below the impinge-
ment region OSI remains low and ILT accu-
mulates. The blood flow in this region can be
described as channeled and unidirectional.

e For case 3 along the lower segment of the
anterior wall there is a thick layer of ILT and
OSI is high. While case 4 has predominately
high OSI and there is no ILT. This flow can be

described as a attached boundary layer that
oscillates in direction. Figure 8a and 8b show
that along the edge of the impingement region,
blood flow exhibits this behavior and ILT is
present.

e Zones of recirculating blood are characterized
by low time-averaged velocity flowing opposite
to the dominant flow direction. Figure 8a shows
the recirculation zone can have distinct regions
of both low and high OSI, and these variations
do not appear to affect ILT thickness.

From this study a direct correlation can not be
identified between OSI and ILT deposition or AAA
shape. This is due to different flow dynamics having
similar OSI values. Arzani er al.> performed a study
on ILT growth in 10 small-sized AAA and regions
with low OSI experienced the most ILT growth. Low
OSI was thought to represent recirculating blood and
this is consistent with what we observed in the
recirculation zone of case 2. A similar observation
was made by ORourke er al.** where, in three small-
sized AAA, there was a correlation between regions
with low OSI and ILT growth. Since both of these
studies used small-sized AAA, they may have
observed more normally channeled flow and not the
greater disturbances in flow that can occur in larger
AAA.

A limitation of this study is the model excluded
arteries that branch off of the aorta and instead
implemented the infrarenal flow rate at the supraceliac
level in the aorta. Disturbances in the blood flow have
been observed at the renal arteries.'” Since the bulk
flow rate is effectively zero during diastole, these flow
disturbances would stagnant at the renal arteries and
not propagate downstream pass the AAA neck.
Therefore it is unlikely that the inclusion of visceral
arteries would significantly alter our results.

In conclusion, this study shows that high WSS from
the impingement of vortexes is associated with an ab-
sence of ILT deposition. It is unlikely that impinge-
ment is beneficial, as the continuous impact of vortexes
could, over an extended period of time, be contributing
to AAA expansion. The continuous downstream mo-
tion from the vortexes results in low-velocity recircu-
lation on the opposite side and this flow dynamic
increases the likelihood of a layer of posterior-eccentric
ILT forming. Wall hypoxia is potentially caused by the
layer of ILT preventing adequate oxygen diffusion and
this results in the deterioration of the posterior aortic
wall; the typical location of aortic rupture.” It would be
beneficial to further investigate how the risk of rupture
for an AAA with impingement and posterior-eccentric
ILT compares to an AAA with stable blood flow and a
layer of anterior-eccentric ILT.
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