Chapter 5

Physiological relevance of the changes In
hemodynamics for circulating blood cells In
Abdominal Aortic Aneurysms

A. Introduction

It has been observed that 75% of AAAs with a maximum diameter of 4.5 cm develop
an intraluminal thrombus (ILT). A few steady-flow studies have suggested that the build
up of the thrombus may be associated with the altered hemodynamic patterns that arise
inside the AAA when compared to the flow in a healthy abdominal aorta (Bluestein et al.
1996; Peattie et al. 1996).

In the previous two chapters, we have shown that the leading event caused by the
formation of an aneurysm is the detachment of the flow from the wall around peak
systole. The flow separation leads to the formation of recirculating regions along the
walls and of a large vortex that traverses the aneurysm. Shear layers develop at the rear
of the vortex leading to the presence of high shear stresses in the bulk of the flow.
Excluding very long aspect-ratio aneurysms, the vortex impinges on the distal wall in the
late systole, inducing high negative WSS and large gradients of WSS in the distal half of

the aneurysm, while the proximal half is dominated by low and oscillating WSS. The
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effects that these changes in the mechanical stimuli might have on the activation state of
circulating blood cells have never been studied in abdominal aortic aneurysms.

As discussed in the introduction, hemodynamic forces have an important effect on the
functions of platelets and leukocytes. The purpose of this study is to measure both the
magnitude and duration of the shear stresses acting on blood cells circulating inside
AAAs, and to characterize their changes as the AAA enlarges. Although several studies
have reported on platelet—wall interaction in arterial anastomoses (Longest & Kleinsteuer
2003), stenosis (Einav & Bleustein 2004) and mechanical heart valves (Bluestein,
Rambod & Gharib 2000; Yin et al. 2004), to the best of our knowledge, this is the first
study to systematically quantify the effects of the aneurysmal dilatation on the time
history of shear stress acting on individual blood cells, residence time, platelet activation
level and possible deposition along the wall.

Precise measurements of the velocity field have been conducted in models of AAA
using Particle Image Velocimetry (PIV). The trajectories of blood cells have been
calculated from the measured velocity fields using a Lagrangian approach. The evolution
of the shear-stress history on platelets and of platelet activation parameters are presented
in section 3. The physiological consequences on the mechanisms of thrombosis are

discussed in section 4.

B. Material and methods

Cell trajectories and total stress time history. A post-processing code was
developed to calculate the trajectories of a few blood cells released at time 7, at the
entrance of the aneurysm with a zero initial velocity. Markers, representing the individual
cells, were tracked both spatially and temporally inside the aneurysm, in a Lagrangian

manner. In each symmetric aneurysm, ten cells have been continuously released during
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one cardiac cycle from ten equally spaced locations along the entrance radius of the
aneurysm. In the non-symmetric models, twenty cells had to be introduced spread along
the vessel diameter, since the flow is no longer symmetric. The shape of the cells has not
been reproduced in this study.

At each time step, the location to which the cells have traveled is calculated based on
the phase-average of the velocity field measurements obtained with the PIV system (see
Chapter 2 for the method and Chapter 3 and 4 for the results). Although the symmetry of
the flow was shown to break down briefly in the systolic deceleration in symmetric
models (section 2.D.1), the use of the phase-averaged velocity fields, which does not
include the weak transition to turbulence, should limit the loss of symmetry. Therefore,
we assume presently that the three-dimensional effects are small enough to guarantee that
most of the cells remain in the symmetry plane of the aneurysm. This assumption may be
challenged inside non-symmetric aneurysm, where 3-D effects are stronger. However,
conducting the particle tracking in the plane of symmetry of the model should still
provide a good approximation of the residence time and cell shear stress history. The fact
that the flow in the perpendicular plane remains almost symmetric with respect to the
plane of symmetry (Chapter 4) supports this assumption.

In order to smooth out the large time lag (0.084 s) between two PIV measurements,
the velocity profiles are interpolated linearly at 25 intermediate time steps. This method
of interpolation reduces the maximum distance traveled between two time steps (distance
< 0.6 mm). Although the linearly interpolated field is not the exact velocity field, it
prevents the large discontinuities in the trajectories that form otherwise. At each step, the
cell is localized with respect to the grid, by finding the four closest grid points. The
velocity of the cell is computed by interpolating the phase-averaged velocities at the 4
grid points, each velocity being weighted by a weight function proportional to the

distance of the point to the cell. The new location of the cell is then calculated with a
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second order accuracy (leap-frog method), knowing the cell velocity and the time step.
Every 15 steps, an Euler scheme of first order accuracy has been used in order to avoid
the divergence of the solution into 2 distinct trajectories. If the new position is located
behind the aneurysm wall boundary, the cell is projected onto the aneurysm wall. This
method prevents the cells from being artificially trapped inside the large wall steps that
result from the coarse measurement grid. The code ensures that the cells are convected
parallel to the wall, without crossing the boundary. The calculation of the cell trajectory
ceases when the cell has left the aneurysm distally. However, in the case of large
dilatation ratios, it may happen that a few cells become lodged along the walls in areas of
reduced convection. An upper time limit had therefore to be introduced, set at 8 cardiac
cycles, which was found to be sufficient for all the cells remaining in circulation to exit
the aneurysm. The total-stress history is calculated for each cell along its trajectory,
based on the total stress fields obtained from the space- and time- interpolation of the
velocity fields measured with the PIV technique (see Appendix B for the definition of the

total stress).

Cell activation parameter (CAP). As mentioned in the introduction, the activation
of blood cells depends on the cell stress time history and on the time the cells are exposed
to the stress. It is therefore assumed that the cell activation parameter (CAP) is directly
proportional to the total stress and exposure time. Similarly to Yin et al. (2004) and
Einav & Bluestein (2004), we calculated the CAP as the integral over time of the local

total stress 7(¢) acting on a particular cell

1 f
CAP=———— | z(¢")dt', 5.1
- /U£ ) (5.1)

mean,H
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where #, is the time the cells left the aneurysm. The stress integral is non-dimensionalized
by the mean total stress measured in the healthy parent vessel, Tyeqnn, multiplied by the
mean convective time L/U .

Furthermore, we considered the case where the shear effects on the cells are not
purely cumulative as assumed previously. We calculated the CAP incorporating a

relaxation time-scale X, after which activation processes decay exponentially

d(CAP) ___ CAP

> 5.2
dt x 6-2)

the solution of which is

CAP =" [r(the " dt". (5.3)

N
The introduction of a relaxation time-scale is in agreement with the experiments, which
show that the state of activation is suppressed, when the high stress stimulus is stopped.
In both cases, blood cells are initialized with a zero activation parameter. In vivo,
activation could occur upstream of the aneurysm, but the current calculation concentrates

on the sole effect of the presence of an aneurysm on the circulating cells.

Near-wall residence time (NWRT). Besides activation, bringing platelets and
leukocytes in the vicinity to the wall is crucial for thrombosis to occur. This is one of the
mechanisms through which convective flow patterns may greatly affect thrombosis. To
quantify this effect, we measured the near-wall residence time (NWRT), first introduced
by Longest & Kleinsteuer (2003). It is the integral of the average residence time
weighted by the square of the distance, 4, of the blood cell to the wall, calculated along
the trajectory of each cell:

UL 1 (A +02)
NWRT:7 —(—j dt', (5.4)

" Bl ou?+0v?
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where Ax and Ay are the distances traveled in the x- and y-directions in between two time
steps. The time- and space- averaged characteristic velocity in the parent vessel U has
been incorporated with the length of the aneurysm L and the period 7 to non-

dimensionalize the residence time.

C. Results
1. Influence of the AAA on the cell trajectories, residence time and stress history

The trajectories of ten blood cells have been calculated in all the models indicated in
Table 5.1, when released at the ten different instants of times that compose one cardiac
cycle. Figure 5.1 (a) shows the trajectories of the cells in the case of a medium dilatation
ratio D/d = 2.1 (model 5). The cells have been released at y/d = -0.8 at time C. The cells
are first confined inside the large jet that discharges into the aneurysm. But in the
diastole, as their velocity decreases, they are entrained into the vortex structures and
recirculating flow regions. Most of the cells recirculate in the distal half of the aneurysm,
remaining in the region where most of the vortex structures are present.

One common pattern is the convection of cells towards the wall. As the cells
recirculate, they are periodically led to travel very close to the wall. The time history of
total stress experienced by these cells is plotted in Figure 5.1 (»). One can notice that all
the cells experience highly fluctuating stresses, with high peak values occurring when the
cells are present close to the wall at peak systole. Some of the cells exit the vortical flow
after one cardiac cycle, while others stay for longer periods of time (up to five cardiac
cycles, in this particular case). This entrainment of the cells into the vortical structures
and recirculating flow regions persists throughout the cycle. Very few cells travel inside

the aneurysm without being disturbed by its presence.
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Figure 5.1: Trajectories and stress history for the 10 cells released in model 5 (D/d = 2.1,
L/d=2.9) at y/d =-0.8 at time C.

Abdominal aortic aneurysms therefore have a very strong effect on the trajectories
and stress history on blood cells. The flow in the healthy aorta has been detailed in
Chapter 3. From the velocity profiles, shown in Figure 5.2 (a), one can deduce that the
trajectories of the cells are rectilinear (z = 0) and that a large number of cells experience
minimal stress stimulation during their transit. The blunt velocity profiles give rise to a
zero-stress condition in the bulk of the vessel throughout the cardiac cycle (Figure 5.2
(b)). Contrary to the case observed in an aneurysm, only the cells confined between the
wall (y/d = 0) and y/d ~ 0.2 are exposed to some level of stress in a healthy vessel. The

typical residence time of a cell inside an aneurysm of length L is L/ U . In the case of
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model 5 (D/d = 2.1), characterized by an aspect ratio of L/d = 2.9, L/ U = 0.45T when the
actual average residence time is 3.447. This shows that the presence of the aneurysm
largely increases the residence time. The average stress the cells are subjected to across

the vessel also increases in the aneurysm, the average stress being 63% higher than in the

healthy vessel.
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Figure 5.2: (a) Velocity and (b) stress profiles across a healthy vessel at the 10 instants of
time that compose one cardiac cycle. The stress profiles are only shown for half the
vessel.
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Figure 5.3: Effect of the decrease in the aspect ratio on the trajectories and stress history
of cells. The cells were respectively released in model 11 — L/d = 5.2 (a), model 6 — L/d =
3.9 (b) and model 1 — L/d = 2.9 (c¢) during systole (time C) at y/d = -0.8.
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Figure 5.4: Trajectories of cells released in model 11 — L/d = 5.2 (a), model 6 — L/d = 3.9
(b) and model 1 — L/d = 2.9 (c¢) during diastole (time G) at y/d =-0.8.

2. Effects of the aspect ratio

The velocity measurements have shown that the wall shear stresses depend on the
geometric parameters of the aneurysm, L/d, D/d and . We report here how the blood
cells are conjointly affected by the enlargement of the aneurysm. It was chosen to show
the effects of the aspect ratio (L/d) in incipient aneurysms, in order to gain some insight
on the possible mechanisms responsible for the formation of AAAs. The three models,
models 11, 6 and 1, have the same dilatation ratio (D/d = 1.3), which is below the critical
ratio of 1.5 used clinically to define an AAA. The length of the models has been
decreased from an aspect ratio of 5.2 to 3.9 and finally 2.9. The pathlines and stress
history are shown in Figure 5.3 for five cells introduced after the peak systole (time C).
In the model with the largest aspect ratio (model 11), only the cells released at time C
experience the effects of the very weak vortex shed between time C and D from the
proximal neck. The trajectories are slightly skewed towards the centerline, when they
follow the aneurysm shape at any other time (see Figure 5.4 (a)). However, the mean
stress averaged over all the cells remains identical to the healthy vessel case. As the

aspect ratio decreases, the vortex ring strengthens and a recirculating zone is formed.
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Thus, the mechanism of active transport of the cells towards the wall already takes place

at dilatation ratios as small as 1.3 and aspect ratios smaller than 4.
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Figure 5.5: Comparison of the residence time (a), near wall residence time (b), mean (c)
and peak (d) values of the stress and platelet activation parameters with (e) and without
(f) the input of a relaxation time in models with decreasing aspect ratio. The dilatation
ratio and asymmetry parameter are kept constant. 7/d indicates the location where the
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cells have been released in the parent vessel. The calculated quantities represent the
averaged value over all the cells released at a specific location at 10 instants of time in
one cardiac cycle.

Figure 5.5 compares the time-averages of the different parameters introduced in
section B, when decreasing the aspect ratio: the residence time non-dimensionalized by
the typical residence time in a healthy vessel (L/ E), the near wall residence time
(NWRT), the mean/peak stress non-dimensionalized by the corresponding value in the
healthy vessel and finally the cell activation parameter (CAP) calculated with and
without a relaxation time. There is a consistent increase of all these parameters when the
aspect ratio of the aneurysm is decreased. One can also observe that all these parameters
decrease as the position of cell release gets further from the wall. Similarly to a healthy
aorta, it is the cells closest to the wall that experience longer residence time and higher
stress values, which results in a higher cell activation parameter for these cells. The cells
located between 7/d = 0 and 0.3 experience almost identical residence times (~ L/ 5) and
stress as in the healthy vessel. Still, a small increase in the residence time is noticeable in
the model with the smallest aspect ratio (model 1), in which the blood cells from the

center of the vessel start to be entrained in the incipient recirculating flow regions.

3. Effect of the dilatation ratio

The dilatation ratio has been linearly increased from 1.3 to 2.1 to study the effects
that the aneurismal enlargement might have on the cells. The results are shown in models
1 to 5 that are characterized by the smallest aspect ratio (L/d = 2.9), since increasing the
aspect ratio has been shown to attenuate the effects of the dilatation parameter. The
trajectory and stress time history of a few cells introduced at time C for D/d = 1.5 (model
2) and D/d = 1.9 (model 4) are shown in Figure 5.6. They can be considered in

conjuncture to Figures 5.1 and 5.3 (c¢), which show the results for D/d = 2.1 (model 5)
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and D/d = 1.3 (model 1) respectively. The size and strength of the vortex ring increases
as D/d increases, which leads to a larger recirculating region. The likelihood for the cells
to be entrained into the recirculating region therefore increases with the dilatation ratio.
As D/d increases, more cells might be enclosed in a slow transitional motion along the
vessel wall, in which cells remain for long residence times (longer than eight time the
healthy residence time) as observed in Figure 5.6 for the cells introduced at y/d =0.1. This

phenomenon of rampant motion along the wall leads to an increase in the near wall

residence time.
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Figure 5.6: Trajectories and stress history of cells released in models 2 — D/d = 1.5 (a)
and model 4 — D/d = 1.9 (b) during systole (time C) at y/d = -0.8.



18
---@--- D/d=1.3
16 4
—-0——D/d=15
=) 14 9| @ _p=19
f/ 12 4|—a—D/d=2.1 o 7’_9
(R | P Healthy . E
£ 10 / o
3 8 z
c
S 6
‘0
2 4
2
O T T T T T
0 0.1 0.2 0.3 0.4 0.5
r/d
(a) (b
4.5
g ---#--- Dld=1.3 3
2 44 £
® —-0-—Did=1.5 a
& 3.5 o
2 —-m--D/d=1.9 . s
| .
U; 3| —a—oDig=21 . >
= / <
= 2.5 y =
g 8
2 2 2
§ 15 é
(] pust
=05 A
& "
0
(©)
80
= ---¢--- Dld=1.3 -
© - ©
g 701 -o— —D/d=15 g
n (]
g 60 {|--m--D/d=1.9 ; g
ﬁ 50 | —A—D/d:Zl 4 ﬁ
> ! >
= 40 | / =
5 3
g 30 g
o o
10 A
iy 3
O —
0 0.1 0.2 0.3 0.4 0.5
r/d
(e) 0]

116

—-m--D/d=1.9

—a—D/d=2.1

0.5

N

——-o0——D/d=15
—-®--D/d=1.9
—a—D/d=2.1

N

0.5

Figure 5.7: Comparison of the residence time (a), near wall residence time (b), mean (c)
and peak (d) values of the stress and platelet activation parameters with (e) and without
(f) the input of a relaxation time, when increasing the dilatation ratio. The aspect ratio
and asymmetry parameter are kept constant. 7/d indicates the location where the cells
have been released in the parent vessel. The calculated quantities represent the averaged
value over all the cells released at a specific location at 10 instants of time in one cardiac

cycle.
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The evolution of the cell activation parameters are plotted in Figure 5.7. As far as the
cell response are concerned, one can make a clear cut at D/d = 1.5. Up to this aneurysm
size (models 1 and 2), the cells in the bulk of the aneurysm maintain a normal residence
time and low stress exposure, similar to the values in a healthy vessel. However, when
the dilatation ratio exceeds 1.5, the residence times and mean and total stresses markedly
increase for all the cells regardless of their position across the vessel. The activation
parameter therefore increases to a non-zero value throughout the vessel, all the cells

being susceptible to activate.

4. Effects of the asymmetry parameter

As we have seen in Chapter 4, mid-size aneurysms tend to further grow non-
symmetrically. The effect of the increase in the model asymmetry was therefore studied
in larger size aneurysms, although the maximum diameter was kept under the critical size
of 4.5 cm, above which an intraluminal thrombus is more likely to form. The trajectories
and stress history are represented in Figure 5.8 inside models 17 (a) and 18 (b), which are
respectively characterized by an asymmetry parameter of 0.5 and 1.

The cells are first convected towards the posterior wall, their trajectories being
influenced by the shedding of a strong vortex from the proximal anterior wall. The vortex
then impinges on the posterior wall entraining the cells into the recirculating region,
where they remain for a few cardiac cycles. The calculation of the cells’ pathlines shows
how the recirculating region extends over the entire aneurismal cavity in the case of non-
symmetric aneurysms. Surprisingly, the residence time is found to decrease as the
asymmetry parameter is increased. In the model of medium eccentricity (f = 0.5), the
vortical flow structure traps cells for residence times 30% higher than in the model of
maximum eccentricity (f = 1) (Figure 5.9 (a)). Contrary to the symmetric models, the

residence times, stress intensity and activation parameter no longer depend on 7/d (Figure
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5.9). The large recirculation induces a very strong mixing inside the aneurysm, which
suppresses the radial dependency. Although no cell experiences the very high values of
the parameters measured in symmetric aneurysms for cells introduced close to the wall,
all the parameters maintain much higher values than in a healthy vessel, the mean stress

being for example 40% higher.
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Figure 5.9: Comparison of the residence time (a), near wall residence time (b), mean (c)
and peak (d) values of the stress and platelet activation parameters with (e) and without
(f) the input of a relaxation time when increasing the asymmetry parameter. »/d indicates
the location where the cells have been released in the parent vessel. The calculated
quantities represent the averaged value over all the cells released at a specific location at
10 instants of time in one cardiac cycle.
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D. Discussion

The purpose of this study is to analyze the mechanisms that might account for the
formation of an intraluminal thrombus. The important question to be elucidated is the
role that the “disturbed” flow and stress conditions might play on the thrombus formation
in AAAs. In order to measure how blood cells are affected by the growth of the
aneurysm, a code has been developed to follow blood cells inside the aneurysm in a
Lagrangian way and quantify their individual residence time and time history of stress.
The cells’ trajectories are calculated using the PIV measurements of the velocity field,
interpolated both in space and time. Special care has been taken to compute appropriately
the transport close to the wall.

As the AAA enlarges, the platelets, leukocytes and red blood cells are locally
subjected to higher levels of shear stresses. High shear stresses are formed inside the
aneurysm as a result of the flow separation and formation of a large vortex. They occur
inside the internal shear layers and to a larger extent at the walls, at the points of impact
of the vortices. The peculiarity of the aneurismal flow topology is to transport the cells
towards the wall, right into these regions of higher shear stresses. In these regions, the
cells may become moderately activated, which may lead to a weak aggregation of the
cells to one another. It has been shown by Wurzinger et al. (1985) that only such an
active transport of the cells towards the wall can lead to the adhesion of activated platelet
to the walls and to their aggregation. But without any further stimulation, the aggregates
are known to dissolve very quickly. The moderate state of activation and aggregation can
however be reinforced by the entrainment of the cells into regions of low stresses. When
the translational motion of the cells is hindered by the presence of the wall, the cells are
forced into the recirculating flow region, being entrained by the nearby vortex. The cells
thus enter a region of very low shear stresses, which is known to foster aggregation

(Alveriadou et al. 1993). The crucial parameter is the time the cells remain inside the
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recirculating regions. Based on steady-flow experiments, Huang & Hellum (1993) have
found that residence time of the order of at least 10 s is required for significant shear-
induced aggregation. Although the pulsatile nature of the flow might influence their
conclusion, our results show that such long residence times occur inside the aneurysm, if
large enough. Moreover, we showed that, when recirculating, the cells are periodically
exposed to higher stresses, since they are regularly brought in contact with the walls.
This alternate high/very low stress stimulation along with long residence times might be
responsible for cell activation and the convective patterns might then foster deposition
along the wall.

All these phenomena are strongly dependent on the size of the aneurysm. Since the
mechanisms for cell activation and aggregation depend on the presence of a strong
vortex, regions of high wall shear stresses and moderately large regions of slowly
recirculating flow, they may only occur in developed aneurysms. The calculation of the
different activation parameters has shown the build-up of activation processes as the
aneurysm grows. The time- and space-averaged values of all these parameters are
represented in Figure 5.10. Figure 5.10 (@) indicates that decreasing the aneurysm aspect
ratio may increase the residence time by a factor of 2, when the increase in dilatation
ratio may lead to a 4.2-fold increase in both the residence time and near-wall residence
time (Figure 5.10 (b)). The dilatation ratio influences similarly the mean value of the
stresses acting on the cells and cell activation parameter (Figure 5.10 (c-e)), giving rise to
a 20-fold increase of the CAP in the case of a medium-size aneurysm (D/d = 2.1) as
compared to a healthy vessel. Figures 5.10 (e) and (f) show that, although more physical,
incorporating a relaxation time in the calculation of the cell activation parameter provides

similar results to the simple integration of the stress simulation over time.
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Figure 5.10: Effects of respectively the aspect ratio, dilatation ratio and asymmetry
parameter on the mean values of the residence time, near wall residence time, mean and
peak values of the stress and platelet activation parameters with or without the input of a
relaxation time. These quantities, time- and space-averaged over all the cells released
inside the models, are plotted for each model (abscissa).
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An important phenomenon is the increase in the number of blood cells enclosed in the
recirculating zone as the aneurysm grows. Small size aneurysms preserve an intact bulk
region. But as the aneurysm reaches larger sizes, all the cells become likely to be exposed
to the alternate pattern of high/low stresses for long residence times. Moreover, the
persistence of the cell recirculation inside the aneurysm throughout the cardiac cycle only
occurs when D/d > 1.9. In small size aneurysm, the recirculating structures are rapidly
broken down in the diastole, when they persist in larger size aneurysms. These structures
are the strongest in the non-symmetric models, especially in medium eccentricity models
(B ~ 0.5). The recirculating zone takes over the whole aneurismal cavity, where cells
move steadily at low velocities.

The activation and aggregation states of circulating cells are also highly affected by
the activation state of the endothelial cells. The endothelial cells lining the vessels react
to the changes in mechanical stimuli in the AAA. They have been shown to get activated
both in regions of large gradients of wall shear stresses (as in the distal half of the AAA)
(DePaolo et al. 1992; Tardy et al. 1997; Nagel et al. 1999) and in regions of low and
oscillating wall shear stresses (as in the proximal half of the AAA) (Helmlinger, Berk &
Nerem 1995; Moore et al. 1994). The cell tracking showed that the blood cells
preferentially come very close to the wall in these 2 distinct regions: the cells are
transported into the distal wall and then entrained upstream into the recirculating zone.
The activated state of the endothelial cells fosters wall adhesion of the already partially
aggregated blood cells and the release of chemical signals that potentiate the activation of
platelets and leukocytes. Inflammation of the endothelium will therefore provide the
optimal cell-adhesive conditions that may contribute to the pathogenesis of an
intraluminal thrombus.

The thrombus is likely to develop in the detached flow region (Reininger et al. 1995)

until the endoluminal channel is of the same diameter as the parent vessel. The infrarenal
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abdominal thrombus is the only case of a thrombus that does not occlude the entire cavity
and through which flow is maintained. The thrombus may provide some support to the
weakened wall. However, this gain in structural strength is at the cost of a drastic
reduction in oxygen diffusion to the medial layer, the disappearance of all endothelium-
derived regulatory processes and the onset of inflammatory-mediated degenerative
conditions throughout the arterial wall and within the thrombus itself. All these factors
are known to contribute to the further deterioration of the medial layer, which is key to
the structural strength of the wall and to the continued or even accelerated enlargement of

the AAA (Kazi et al. 2003).

E. Conclusion

In this study, we have shown that cell activation processes are likely to occur inside
abdominal aortic aneurysms and that they may account for the formation of an
intraluminal thrombus inside the aneurysm. A post-processing code was developed to
track individual blood cells both spatially and temporally using the PIV measurements of
the velocity and stress field inside the aneurysm. In order to quantify the levels of cell
activation, we have calculated the trajectories of circulating cell as well as the magnitude
and duration of the stresses acting on them. The effects of the aneurysm enlargement
have been considered by changing systematically the geometric parameters of the
models.

The parametric study shows that cell activation may be the result of the formation of
regions of larger shear stresses in the internal shear layers and along the walls, at the
locations of impact of the vortices. High shear stresses may activate cells and lead to their
weak aggregation. The size and strength of the vortices have been shown to increase as
the aneurysm grows, which accounts for the increase in the mean shear stresses acting on

the cells (up to 60% higher in a medium size aneurysm) and in the number of cells being
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entrained into the recirculating regions. As the aneurysm grows in size, a larger number
of cells are subjected to low stress conditions, recirculating at low speed for several
cardiac cycles. These cells are periodically subjected to higher shear stresses when
brought in the vicinity of the wall at peak systole. Furthermore, as the dilatation ratio
increases, the separated flow regions become larger in size, which leads to an increase in
the cell residence times. An 8-fold increase of the residence time has been measured in a
medium size symmetric aneurysm. On the contrary, increasing the aspect ratio reduces
the pathological effects induced by the aneurismal dilatation.

From the results of this study, we hypothesize that the transition towards a non-
axisymmetric shape is necessary for an intraluminal thrombus to form. In symmetric
aneurysms, the flow reattaches to the walls at every systolic push, so that patterns of
constantly recirculating cells hardly arise. The amount of cell deposition along the walls
is also likely to be considerably reduced, since cell aggregates may be entrained from the
wall at every cycle. In the case of non-symmetric aneurysms, however, all the thrombotic
flow conditions are met. The blood cells have been shown to recirculate into the
aneurysm cavity in a quasi-steady slow circular motion for long residence times. Since
flow reattachment does not occur for large asymmetry parameters, a thrombus may form
along the anterior wall, in regions such as the one indicated by an arrow on Figure 5.8
(a). Furthermore, inflammation processes are very likely to occur in the anterior wall,
since the endothelial cells are subjected to almost zero wall shear stresses. Quasi-static
flow conditions are known to activate the endothelial cells and possibly lead to their
apoptosis and later exposure of submatrix collagen. They also lead to the increase of the
wall porosity, possibly resulting in cholesterol deposit inside the walls. These injured and
inflamed wall regions send signals to recruit platelets and leukocytes, which fosters

thrombus formation.
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This study was the first one to analyze possible cell activation processes inside
AAAs. The changes in the mechanical stimuli acting on the cells and in their residence
time have been quantified during the aneurysm enlargement. The results of this study
could help choose physiologically relevant patterns of shear stresses and residence times
for new studies on circulating cells under pulsatile flow conditions. These studies would

provide the much-needed information that would validate or invalidate our postulates.



Chapter 6

General conclusion and perspectives

A. General conclusion

For the last few decades, it has been recognized that abdominal aortic aneurysms
result from a complex interplay between mechanical stimuli and biochemical reactions
occurring inside the arterial wall. Hemodynamic stresses (pressure and wall shear
stresses) are thought to affect the mechanisms responsible for the formation, growth and
rupture of AAAs, via their effects on the endothelial cells, smooth muscle cells and blood
cells. Endothelial and smooth muscle cells act as sensors of the hemodynamic forces and
actuators, transducing the signals into vasomotor responses. Experiments have shown
that the cells react not only to the magnitude of the shear stresses, but also to their spatial
and temporal variations. Perturbations from the baseline stress conditions alter the
mechanisms of mechanotransduction for both types of cells. Circulating blood cells also
respond to the fluid stresses and may become activated in case of exposure to high or
very low stresses. The main objective of the dissertation was to characterize the changes
in the hemodynamic forces resulting from the enlargement of the abdominal aorta, in

order to provide some insights on the role that the hemodynamic forces play in the
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etiology and progression of the disease. We have measured the spatial and temporal
distribution of internal and wall shear stresses in idealized models of AAAs, using
Particle Image Velocimetry. The use of a well-controlled geometry for the models
enabled us to quantify systematically the effects that an increase in aneurysm diameter,
length or asymmetry might have on the stress field, which would not have been possible
in physiologically-correct models.

We have shown that, even in the case of dilatation ratios as small as D/d = 1.3 (for
L/d < 4), the flow separates from the wall after the peak systole, which leads to the
formation of a vortex structure and of a separated flow region along the walls. These
changes in the flow topology modify the hemodynamic forces acting on the endothelial
cells and on circulating blood cells, since distinct regions of higher shear stresses (in the
shear layer and point of vortex impingement), very low shear stresses (in the separated
zone) and large spatial and temporal gradients of shear stresses (around the point of flow
reattachment) form inside the aneurysm. The study of very incipient aneurysms proved
that even a small change in the vessel geometry drastically changes the flow structures
and stresses. An abdominal aortic aneurysm may therefore be initiated by a change in the
vessel morphology, such as an increased bending or contraction, known to cause flow
separation. We can hypothesize that a healthy wall would readjust its shape to avoid the
presence of flow separation, but the changes in the wall properties due to aging,
hypertension or any other risk factor discussed in the introduction might prevent the
natural healing processes.

We have found that most of the flow patterns that form in symmetric aneurysms
persist in non-symmetric AAAs. Up to very large dilatation ratios, the flow remains
attached to the walls in the systolic acceleration. This engenders a decrease in the WSS
inside the aneurysm and therefore large GWSS at both necks. The flow only detaches

from the proximal neck during the systolic deceleration. In the case of symmetric
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aneurysms, a large start-up vortex ring forms and, as it propagates through the aneurysm,
secondary vortex rings develop in the associated internal shear layers. When non-
symmetric, the geometric configuration prevents the formation of a closed vortex ring
and the strongest vortex is shed from the proximal anterior wall. The vortex structure has
the shape of a hairpin. In the case of moderate aspect ratios, the shed vortices impinge on
the opposite (section of the) wall, causing locally large WSS. Large gradients of WSS
consequently form along the vessel wall, since, outside the small area affected by the
vortex, the wall is exposed to very low and oscillating wall shear stresses. During the
diastole, the flow reversal causes a transition to a state of weak turbulence, which is
subsequently dissipated over the resting period of the cardiac cycle. The transition to
turbulence is stronger in non-symmetric models, since the hairpin vortex is exposed to a
more intense stretching, which increases its strength.

These changes in the flow characteristics result in very large changes in the spatial
and temporal distribution of the WSS acting on the endothelial cells as compared to those
acting in the healthy aorta. Our measurements show the existence of two regions with
distinct patterns of WSS and GWSS. The detached region is dominated by oscillatory
wall shear stresses with a very low and negative average value. The reattachment region
is characterized by large sustained GWSS and large negative WSS. In symmetric
aneurysms, the detached region extends over the proximal half of the aneurysm and the
reattachment region over the distal half. In non-symmetric aneurysms, the detached
region is along the anterior wall and the reattachment region along the posterior wall.

In the shear layer and in the wall reattachment region, circulating blood cells are
subjected to higher levels of shear stresses, which may cause the cells to activate and
weakly aggregate. The peculiarity of aneurismal flow is indeed to transport some of the
cells into the wall, right into the regions of high WSS and large gradients of WSS. This

transport mechanism increases the probability of adherence of the cells to the wall at
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these locations. Migration of the endothelial cells and possibly endothelial desquamation
have been shown to occur along the reattachment wall, which is likely to lead to the
inflammation of the vessel wall and enhance the activation processes in the circulating
blood cells impinging on the wall. After their impact on the wall, the non-adhering cells
are entrained into the recirculating flow regions, where they are subjected to low stresses.
The cells recirculate at low speed for several cardiac cycles, being periodically subjected
to higher shear stresses, each time they are brought in the vicinity of the wall at peak
systole. The size and strength of the vortices shed from the proximal neck have been
shown to increase as the aneurysm grows, which explains the increase in the mean shear
stresses acting on the cells, as well as in the number of cells being potentially entrained
into the recirculating regions. As the dilatation ratio increases, the separated flow regions
also grow in size, which leads to an increase in the cell residence time. An 8-fold increase
of the residence time has been measured in a medium-size symmetric aneurysm. On the
contrary, increasing the aspect ratio reduces the pathological effects induced by the
aneurismal dilatation. Furthermore, the persistence of the cell recirculation in the cavity
throughout the cardiac cycle only occurs for dilatation ratio > 1.9. In small size
aneurysms, the recirculating structures are rapidly broken down in the diastole, but they
persist in larger size aneurysms. These structures are the strongest in the non-symmetric
models, in which the cells move steadily at low speed for long durations inside the large
recirculating zone. This exposure to low shear stresses for very long residence time is a
very potent stimulus for cell activation. This activation state is reinforced by the
extensive disruption of the endothelial cells caused by the very low and oscillatory wall
shear stresses that rein in these detached regions. Upon activation, the mean volume of
the platelets is multiplied by a factor of 8, which renders cell deposition very likely when
associated with the convective flow patterns that bring the platelets in contact with the

wall. However, these deposits along the walls can only be stable, if the convective forces
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acting on them are weak. Thrombus formation is therefore less likely in symmetric
aneurysms, where the flow reattaches to the wall during the systolic acceleration.
However, we can expect thrombus to form along the anterior wall of non-symmetric

aneurysm, along which the flow has been measured to be almost stagnant.

B. Perspectives

Studies of the effects of the measured stimuli on endothelial cells and circulating
blood cells: In this dissertation, the changes in the shear stresses and gradients of shear
stresses have been fully characterized during the progressive enlargement of abdominal
aortic aneurysms. The large body of experiments of the literature that were conducted on
endothelial cells, platelets and leukocytes exposed to different stress conditions was
useful to postulate possible mechanisms responsible for the growth of AAAs. However,
the results of these biological studies may be questionable when applied to the abdominal
aortic aneurysm, since the vast majority of the experiments have been conducted in
steady flow conditions. There is therefore a need for new experiments designed under
pulsatile flow conditions. The flow conditions should be varied in order to simulate the
specific spatial and temporal distribution of WSS and GWSS reported here. These
experiments would monitor the effects of the different patterns of hemodynamic stimuli
on the cell morphology, secretions and gene expression. They should provide the much-
needed information necessary to elucidate the exact role that the measured patterns of

WSS have on the etiology and progression of AAAs.

Field of platelet activation parameter: In the dissertation, we have computed the
activation parameter along the trajectory of a few blood cells. In order to get a more

global picture of the locations where activation is more likely, an activation field could
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be computed inside the AAA. Similarly to the cell activation parameter calculated with a

relaxation time X, the activation field is transported by the following equation:

dd 4
— 6.1
dt = -

where A4 is the activation field. The equation can also be written in the convective form:

a—A+ua—A+va—A:z'—é. (6.2)
ot ox 0y >

We have attempted to solve this equation, using an implicit scheme, based on the
leap-frog method (2™ order accuracy), alternating with an Euler scheme every 15 time-
steps. The initial condition at each point (i,/) inside the aneurysm, is the cell activation
parameter that a particle would have after traveling through a straight tube during a

certain time T
ZT
A, ==|zG,j,tHe""*dr'. 6.3
0= j (i, j.t") (6.3)

Outside the aneurysm, the activation is kept equal to zero. We apply a zero flux through
the sidewall, as the boundary condition and a constant flux through the exit of the
aneurysm at each time steps.

Although the code is implicit, 2™ order accurate and satisfies the CFL condition, the
code is unstable and diverges after a few time steps. The same equation is extensively
used in research on polymers and it has been shown to be numerically stiff. It would be
interesting to use some of the methods that researchers, such as Brasseur J. G. from

Pennsylvania State University, developed to solve this type of equations.

Kinetic models of activation: The previous study would correspond to a kinetic
model of activation of order zero. Kinetic models of order one could be derived in order

to better understand the mechanisms of activation in AAAs. The simulation could
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integrate a model of the coupling between endothelial cells, platelets and leukocytes and
include the adhesive state of the walls depending on the values of the WSS and GWSS.
This model could be a closer of this dissertation, since it would include all the

mechanisms discussed here.

Numerical simulations of the flow and wall shear stresses in abdominal aortic
aneurysms: It would be interesting to use the large body of experimental results in
conjunction with numerical simulations of the flow in different models of AAA. The

present database would help tune up the parameters of the numerical codes.
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Appendix A

Calculations involved In post-processing of
experimental data

A. Calculation of the strain rates

From the PIV measurements of the velocity field, one can calculate the shear strain
field. The derivatives of the velocity field with respect to y (parallel to the main flow
direction) and x (perpendicular to the main flow direction) are discretized using centered

differences, with a second order accuracy

v _Yin "Via (A.1a)
x|, 2Ax '
ou _Uig TUL (A.1b)
ox |, 2Ax '

ov Via —Via

~| == > 1
oy ; 2Ay (A.le)
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| =" > Al
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where (u,v) are the x- and y-components of the velocity field and (7, j) the x- and y-grid

position indices. The wall is placed at Ax/2 away from the first or last grid points and the

velocity at the wall is assumed to be null. The strain rates at the wall therefore read

v =+2v,/ Ax, (A.2a)
OX| a2
M o, /Ar. (A.25)
OX|izar/2

(u,v;) being the velocity vector measured at the first or last grid point inside the

aneurysm.

B. Calculation of the vorticity and stress fields

From the velocity field, one can then calculate the vorticity and stress fields in the

plane of measurement. The stress tensor for a Newtonian fluid can be written as
e
O'IEIU[VZJ+VM ]. (A.3)

In the plane of measurement, the shear stress

1 |Ou oOv
=—ul —+— A4
Oy 2/{@ &J (A.4)
and vorticity
. =l,u v _u (A.5)
2 |ox oy

can be calculated using the previously derived expressions for the strain rates. The total

stress field, as described in Appendix B, can be expressed as

5 ) 0.5
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C. Calculation of the wall shear stresses

The wall shear stress is defined as

WSS =2u(o.n)t, (A.7)
7i and 7 being respectively the normal and tangential unit vectors. In Cartesian two-

dimensional coordinates, the WSS takes the form

WSS=2,u[0'xy(nf —nj)+(0'yy —axx)nxny]. (A.8)
In order to calculate the wall shear stresses, one needs to estimate the local normal

unit vector 7. In the case of the healthy abdominal aorta, modeled in this study as a

straight tube, it is equal ton = (1,0). Inside the abdominal aortic aneurysm, the shape of

the aneurysm was approximated by a cosine function

a(y) = a, + %[g —a, j[1 4 COS(MH. (A.9)

The unit normal vector therefore reads

1

n=t———, (A.10a)
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Appendix B

Calculation of the total stress

The total stress, as referred to in this paper, is defined as the maximum eigenvalue of the

stress tensor (A.3), which admits the following eigenvalues

ou_ ) 1 Ou, Ou, ’ ou, Ou
+—u - + +
Oz 2 or Oz 0z or
ou, )| 1 [ Ou, Ou, ’ ou, Ou
——u - + -
0z 2 or 0z 0z or
ul"
T3 =H—,
r

2]2

0.5

’ (B.1a)

0.5

’ (B.1b)

(B.1c)

when expressed in the (7,6,z) coordinate system. The total stress is set equal to 7;. Upon

changing the variables from a cylindrical to a Cartesian coordinate system, the stress in

the symmetry plane of the aneurysm model can be expressed by equation (A.6). This

measurement of the stresses has the advantage upon the shear stresses to be invariant

with respect to an arbitrary rotation of the coordinate axes.

139



140



Appendix C

Manufacture of silicone models of anatomically
correct abdominal aortic aneurysms

The flow characteristics inside an anatomically correct AAA are shown at the end of
the results in chapter 4. The model is reconstructed from a set of high-resolution images
obtained with a GE helical CT scanner (Figure C.1). A three-dimensional reconstruction
of the geometry of the lumen is first generated from the CT scan images using a volume
rendering technique (Figure C.2 (a)). A model of the in vivo aneurysm is then
manufactured through rapid-prototyping (Figure C.2 (b)). The mold, made out of plaster
of Paris, is an exact replica of the whole arterial trunk spanning from 10 cm upstream of
the renal arteries to 5 cm downstream of the iliac bifurcation. An elastic model, made of
optically clear silicone, is created using a lost wax technique (Figure C.2 (c)). The mold
is first coated with a very thin layer of wax in order to make the mold impermeable and
then with silicone. The thickness of the silicone layer is kept as uniform as possible. The
dissolution of the mold leaves an anatomically correct model of the whole arterial system
that includes all the major arterial bifurcations (bifurcations to the renal, mesenteric and

iliac arteries).
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(b)

Figure C.2: (a) Three-dimensional reconstruction of an AAA from CT scan images, (b)
mold generated in plaster of Paris with a rapid prototyping technique, (c) silicone model
built from the mold using a lost wax technique.
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