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Abstract. The purpose of the study is to investigate the changes in velocity and pressure
developing inside the sac of enlarging Abdominal Aortic Aneurysms (AAA).

A parametric in-vitro study of the pulsatile blood flow was conducted in laboratory
models of AAAs by systematically varying the size of the aneurysm. The instantaneous
pressure was measured over time in the parent vessel and at the location of maximum
diameter inside the AAA. Simultaneously, the flow characteristics, corresponding to the
physiological flow waveform inputted into the aneurysmal model, were quantified using
Digital Particle Image Velocimetry (DPIV). Based on these results, a mechanism is
proposed for the formation of the intra-luminal thrombus that is observed in 75% of
later stage aneurysms.

Contrary to the prevailing intuition, we measure that, in the absence of endoluminal
thrombus, the systolic pressure is lower in the aneurysm than in the parent vessel, for a
certain range of aspect ratios (aneurysmal length to inlet diameter ratio) and dilatation
parameters (maximum diameter to inlet diameter ratio). The pressure drop can be as
high as 17%. However, this reduction in pressure does not automatically lead to a de-
crease in aneurysmal wall tension, since the latter also depends on other parameters,
such as the local wall thickness and dimensions of the AAA. We show that, in spite of
the pressure drop, the wall tension can increase by a factor of two, as the aneurysm
enlarges. However, when an intra-luminal thrombus forms, the aneurysmal wall tension
is shown to be reduced to near normal values.

Simultaneous measurement of the pressure and velocity field inside the AAA over
time can be used to improve the prediction of the onset of endoluminal thrombus forma-
tion and the associated changes in the wall stresses acting on the aneurysmal sac.

Key words: abdominal aortic aneurysm, pulsatile flow, vascular mechanics, pressure,
endoluminal thrombus
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1. INTRODUCTION

The abdominal aorta is one of the sites of predilection for aneurysm formation. Ab-
dominal aortic aneurysms (AAA) are a localized, abnormal dilatation of the infrarenal
portion of the abdominal aorta, which occurs in 5 to 7 percent of the population over 60
years of age in Western countries [1,2]. The prevalence, which is higher for males and
increases with age [3], was recently shown to be on a persistent rise for the last 20 years
following a similar trend to other cardiovascular diseases [4]. The population at risk
includes individuals over age 60, who smoke, have hypertension, diabetes, coronary
heart diseases, high cholesterol and a family history of AAA [5-7]. About 75% of AAA
are asymptomatic [8] and detection mainly occurs during unrelated radiological or sur-
gical procedures. Once an aneurysm is formed, it enlarges due to a complex interplay
between mechanical stimuli exerted by the pulsatile, unsteady blood flow and physio-
logical changes occurring in the wall structure, mainly in the intima and media layers
[9-12 among others]. As the abdominal aortic aneurysm (AAA) grows, the resultant
morphological/structural changes in the arterial wall are coupled with changes in the
hemodynamic stresses (local blood pressure and wall shear stresses). Morphological
changes influence flow in the arterial segment and downstream of it. Inversely, changes
in hemodynamic stresses can lead to the breakdown of the wall integrity by fostering
thrombus formation, lipid deposition, calcification, etc [13-16]. Aneurysm rupture fi-
nally occurs when the wall tension exceeds the wall yield strength at any location on the
wall [17].

The purpose of the study is to investigate the changes in velocity, pressure and in the
corresponding wall tension inside the aneurysmal sac at progressive stages of enlarge-
ment of AAAs. The potential influence of disturbed flow conditions on the thrombus
formation has long been recognized in AAA. Increasing experimental evidence indi-
cates that low and oscillatory shear stresses promote proliferative, thrombotic, adhesive
and inflammatory-mediated degenerative conditions throughout the arterial wall
[18,19]. Although it has been suggested that the combined effect of the magnitude of
shear stresses and the time interval during which the shear stresses act could be the de-
terminant factor controlling this process [20], this mechanism has never been fully char-
acterized. We discuss the mechanisms leading to the thrombus formation and the sub-
sequent effects of the presence of a thrombus on the stresses acting on the aneurysm
wall. This information will provide a much-needed tool for improving the assessment of
the optimal time for surgical intervention.

2. MATERIALS AND METHODS

The experimental set-up is shown in Figure 1. The AAA models are placed in a flow
loop, perfused with a glycerin/de-ionized water mixture of the same viscosity as blood.
We hypothesize that for the application of interest, blood can be modelled as a Newto-
nian fluid, since the abdominal aorta is a large artery (diameter much larger than the
critical value of 1 mm [21]).

Model number D/d L/d
1 2.1 2.9
2 1.3 2.9
3 1.9 2.9
4 2.4 2.9
5 2.9 5.7

Table 1. Geometric characteristics of the AAA models
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Figure 2. Shape and characteristic parameters of the AAA models

The AAA models consist of a symmetric, fusiform expansion, blown in a straight
glass tube, as shown on Figure 2. These well-controlled axisymmetric shapes are char-
acterized by 2 geometric parameters: the aspect ratio L/d (ratio of the aneurysm length
to the inlet diameter) and the dilatation ratio D/d (ratio of the maximum diameter to the
inlet diameter) (see Table 1). These parameters are systematically varied in our study in
order to analyse the changes in the hemodynamic forces as the aneurysm grows. The
effect of the vessel compliance was not considered in this study, since prior investiga-
tors [22-24] showed that, in general, the vessel compliance only slightly modifies the
magnitude of the shear stresses but does not change the general characteristics of the
flow, such as the pressure’. Furthermore, the effect of the wall distensibility is very
small compared with the changes in anatomic dimensions studied here.

The unsteady flow is provided by a pulsatile, programmable pump. A rack-mounted
piston is driven in a cylinder by a computed-controlled micro-stepping motor (Compu-
motor Corporation, Cupertino, CA). The piston divides the cylinder into 2 parts. A four-
way spool valve (Numatics, Highlands, MI) is used to interchange the outlet and inlet
pathways, when the piston reaches the end of its journey. This valve allows the pump to
refill one side of the cylinder, while forcing fluid to exit from the other side. The pump

T The compliant nature of the arterial walls plays a critical role in the propagation of the pressure
pulse and together with the architecture of the arterial tree, determines the shape of the pressure pulse
(flow rate as a function of time) at each location. In our experiments, the models are rigid but the flow
rate (pressure pulse) supplied to them by our system is identical to the input flow obtained from in-vivo
measurements.
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is programmed with flow patterns typical ofo the infrarenal aorta. However, no effort
was made to simulate the secondary flow produced by the bifurcating renal arteries up-
stream of the AAA. The physiological flow waveform employed in this study is based
on the results reported by Long et al. [25] (Figure 3), and corresponds to the case of a
patient at rest, with a mean blood flow rate in the abdominal aorta of 1 liter/min and a
period of cardiac cycle of 0.84 second (i.e. 72 pulses per minute). This flow condition
corresponds to a peak Reynolds number Re, = 4Q,/ndv = 2700, a mean Reynolds num-
ber Rey, = 4Qum/ndv = 330 and a Womersley number o, = d/2(2xf/v)"* = 10.7, where Qp
is the peak flow rate (at systole), Qn, the time-averaged flow rate, f the frequency and v
the kinematic viscosity.
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Figure 3. Flow waveform supplied to the AAA model and time location of the 10 measurements of the
velocity field with the DPIV method

The instantaneous static pressure is measured over time with a Camino pressure
probe (Olm intracranial pressure monitoring kit, Integra NeuroSciences ", Camino®),
introduced at the wall at 2 locations: in the parent vessel, 2 cm upstream of the aneu-
rysm, and inside the aneurysm at the location of maximum diameter. The probe’s signal
is fed to a pressure monitor (Camino V420) used to visualize the pressure signal, and to
a digitising board (BNC 2090, National Instruments). The board is connected to a com-
puter that is programmed to read and analyse the incoming signal.

The flow characteristics corresponding to the physiological flow waveform, pro-
grammed in the pump, are simultaneously quantified using Digital Particle Image Ve-
locimetry (DPIV) (TSI Incorporated, St Paul, MN). This method enables the measure-
ment of instantaneous velocity field inside the AAA along several cardiac cycles, at a
sampling rate of 15 Hertz (the velocity field throughout the entire cross section of the
AAA is measured every 1/15 s). The system is composed of two pulsed Nd:YAG lasers,
a synchronizer, a CCD camera and a PC (Figure 1). The flow is seeded with 10 um-
diameter lycopodium particles (Carolina Biological Supply Company, Burlington, NC)
that are illuminated, in one plane, by the pulsing laser sheet. The two lasers are fired at a
time interval of 5-10 nanoseconds, illuminating the same cross-section of the aneurysm.
The camera (630046 PIVCAM 10-30), 10° pixels, 8-bit resolution, records the position
of the particles that scattered the light at each laser pulse. The digital image pairs are
processed using the INSIGHT software, which calculates the instantaneous velocity
field in the measuring plane. Other flow properties, such as the stress field T =
0.5u(0u/0y+0v/0x), are then calculated from the measured velocity vectors u =(u,v),
where x is the distance in the radial direction and y in the longitudinal one.
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3. RESULTS

3.1 Characteristics of the flow inside the AAA and its changes during enlargement

The time evolution of the velocity field in a central axial plane of the aneurysm was
measured using a DPIV system, with a sampling frequency of 15 measurements per
second. The sequence of the velocity field that develops inside the aneurysm bulge is
shown on Figure 4 for model 1 (Table 1). The 10 measurements composing the se-
quence are equally spaced in time and represent a full cardiac cycle (0.84s). The flow is
from bottom to top in each figure. Time progresses along the cardiac cycle with the se-
quential labelling of the frames corresponding to that indicated in the cardiac waveform
shown in Figure 3. These measurements clearly demonstrate not only that the behav-
iour of the pulsatile flow, inside the AAA, drastically differs from that of steady flows,
but more importantly, that the flow inside the aneurysm is dominated by the formation
of separated flow regions and by the development of a coherent vortex ring that trav-
erses along the length of the AAA.

flow rate | peak flow rate

45

5 10 15 20 25 5
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Figure 4. Time sequence of the velocity field measured in Model 1. The physiological flow waveform,
shown in frame K, is based on the results reported by Long et al. [25]
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These detailed velocity measurements reveal important features of the hemodynam-
ics of AAA. For this particular geometry, the flow remains laminar and fully attached to
the AAA walls during the entire acceleration portion of the systole (Figure 4 A-B). At
the peak of the systole, the flow is still irrotational. At this point, the flow entering the
AAA is nearly uniform across its entrance section and the thickness of the viscous layer
on the vessel wall, which scales as d/a., is estimated to be about 1/10 of the diameter of
the aorta. However, just after the initiation of the deceleration portion (Figure 4 C), the
flow massively separates from the walls and a strong, coherent vortex ring is formed.
During diastole, the vortex ring is observed travelling to the distal end of the AAA and
internal shear layers appear across the entire length of the AAA. Regions of higher
shear stresses are therefore created in the bulk of the blood flow. Another consequence
of the formation of the vortex ring is the creation of large gradients in the wall shear
stresses, as one moves from the proximal to the distal end of the AAA. As the vortex
ring preceding this jet impinges on the distal neck, high wall shear stresses and spikes of
pressure are generated locally, while the proximal half is dominated by a slow re-
circulating flow, exerting virtually no shear stress on the walls (Figure 4 D). At the peak
diastole, the coherent shear layers and the preceding vortex ring break down, and a
weak turbulent state is created inside the entire length of the AAA (Figure 4 E). During
the resting portion of the cardiac cycle (Figure 4 F-J), the flow is observed to re-
laminarise as the turbulence created through the vortex breakdown slowly dissipates due
to viscous stresses.
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Figure 5. Velocity field measured after the peak systole at time steps C and D in (a) Model 2, (b) Model 3
and (c) Model 3.

The most important event that characterizes flow in an aneurysm is the flow separa-
tion in the deceleration phase of the cardiac cycle. Figure 5 compares flow separation
inside the AAA at three progressive stages in the enlargement. The flow field is respec-
tively shown for Models 2, 3 and 4 at the 2 critical time steps (C and D) during which
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flow separation occurs (Table 1). One can observe the changes in the velocity field re-
lated to the aneurysm growth. When comparing frame C in the 3 figures, a distinct in-
crease in the size of the vortex can be seen with increasing aneurysmal diameter, which
leads to a proportional increase in the vortex strength. The size of the flow recirculation
region increases simultaneously, subjecting a larger portion of the wall to very low wall
shear stresses, when the distal part of the wall is subjected to large wall shear stresses,
around the point of vortex impingement. The wider the aneurysm, the larger the wall
shear stress gradients are likely to be along the aneurysm wall.

Although the onset of separation is a function of the two geometrical parameters, D/d
and L/d, we have observed that it occurs for dilatation ratios as small as of 1.3 (model
2). This is a consequence of the large deceleration characteristic of the diastolic flow in
the abdominal aorta. Thus, separation should occur even in incipient aneurysmsi.

3.2 Pressure measurements

The pressure was measured in 4 significant AAA models in the parent vessel and at
the location of maximum diameter in the aneurysm. Figure 6 shows the pressure wave-
form non-dimensionalised with the systolic pressure for models 2 and 3. Due to the lack
of compliance of the downstream reservoir, the shape of the pressure waveform meas-
ured in our experiment does not correspond to what is typically measured in vivo in the
abdominal aorta. In this experiment, only the abdominal aorta was modelled and not the
whole arterial system. Instead of inputting a pressure waveform induced by the heart
and letting this pressure wave evolve as a function of the whole arterial compliance and
geometry, we input directly the flow waveform at the entrance of the abdominal aorta,
as measured in vivo. This technique results in a waveform somewhat different to the
physiological one, but it allows us to measure qualitatively the possible changes in pres-
sure, as a result of the growth of the AAA.
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Figure 6. Comparison of the pressure measurement in the parent vessel and at the location of maximum
diameter for Model 1 (a) and Model 2 (b). The pressure has been non-dimensionalised with the systolic
pressure in each case.

It was measured that, inside the aneurysm, the systolic pressure decreased slightly (~
- 3%). This decrease in systolic pressure in the AAA was observed consistently regard-
less of its size. We found that the pressure drop actually increased as the aneurysm
enlarged, to reach 17% in Model 5. A summary of the results of the pressure drops is
given in Table 2.

i Clinically, a vessel dilatation is considered an aneurysm when D/d > 1.5.

7
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Model number % of decrease in systolic pressure
2 2.5%
3 3.4%
4 7%
5 17%
Table 2. Percentage of decrease in the systolic pressure in the AAA compared with the one in the parent
vessel.

3.3 Endoluminal thrombus formation

The velocity measurements show that the hemodynamic wall stresses, i.e. the distri-
bution of pressure and shear stresses on the aneurysm’s walls, depend on the geometric
parameters of the aneurysm, L/d and D/d. The important question to be elucidated is the
role that the disturbed stress conditions could play on the formation of an endoluminal
thrombus in an AAA.

The DPIV measurements show that the flow inside the AAA massively detaches dur-
ing diastole forming large regions of slowly recirculating regions close to the walls. The
formation and size of the region of flow recirculation was found to be enhanced as the
size of the AAA was increased. The flow separation also led to the formation of internal
shear layers, characterized by higher shear stresses than measured in a healthy abdomi-
nal aorta. This suggests that the circulating blood cells are exposed to different patterns
of stresses when entering the AAA.

In order to quantify the time history of the shear stresses acting on individual circu-
lating cells, we have developed at the UCSD laboratory of Biomedical Flows a code
that computes the trajectory of the blood cells inside the aneurysm. We follow the La-
grangian evolution of the cells, by computing, at each time step, the location where the
cell travels to, based on the DPIV phase-averaged velocity measurements performed
along the full cardiac cycle.
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Figure 7. Comparison of the time history of shear stresses experienced by a blood cell entering Model 5 at
a distance x/d = 0.1, 0.2, 0.3, 0.4 or 0.5 from the wall.

Figure 7 shows the computed trajectories of the blood cells (a) and the time evolution
of the shear stresses (b) for 5 representative cells entering the aneurysm at different lo-
cations from the wall. The stresses plotted in Figure 7(b) are the Lagrangian stresses the
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cells experience when transported inside the AAA. They have been phase-averaged over
6 cardiac cycles to take into account the cycle-to-cycle variations resulting from the
weak turbulence at the end of each cycle. In these computations, the flow inside the
AAA has been assumed to be symmetric and the cell trajectories confined to the sym-
metry plane. Measurements of the three-dimensional, streamwise vortices formed in the
internal shear layers have shown that their induced velocity is small compared to the
one measured in the symmetry plane. Thus, in a first approximation, the symmetry as-
sumption will give a first order estimate of the values of the stresses. However, the time
history of the stresses could be somewhat different than the ones computed in this study.
The three-dimensional effects are discussed elsewhere [26].

Analysis of the trajectories show that the blood cells entering the AAA near the arte-
rial walls are subjected to higher levels of shear stresses in the internal shear layer,
while they are later entrained in the regions of stasis, where they remain in the vicinity
of the wall. The resident time of these cells has been found to increase up to 7 cardiac
cycle (Figure 7 (b)). The blood cells entering closer to the centre of the vessel are en-
trained by the vortex ring towards the distal part of the arterial wall. The cells stay close
the wall until the next systolic acceleration. Therefore, flows inside aneurysms have the
peculiarity of bringing blood cells near the wall, enhancing their chance of adhering to
it. Wall adhesion will occur in areas where endothelial cells are activated.

In a healthy vessel, the only cells that experience a non-zero shear stress are the ones
travelling in a region close to the wall, which represents about one third of all cells. On
the contrary, all the cells are subjected to some degree of shear stress in an aneurysm.
Moreover the amplitude of the stresses acting on the cells has been measured to be 3
times higher with strong fluctuations over time. The stresses peak as the blood cells
approach the wall during systole or the shear layer during diastole.

4. DISCUSSION

4.1 Luminal pressure and wall tension

The observed decrease in systolic pressure is not obvious and may, at first sight, ap-
pear counterintuitive to the clinical community. However, it is a clear consequence of
the behaviour of the unsteady flow in the cavity and it can be predicted using the un-
steady form of the Bernoulli’s equation

ou |- S _
p5+V(Epu2+p+pgzj:uxw+vv2u (1)

If the flow were steady, equation (1) would reduce to the familiar form of the Ber-
. . . | - . : .
noulli’s equation, which states that 5 pii* + p+ pegz is constant along a streamline. This

would imply that the pressure inside the AAA increases as a consequence of the de-
crease in the velocity, which occurs by virtue of the mass conservation equation in a
diverging wall configuration. However, in our case the flow entering the AAA is pulsa-
tile and an additional contribution to the pressure gradient arises from the accelera-

tion/deceleration term present on the left-hand side of equation (1), pz—j .

In the case of irrotational flows (as observed on Figure 4 B), the unsteady Bernoulli’s
equation further simplifies to the form:
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In the divergent section, the change in kinetic energy is negative, while the temporal
acceleration is positive. The unsteady acceleration term is therefore the cause of the
decrease in systolic pressure measured inside the AAA. This shows that, as long as the
flow remains attached during systole, the temporal acceleration term is slightly larger in
amplitude than the change in kinetic energy, so the systolic pressure inside the AAA is
smaller than the one measured upstream in the parent vessel.

The internal pressure acting on the artery wall produces a circumferential tension
through the wall. This tension that is exerted in a direction tangential to the artery wall
and perpendicular to a longitudinal section tends to tear the vessel apart. Let us first
consider the case of an AAA before the formation of an endoluminal thrombus. In a
first order of magnitude approximation, the maximum value of the wall tension can be
estimated by the Law of LaPlace (a detail calculation would require the use of a finite
element model, based on the knowledge of the local wall thickness and of the material
properties of the wall). Approximating locally the shape of the AAA to a cylinder with a
finite wall thickness, this law relates the averaged peak circumferential tension across
the wall o, to the systolic pressure p, and to the vessel geometry:

_ P
0

where r is the local radius of the vessel and ¢ the wall thickness. Equation (3) shows
that, if ps remains identical or even if it decreases slightly inside the AAA, the exten-
sional tension may increase due to changes in » and o. As the AAA enlarges, the wall
thickness tends to increase slightly but the radius increases substantially resulting in a
net increase in ¢,. In the case of model 5 for example, the systolic pressure inside the
AAA decreases by 17%, the wall thickness increases by 16.7% [27] while the aneurys-
mal radius triples, which leads to an increase of the wall tension by more than 200%!

Oy

3)

4.2 Endoluminal thrombus

As the AAA enlarges, the platelets and red blood cells are locally subjected to higher
levels of shear stresses. In these regions, the cells are likely to get moderately activated
and aggregate to one another. Without any further stimulation, the aggregates were
found to dissolve very quickly [28]. However this moderate state of activation and ag-
gregation can then be reinforced by the length of time spent in regions of low stresses,
which are known to foster aggregation [29]. The resident times in the flow recirculating
regions was calculated to be of the order of several cardiac cycles.

The endothelial cells lining the vessels also react to the changes in mechanical stim-
uli in the AAA. They have been shown to get activated both in regions of large gradi-
ents of wall shear stresses (as in the distal neck of the AAA) [30-32] and in regions of
low and oscillating wall shear stresses (as in the proximal neck of the AAA) [19, 33].
The particle tracking showed that the blood cells preferentially come very close to the
wall in these 2 distinct regions. The activated state of the endothelial cells will therefore
allow for the wall adhesion of the already partially aggregated blood cells. The combi-
nation of moderate cell-activation in high stress regions, consecutive entrainment in
regions of low stresses, long resident times and the activation of the endothelium cells
due to low wall shear stresses creates the optimal cell-adhesive and inflammatory-
mediated degenerative conditions that leads to the formation of the endoluminal throm-

10
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bus. The thrombus is postulated to play an important role on the pathogenesis and pro-
gressive enlargement of AAAs.

When the thrombus is formed and an endoluminal channel is created, the extensional
tension on the AAA walls is drastically reduced by a factor, which can be estimated as
the ratio between the endoluminal channel surface to the AAA surface [34,35]. The
thrombus transmits the pressure to the wall, but does not contribute to the mechanical
strength of the wall. Estimates obtained from three-dimensional volume rendering of
CT scans performed in several of San Diego VA Hospital patients with large AAA
shows that this ratio is of the order of 2. Thus, it appears that, when the endoluminar
thrombus forms, it may reduce the wall extensional tension in the AAA to near normal
values, and in this regard increase the structural integrity of the vessel. However, this
gain in structural strength is at the cost of a drastic reduction in oxygen diffusion to the
medial layer [36,37], 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 [38-40]. All of these factors are known to contribute
to the further deterioration of the median layer, which is key to the structural strength of
the wall and to the continued or even accelerated enlargement of the AAA [41].

5. CONCLUSION

Measurements conducted in rigid symmetric AAA models have shown that, for the
large diastolic deceleration, characteristic of abdominal aortic flows, flow separation
occurs at very early stages during the AAA formation (D/d > 1.3). The flow separation,
the associated formation of internal shear layers and the recirculating regions provide
the optimal flow conditions for the formation of an intraluminal thrombus.

We have shown that, contrary to what is believed, the systolic pressure remains con-
stant or decreases slightly as the AAA enlarges. This pressure decrease, however, does
not lead to a reduction in wall tension, which in the absence of endoluminal thrombus
may increase up to a two fold. However, the presence of thrombus may lead to a re-
establishment of the wall tension to near-normal values.

These measurements can be further combined with the computation of the wall ten-
sion by finite element methods, to provide a guideline to establish an improved criterion
predicting the AAA rupture, with or without the presence of an intraluminal thrombus,
as a function of the geometrical parameters and hemodynamic conditions of the patient.
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