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Hemodynamics in a Lethal Basilar Artery

ORIGINAL
researcH | Aneurysm Just before Its Rupture
J.R. Cebral BACKGROUND AND PURPOSE: Hemodynamics is thought to play an important role in the mechanisms
S. Hendrickson of cerebral aneurysm initiation, progression, and rupture. The purpose of this study was to present a
C.M. Putman hemodynamic study of a cerebral aneurysm immediately before its rupture to assess whether

previously identified hemodynamic characteristics would classify this aneurysm in the high-risk
category.

MATERIALS AND METHODS: A patient-specific computational fluid dynamics model was constructed
from 3D rotational angiographic images acquired just hours before the aneurysm had ruptured. A
pulsatile flow simulation was carried out, and the hemodynamics characterized by the concentration of
the inflow jet, the size of the flow impingement region, and the complexity and stability of the flow
pattern.

RESULTS: We found that the aneurysm had a concentrated inflow jet that impacted onto a small region
of the dome of the aneurysm and created a complex, unstable flow pattern.

CONCLUSIONS: This study supports the proposition that hemodynamic characteristics derived from
image-based computational models can be used to identify cerebral aneurysms at high risk for rupture.

he mechanisms responsible for the initiation, progression,

and rupture of intracranial aneurysms are not well under-
stood. Because current treatment risks can exceed the natural
risk for rupture, a better understanding of these processes is
required to select only those patients at higher risk.'” Al-
though this is a complex, multifactorial problem, hemody-
namics is thought to play an important role in these process-
es.*® Previous studies on the basis of patient-specific in vitro
and computational models have identified possible associa-
tions between different hemodynamic characteristics and the
rupture of cerebral aneurysms.”'® In particular, a previous
study by Cebral et al® showed that unruptured aneurysms tend
to have diffuse inflow jets, large areas of flow impaction, and
simple stable flow patterns. In contrast, ruptured aneurysms
tend to have concentrated inflow jets; small flow impingement
regions; and complex, unstable flow patterns. This study, as
most previous studies, was performed with the assumption
that the hemodynamic characteristics derived from images
obtained after aneurysmal rupture are representative of the
flow dynamics before the rupture (ie, that the rupture event
does not substantially affect the geometric or hemodynamic
characteristics used to compare the ruptured and unruptured
groups). This study presents a hemodynamic analysis of a ce-
rebral aneurysm from a 3D rotational angiography image ob-
tained just hours before the rupture of the aneurysm and be-
fore the patient could be treated. The goal was to assess
whether the flow characteristics derived from an image-based
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computational fluid dynamics model would place this partic-
ular aneurysm into the high-risk category for rupture.

Materials and Methods

Imaging

A 40-year-old man with Down syndrome presented with severe head-
aches. CT imaging showed no evidence of hemorrhage but an enlarge-
ment of the basilar artery. The patient had mild hypertension (blood
pressure of 140/90 mm Hg). A 21-mm intracranial aneurysm of the
basilar artery was imaged with 3D rotational angiography approxi-
mately 2 hours before it ruptured. The catheter angiograms were per-
formed by standard transfemoral catheterization of the cerebral ves-
sels and digital subtraction imaging done on an Integris Biplane Unit
(Philips Medical Systems, Best, the Netherlands). These images were
obtained during a 6-second injection of a contrast agent and a 180°
rotation with imaging at 15 frames per second for a total of 8 seconds.
The corresponding 120 projection images were reconstructed on a
dedicated Phillips workstation into a 3D dataset of 128 X 128 X 128
isotropic voxels covering a field of view of 54.02 mm in all 3 direc-
tions. The voxel data were exported into a personal computer for
mathematic vascular and hemodynamics modeling. Anteroposterior
and lateral digital subtraction angiographies of the aneurysm are
shown in Fig 1.

Modeling

We constructed a patient-specific model of the aneurysm from the 3D
rotational angiographic image using image-based computational
fluid dynamics techniques.'" In brief, the image was smoothed by use
of sharpening and blurring operations, then segmented by use of a
seeded region—growing algorithm followed by an isosurface deform-
able model.'? This technique places the vascular model at the vessel
boundaries detected in the images, thus achieving subvoxel accuracy,
which translates into a geometric error of, at most, 0.422 mm. We
then smoothed the anatomic model using a nonshrinking algo-
rithm,"? and vessels were truncated perpendicularly to their axes. An
advancing front method was used to generate a finite element mesh
composed of tetrahedral elements.'* The generated mesh had a reso-
lution of 0.02 cm and a total of approximately 3 million elements. We
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Fig 1. Digital subtraction angiographies of the basilar artery aneurysm before its rupture: anteroposterior (/eft) and lateral (right) views.

modeled the blood flow using the 3D Navier-Stokes equations for an
incompressible Newtonian fluid with attenuation p = 1.0 g/cm’ and
viscosity w = 0.04 Poise. At the model inlet (basilar artery), pulsatile
flow conditions were imposed. Because patient-specific flow condi-
tions were not available, the flow waveform was derived from phase-
contrast MR measurements obtained on healthy subjects. This wave-
form was scaled with the basilar artery cross-sectional area to obtain a
mean wall shear stress of 10 dyne/cm” at the inlet.'® Previous sensitiv-
ity analyses showed that although the magnitudes of hemodynamic
variables are affected by the inflow rates, the main flow characteristics
such as the concentration of the inflow jet, the size and location of the
impingement regions, and flow pattern complexity were not funda-
mentally changed by increasing or decreasing the mean inflow rate.""
Traction-free boundary conditions were prescribed at the outlets. The
vessel walls were assumed to be rigid, and no-slip boundary condi-
tions were applied at the walls. We solved the governing equations
numerically using an implicit finite element solver."' We then simu-
lated 2 cardiac cycles using 100 time-steps per cycle and created visu-
alizations of the blood-flow pattern and wall shear stress distribution
from the results of the second cycle.

Simulations were constructed to visualize distribution of wall
shear stress magnitude, flow streamlines, and velocity magnitudes at
peak systole from 3 viewpoints. These visualizations were reviewed
and the patterns analyzed to determine zones of flow impaction, size
of the associate zone of elevated wall shear stress, and flow pattern
according to previously described methods.®

Results

The results of the computational fluid dynamics simulation
are presented in Fig 2. This figure shows the 3D rotational
angiographic image of the basilar artery aneurysm (top left)
and the reconstructed vascular model from 3 different view-
points (left column). Visualizations of the wall shear stress
magnitude, flow streamlines, and velocity magnitudes are
shown at peak systole from each of the 3 viewpoints. A mild
stenosis (of approximately 50%) can be observed in the basilar
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artery just proximal to the aneurysm inlet. This stenosis results
in acceleration of the blood flow and creates a relatively con-
centrated inflow jet that impacts on a small region of the body
of the aneurysm near the tip of the basilar artery. This jet
produces a complex, unstable intra-aneurysmal flow pattern
containing several vortical structures that move within the an-
eurysmal dome during the cardiac cycle. Regions of elevated
wall shear stress are observed at the stenosis just proximal of
the aneurysmal neck as well as at the flow impingement zone
in the aneurysmal dome. The rest of the aneurysmal sac is
subject to low wall shear stress forces. It is interesting to note
that a small bleb or secondary lobulation can be observed at
the high wall shear stress region associated with the impaction
of the inflow jet.

Discussion

Previous studies have identified a few hemodynamic charac-
teristics that are different in ruptured and unruptured aneu-
rysmal groups.® These include the concentration and stability
of the inflow jet, the relative size of the flow impingement
region, and the complexity and stability of the intra-aneurys-
mal flow pattern. This research, along with studies aiming at
identifying anatomic characteristics such as aneurysmal size,
aspect ratio, or other geometric descriptors as risk factors,'*™'®
have compared data from unruptured and ruptured aneu-
rysms. Implicit to these studies is the assumption that the
shape, size, or hemodynamics are not substantially altered by
the rupture event (ie, that the shape, size, or hemodynamic
descriptors obtained from image data acquired after the rup-
ture can be used to estimate the aneurysmal characteristics just
before its rupture and therefore can be used to assess its rup-
ture risk). This limitation is common to most studies of aneu-
rysmal rupture because unruptured aneurysms are typically
treated before they rupture. Thus, it is very difficult to connect
the proposed risk indices or characteristics to the eventual
rupture of an aneurysm in individual cases. In this study, a rare
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Fig 2. Image-based computational fluid dynamics model of a basilar artery aneurysm. Top row: 3D rotational angiographic image, wall shear stress and velocity color-maps, and time instant
during the cardiac cycle at which hemodynamic visualizations are presented. Visualizations of the wall shear stress magnitude distribution, intra-aneurysmal flow velocity pattern, and

distribution are shown from 3 different viewpoints.

case of an aneurysm imaged right before its rupture was ana-
lyzed to assess whether previously proposed hemodynamic
characteristics would place this aneurysm into the high-risk
category.

The computational hemodynamic modeling of this aneu-
rysm a few hours before rupture showed a concentrated inflow
jet with a small impaction zone and complex, unstable flow
pattern. This combination has been found to be most com-
mon among previously ruptured aneurysms in a population-
based study of patient-specific hemodynamics. The patient’s
clinical course was consistent with the analysis of the hemody-
namic simulations, which assign a high risk for rupture to
conditions in which there is a concentrated impaction zone.

The computational simulation also shows the difficulty by
use of these simulations to distinguish between mechanisms of
aneurysmal rupture. Although we have chosen to focus on the
flow structures involving the inflow jet, most of the aneurysm
wall is actually under low wall shear. Determining which of
these 2 flow environments is ultimately responsible for the
aneurysmal rupture does not seem possible without the
knowledge of the ultimate site of wall failure. It is unfortunate
that no pathologic information was available from this case to
help clarify this issue. However, the observation of the daugh-
ter lobulation and its relationship to the inflow jet yields an
interesting point. Daughter lobulations are thought to be the
consequence of a focal weakening of the aneurysmal wall and
the resulting remodeling under the influence of hemodynamic

and structural forces. Its location adjacent to the relatively
high flow and high wall shear environment within this aneu-
rysm suggest that, in this case, the focused flow effects from the
proximal stenosis may be responsible for some structural
damage to this aneurysm. Of course, care must exercised in
drawing conclusions from a single case.

The current simulations suffered several limitations that
should be considered when the data are evaluated. As with all
simulations of this type, assumptions are used that may not
fully represent the patient’s native hemodynamics. The geom-
etry is approximated from the 3D rotational data obtained at
angiography. The flow conditions in this case were not avail-
able and had to be estimated on the basis of healthy subjects
and scaled to the patient’s specific anatomy. The walls were
considered rigid, outflow conditions were approximated, and
non-Newtonian effects were not considered. The effects of the
perianeurysmal environment and fluid structural interactions
were not simulated.

Conclusions

This case study of an intracranial aneurysm imaged just before
its rupture is consistent with previous studies linking concen-
trated inflow jets that impact onto a small region of the aneu-
rysm and produce complex, unstable intra-aneurysmal flow
patterns with increased risk for rupture. This study also high-
lights the possibility of image-based, patient-specific compu-
tational models being used for risk assessment of aneurysms.
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