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BACKGROUND AND PURPOSE: Blood flow dynamics are thought to play an important role
in the pathogenesis and treatment of intracranial aneurysms; however, hemodynamic quanti-
ties of interest are difficult to measure in vivo. This study shows that computational fluid
dynamics (CFD) combined with computed rotational angiography can provide such hemody-
namic information in a patient-specific and prospective manner.

METHODS: A 58-year-old woman presented with partial right IIIrd cranial nerve palsy due
to a giant carotid-posterior communicating artery aneurysm that was subsequently coiled.
Computed rotational angiography provided high resolution volumetric image data from which
the lumen geometry was extracted. This and a representative flow rate waveform were provided
as boundary conditions for finite element CFD simulation of the 3D pulsatile velocity field.

RESULTS: CFD analysis revealed high speed flow entering the aneurysm at the proximal and
distal ends of the neck, promoting the formation of both persistent and transient vortices within
the aneurysm sac. This produced dynamic patterns of elevated and oscillatory wall shear
stresses distal to the neck and along the sidewalls of the aneurysm. These hemodynamic
features were consistent with patterns of contrast agent wash-in during cine angiography and
with the configuration of coil compaction observed at 6-month follow-up.

CONCLUSION: Anatomic realism of lumen geometry and flow pulsatility is essential for
elucidating the patient-specific nature of aneurysm hemodynamics. Such image-based CFD
analysis may be used to provide key hemodynamic information for prospective studies of
aneurysm growth and rupture or to predict the response of an individual aneurysm to thera-
peutic options.

Blood flow dynamics are thought to be an important
factor in the pathogenesis and treatment of cerebral
aneurysms. A number of specific hemodynamic fac-
tors—notably wall shear stress, pressure and mural
stress, impingement force, flow rate, and residence
time—have been implicated in aneurysm growth and
rupture (1). Judicious control of these hemodynamic

factors may also govern the outcomes of endovascular
therapies (2–4). However, because of the practical
difficulties associated with measuring hemodynamic
quantities in vivo, it has been difficult to exploit this
potentially important information for basic biologic
or clinical studies.

To date, the bulk of investigations into aneurysm
hemodynamics have been conducted in vitro, using
either mathematically idealized models or casts of
postmortem specimens. Although the former are con-
venient for detailed experimental velocity measure-
ment or numerical simulation (5), they allow only a
gross understanding of aneurysm hemodynamics that
is difficult to extrapolate to individual cases. The
latter, on the other hand, although capable of provid-
ing hemodynamic information in a patient-specific
manner, obviously permits only retrospective analy-
ses. Moreover, as noted by Imbesi and Kerber (6),
“the creation of replicas of human vascular abnormal-
ities, particularly aneurysms, is a tedious and techni-
cally difficult undertaking.”

With the recent convergence of high resolution 3D
medical imaging, powerful desktop workstations, and
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sophisticated image processing techniques, it is now
possible to reliably simulate pulsatile blood flow in
anatomically realistic arterial geometries derived
from in vivo imaging (7). This makes it possible to
now consider prospective and patient-specific studies of
aneurysm hemodynamics in relation to their patho-
genesis and treatment. Toward this ultimate end, we
herein present the first such “image-based computa-
tional fluid dynamics (CFD)” study of pulsatile flow
in an anatomically realistic human aneurysm model
derived from in vivo rotational angiography.

Methods

Patient History
A 58-year-old woman presented with a 1-year history of

gradually progressive right-sided ptosis and diplopia on left-
ward and upward gaze. Neurologic examination revealed par-
tial right IIIrd cranial nerve palsy. CT showed an enhancing
parasellar mass. Cerebral angiography revealed a giant aneu-
rysm of the right internal carotid artery. Rotational angiogra-
phy with 3D reconstruction (hereafter referred to as computed
rotational angiography) showed a wide necked aneurysm arising
at the level of the posterior communicating artery. The aneu-
rysm was treated with GDC embolization.

Image Acquisition
Computed rotational angiographic data were acquired on a

clinical C-arm angiographic system modified to allow the col-
lection of projections at a rate of 45 degrees or 30 frames/s (8).
Images were obtained with a 28-cm field-of-view, acquiring 135
exposures (90 kVp, 234.3 mA, 3 ms) during 4.4 seconds, during
a 6-second selective intra-arterial injection of contrast agent. A
nonionic, iodinated contrast agent solution (300 mg/mL Om-
nipaque diluted to 200 mg/mL with heparinized saline) was
used, with an injection rate of 3 mL/s. An anatomic mask
acquired by using the same parameters without the injection of
contrast agent was used to create subtracted images. Digital
images were transferred to a Unix network for cone-beam CT
reconstruction with a nominal isotropic voxel size of 390 �m.
Representative maximum intensity projections through this
volumetric data are shown in Figure 1.

Model Construction
The lumen boundary was first semi-automatically extracted

from the reconstructed image volume by using a 3D discrete
dynamic contour (9). Middle and anterior cerebral arteries
were then truncated proximal to perforators or distal branches.
A finite element volume mesh was generated by using a com-
mercial mesh generation package. Mesh refinement studies
conducted under steady flow conditions indicated that wall
shear stress patterns were adequately resolved with slightly
�213,000 quadratic tetrahedral finite elements, corresponding
to �311,000 nodes having an average spacing of 0.3 mm. This
finite element mesh is shown in Figure 1.

Flow Rate Measurement
Pulsatile flow rate measurements were not obtained for this

patient at the time of angiography. Instead, flow rates were
measured at the right internal carotid artery of a sex-matched
and approximately age-matched volunteer by using cine phase
contrast-enhanced MR imaging and flow rate analysis tech-
niques described previously (10). The resulting flow rate wave-
form (Fig 2, inset) had average and peak flow rates of 236 and
371 mL/min, respectively, and a period of 909 milliseconds,
corresponding to a heart rate of 66 bpm. Considering the

measured inlet diameter (4.26 mm) and assumed blood viscos-
ity (3.5 cPoise), the inlet mean Reynolds and Womersley num-
bers were 336 and 3.0, respectively.

CFD Modeling
CFD simulations were performed by using a well-validated

in-house finite element CFD solver (11–13). Rigid walls and

FIG 1. Geometry of aneurysm and parent vessel, shown in
anteroposterior (left column) and lateral (right column) views.

A and B, Maximum intensity projections obtained through the
CT reconstructed data illustrate the geometrical complexity of
the aneurysm and parent vessel. Angled arrows identify blebs on
the right and posterior sides of the aneurysm sac. Horizontal
arrows point to an apparent stenosis of the petrous segment,
which may be attributed to compression of the vessel against
adjacent bone.

C and D, Corresponding views of the finite element mesh
show the geometric faithfulness and spatial resolution of the
CFD model; for clarity, only the corner nodes of the quadratic
finite elements are shown. Note the model coordinate system: �
x � left/right, � y � anterior/posterior, � z � superior/inferior.
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constant viscosity were assumed. Fully developed velocities
were prescribed at the internal carotid artery inlet by weighting
Womersley’s analytic solution for fully developed pulsatile flow
with the Fourier coefficients from the measured flow rate
waveform, as described previously (14). Traction-free boundary
conditions were applied at the outlets, and equal pressures
were assumed. (This resulted in a middle cerebral artery–
anterior cerebral artery flow division of 78:22, which was main-
tained throughout the cardiac cycle.) Pulsatile flow was re-
solved by using 2400 equally spaced time steps per cardiac
cycle; three cycles were required to damp initial transients.
Each cycle required approximately 72 hours on a 1-GHz Pen-
tium III workstation.

Flow Visualization
In addition to conventional contour and vector field plots,

flow patterns were visualized by using a computational approx-
imation of the slipstream visualization technique used by Im-
besi and Kerber (6, 15), Kerber and Heilman (16), and Kerber
et al (17, 18) in their experimental studies of aneurysm hemo-
dynamics. Briefly, neutrally buoyant, massless, nondiffusing
tracer particles were seeded continuously from within a 2-�m
radius at each location of interest and were advected through
the CFD-computed velocity field by using particle tracking
techniques described previously (19). These “virtual slip-
streams” were then visualized by plotting those portions of the
resulting trajectories within 250 milliseconds of the time of
interest (ie, the effective shutter speed).

Results
The general characteristics of flow in this aneurysm

are illustrated in Figure 2 via virtual slipstreams. Be-

fore systole, slipstreams converged through the nar-
rowed petrous segment but showed little mixing or
spreading as they diverged and approached the aneu-
rysm. At peak systole, slipstreams exhibited more
pronounced spreading in the parent vessel and began
mixing as they entered the neck from the left side;
flow into the proximal neck was direct, whereas the
distal neck acted as an effective flow divider. At early
diastole, slipstreams continued to mix as they im-
pacted the posterior wall of the aneurysm and then
swirled as they decelerated toward the right and in-
ferior directions. By end-diastole slipstreams in the
parent vessel again showed little mixing or spreading
whereas the aneurysm was almost entirely filled by
the vigorously mixed slipstreams. Although difficult
to discern from these views, flow was observed exiting
the aneurysm in a helical manner, arising from the
core rather than the walls of the aneurysm sac, and
leaving through the right side of the neck.

A more detailed look at the flow patterns that
produced these slipstream dynamics is provided in
Figure 3. In particular, flow on the sagittal plane was
particularly complex, with patterns varying markedly
throughout the cardiac cycle. High speed flow en-
tered the aneurysm superiorly (Fig 3A), traveled
along the posterior wall (Fig 3B), and entered into the
core of the aneurysm sac (Fig 3C), recirculating fur-
ther into the aneurysm sac or exiting through the
anterior side. This anterior outflow was also evident
throughout the cardiac cycle. Two counter-rotating

FIG 2. Virtual slipstreams, shown at selected times in lateral (top row) and anteroposterior (bottom row) oblique views, provide an
overview of the aneurysm hemodynamics.

A, Early systole (t � 50 ms). Slipstreams showed little mixing or spreading as they approached the neck.
B, Peak systole (t � 150 ms). Slipstreams spread and began to mix as they entered both the proximal and distal ends of the neck.
C, Early diastole (t � 300 ms). Slipstreams mixed as they impacted the posterior wall of the aneurysm and swirled in the right and

inferior directions.
D, Late diastole (t � 800 ms). Within 0.5 second, the aneurysm was almost entirely opacified by vigorously mixed slipstreams.
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vortices were also present at the posterior and infe-
rior sides throughout the cardiac cycle, whereas dia-
stolic deceleration induced the formation of two tran-
sient and more mobile vortices at the inferior anterior
sides. On the coronal plane, high speed flow was seen
to enter the aneurysm continuously but with varying
speed, from the left superior side. Circulation of flow
toward the right and inferior directions around the
aneurysm wall was maintained throughout the cardiac
cycle, as evidenced by the presence of a vortex, the
intensity and center of which varied little during the
cardiac cycle. A similarly persistent vortex was also
visible on the axial plane, in this case maintained by
the swirling of flow from the posterior to anterior
sides along the right wall.

The flow patterns detailed above were clearly re-
flected in the wall shear stress plots shown in Figure
4. Specifically, elevated cycle-averaged shear stresses
on the aneurysm wall effectively traced out the tra-
jectory of high speed (and hence higher shear) flow
entering the proximal and distal ends of the neck (Fig
4A) and impacting the right wall of the aneurysm
before swirling and decelerating inferiorly (Fig 4B).
Regions of highly disturbed flow highlighted by ele-
vated oscillatory shear index were particularly evident
at the boundaries of the high shear regions, reflecting
that high speed flow entering the aneurysm was mo-
bile in the sense that the point of impact on the
aneurysm wall migrated during the cardiac cycle. El-
evated oscillatory shear index was also seen at the

FIG 3. More detailed views of the complex aneurysm hemodynamics are provided at selected times and for selected planes via
conventional field plots of sagittal (top row), coronal (middle row), and axial (bottom row) planes, each from the nominal center of the
aneurysm. Contours of velocity magnitude ( V , in cm/s) are shown with vectors superimposed to indicate the magnitude and direction
of in-plane flow components. White circles identify the approximate center of each vortex. S, superior; I, inferior; A, anterior; P, posterior;
R, right; L, left.

A, Peak systole (t � 150 ms).
B, Early diastole (t � 300 ms).
C, Mid-diastole (t � 450 ms).
D, Late diastole (t � 600 ms).
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most inferior part of the aneurysm (Fig 4D), the
region in which highly mobile and transient vortices
were observed.

Discussion
Local flow dynamics in aneurysms have been stud-

ied extensively during the past few decades, and the
hemodynamics in representative idealized geometries
are fairly well understood. With anatomically realistic
aneurysms, however, it is not necessarily straightfor-
ward to intuit the flow patterns by extrapolating from
knowledge gained from idealized models alone. For
example, although technically a lateral aneurysm, the
present case deviated substantially from the conven-
tional picture of flow entering the distal neck and
exiting through the proximal neck, establishing a slow
vortex within the aneurysm (2). Instead, the flow
patterns were superficially similar to those of a large
aspect ratio (ie, large depth or neck width) bifurca-
tion aneurysm, in which high speed flow impacts the
aneurysm dome obliquely, generating multiple vorti-
ces within the aneurysm (20).

The notion that aneurysm hemodynamics depend
critically on geometric configuration of the aneurysm
and parent vessel is, of course, not novel. The use of
angiographic data as boundary conditions for CFD
models of aneurysm hemodynamics has also been

shown previously for lateral aneurysm models on the
basis of single (21) or multiple (22) digital subtraction
angiographic projections. The novelty of the present
study is that it represents the first detailed analysis of
flow dynamics in a complex human aneurysm model
derived from high resolution, clinical 3D angiographic
data. Such an approach now makes it possible to con-
sider prospective studies of aneurysm hemodynamics by
using what may soon be routinely available clinical im-
aging data. However, before such CFD analyses can be
accepted at face value for use in basic or clinical studies,
issues related to their validity and the underlying mod-
eling assumptions must be considered.

Validation
Validation of image-based CFD studies of in vivo

hemodynamics is a tricky proposition, because there
are no “gold standard” techniques for measuring
blood velocities in vivo. The ability of CFD to accu-
rately model flow in anatomically realistic models has
been shown, but only against in vitro velocity mea-
surement in corresponding models (23–25). Although
a necessary condition, this is not sufficient for show-
ing that the computed flow patterns are representa-
tive of the in vivo hemodynamics.

To determine whether the predicted flow patterns
were consistent with the in vivo hemodynamics, we
exploited the inherent fluid dynamic information
found in cine angiograms acquired during contrast
agent injection. Specifically, comparison of the con-
secutive frames from cine angiography of this patient
shown in Figure 5 with the corresponding times and
views from Figure 2 revealed that the computed slip-
stream dynamics were broadly consistent with the dy-
namics of contrast agent filling, thus providing a quali-
tative but more direct validation of the computed flow
dynamics. In principle, such a “reality check” could be
made more quantitatively by simulating the injection of
contrast agent and radiographic projection by using the
CFD data and comparing the contrast agent intensity

FIG 4. Computed wall shear stress patterns are shown in
oblique posterior (left panels) and anterior (right panels) views.

A and B, Contours of cycle-averaged wall shear stress mag-
nitude ( WSS , dynes/cm2).

C and D, Contours of oscillatory shear index (OSI, dimension-
less), a measure of the relative variability of the wall shear stress
over the cardiac cycle.

FIG 5. Two sequential frames from 2-Hz cine digital subtrac-
tion angiograms. These zoomed views correspond to the orien-
tation and extent of the CFD model in the lower panels of Figure
2C and D.

A, Aneurysm filling dynamics, shown approximately 0.5 sec-
ond after selective injection into the internal carotid artery, show
good general agreement with the corresponding virtual slip-
streams shown in Figure 2C.

B, One frame (ie, 0.5 second) later, the aneurysm is already
largely opacified, which also is consistent with the correspond-
ing virtual slipstreams shown in Figure 2D.

AJNR: 24, April 2003 GIANT INTRACRANIAL ANEURYSM 563



variations extracted from clinical angiograms against
those from such “virtual angiograms.”

Limitations
As with any modeling study, a number of simplify-

ing assumptions were made to render the simulation
conceptually and computationally tractable. Most no-
table among these were the assumptions of rigid walls
and Newtonian rheology, based on evidence that
these are second order effects compared with the
influence of geometry and flow pulsatility. In partic-
ular, numerical modeling studies conducted by Low et
al (26) showed that a distensibility of 6% induced
changes in secondary flow characteristics during sys-
tole in a lateral aneurysm model whereas non-New-
tonian rheology was shown to have little effect on
flow in a bifurcation aneurysm model (27). The broad
agreement with cine angiography discussed above
suggests that the modeling assumptions used in the
present study provided a reasonable first order approx-
imation to the in vivo situation. Nevertheless, higher
order effects can, in principle, be included in future
studies; however, some thought must be given to how
patient-specific pressure waveforms, wall thickness, wall
elasticity, and blood viscosity can be measured, ideally as
part of a routine clinical protocol.

The important effect of flow pulsatility was cap-
tured in this study by imposing a representative peri-
odic flow rate waveform at the model inlet. As such,
the flow dynamics rendered herein represent only a
“snapshot” of the hemodynamic stresses that this par-
ticular aneurysm must endure. Sustained or even
transient changes in factors such as heart rate, heart
rhythm, or systemic pressure would undoubtedly have
some effect on the predicted flow dynamics by virtue
of the changes they would induce in the inlet and
outlet boundary conditions. The sensitivity of the he-
modynamic environment to such changes remains in-
completely understood; however, one of the chief
advantages of CFD modeling is the relative ease with
which boundary conditions can be altered to further
study these effects.

A more practical limitation of this modeling ap-
proach pertains to the computational effort currently
required for the CFD simulations. In the present
case, approximately 1 week was required to run this
simulation on an economic, single processor desktop
workstation. Moore’s eponymous law alone suggests
that for the same model complexity, execution times will
be down to �1 day within the next 5 years. More sub-
stantial and immediate gains can, however, be achieved
by exploiting parallel processing and more intelligent
“adaptive refinement” finite element meshing tech-
niques that optimize the inherent trade-off between
accuracy and speed of CFD simulations (28).

Implications for Patient Care
Clearly, exploiting improved geometric and biome-

chanical indices to better predict which aneurysms are
at risk of rupture and to understand how and why
aneurysms develop in the first place is of interest.

Local flow dynamics within the aneurysm lumen un-
doubtedly play a role in these processes but likely only
as part of a complex process that includes the me-
chanical and biologic forces within the aneurysm wall
itself. Thus, patient-specific CFD simulations alone
are not likely to have an impact in these areas in the
near future.

A more immediate impact on patient care is likely
to be seen with the exploitation of fluid dynamic
information in the area of endovascular aneurysm
therapy. As noted in the Introduction, the success of
techniques such as coiling and stent placement de-
pends critically on the ability to control the local fluid
dynamic environment. A general understanding of
how such devices alter flow patterns has been gained
mainly through experimental studies (2, 3, 6, 29, 30);
however, CFD studies have recently been attempted
(31, 32). The latter study of a coiled basilar tip aneu-
rysm is of particular interest for its attempt to incor-
porate patient-specific geometry and flow data. Un-
like the present study, however, no attempt was made
to construct a detailed anatomic representation of the
aneurysm and parent vessel geometry. Instead, an
approximate model was constructed from geometric
primitives (ie, a sphere and cylinders) the dimensions
and orientations of which were derived from a pa-
tient’s CT angiogram.

The ability to predict the fluid dynamic forces as-
sociated with a particular intervention could assist
clinical decision making regarding the selection of the
most appropriate treatment strategy and the design
and early testing of novel endovascular devices. To
illustrate this in the context of the present study, we
note that coil compaction was observed for this pa-
tient at a routine 6-month follow-up examination. As
shown in Figure 6, the configuration of the com-
pacted coils was consistent with the predicted trajec-
tory of high speed flow entering the aneurysm and
impacting the coil mass. Although admittedly post

FIG 6. Illustration of a possible relationship between coil com-
paction and computed flow dynamics.

A, Lateral digital subtraction angiogram obtained at 6-month
follow-up examination shows compaction of the coil mass away
from the neck and toward the posterior wall of the aneurysm.

B, High speed flow entering the aneurysm (shown by using a
15 cm/s isovelocity surface from the cycle-averaged velocity
field superimposed on a projection of the aneurysm model ap-
proximately corresponding to that in shown in A) is also directed
toward the posterior wall of the aneurysm.
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hoc speculation, this nevertheless evokes the type of
prospective, patient-specific analysis that could be
validated against clinical outcome and ultimately used
in a predictive manner to improve the outcome of
aneurysm therapies.

Future Directions
Having shown that patient-specific CFD analyses

are possible, the onus is now on researchers to bring
these technologies into a clinical setting. In addition
to the obvious technologic need—namely, more pow-
erful computing—this will require more sophisticated
and automated techniques for converting the image
information into a CFD model and more effective
ways of communicating the complex flow dynamics to
clinicians (33). Minor extensions to routine radiologic
protocols for patients with aneurysms will also be
needed to acquire the patient-specific flow rate infor-
mation (eg, by using MR imaging or Doppler sonog-
raphy) and the higher frame rate cine angiograms
needed to validate the CFD models before their use
in a predictive capacity. Finally, novel CFD modeling
strategies will be required to automatically and effi-
ciently resolve the details of flow around fine devices
such as stents and coils realistically embedded into
patient-specific CFD models of cerebral aneurysms.

Conclusion
This study has presented the first prospective anal-

ysis of patient-specific aneurysm hemodynamics de-
rived from high resolution, in vivo 3D angiography
and CFD. Predicted flow patterns within the aneu-
rysm were highly complex but were consistent with
cine angiography and also with the subsequent com-
paction of coils. Our results illustrate the importance
of anatomic realism in determining the resulting flow
dynamics, and our techniques serve as the first key
step toward incorporating patient-specific fluid dy-
namic information into a clinical setting.

As 3D angiographic techniques become more com-
monly used in the clinic, we can envision the routine
acquisition of sufficiently high resolution angio-
graphic datasets for large scale prospective or even
retrospective studies of aneurysm hemodynamics and
subsequent clinical outcomes. The ability to acquire
high frame rate angiograms during the same clinical
examination provides a unique opportunity to vali-
date the predictive capabilities of these models. With
continuing improvements in automated image analy-
sis tools and computational performance, it will even-
tually be possible to perform these simulations in time
frames suitable for clinical decision making.
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