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Abstract—Local hemodynamics are an important factor in a
erosclerosis, from the development of early lesions, to the
sessment of stroke risk, to determining the ultimate fate o
mature plaque. Until recently, our understanding of arte
fluid dynamics and their relationship to atherosclerosis w
limited by the use of idealized or averaged artery mode
Recent advances in medical imaging, computerized image
cessing, and computational fluid dynamics~CFD! now make it
possible to computationally reconstruct the time-varying, thr
dimensional blood flow patterns in anatomically realistic mo
els. In this paper we review progress, made largely within
last five years, towards the routine use of anatomically reali
CFD models, derived fromin vivo medical imaging, to eluci-
date the role of local hemodynamics in the development
progression of atherosclerosis in large arteries. In addition
describing various image-based CFD studies carried ou
date, we review the medical imaging and image process
techniques available to acquire the necessary geometric
functional boundary conditions. Issues related to accuracy,
cision, and modeling assumptions are also discussed. ©2002
Biomedical Engineering Society.@DOI: 10.1114/1.1467679#

Keywords—Computational fluid dynamics, Hemodynamic
Medical imaging, 3D reconstruction, Finite-element method

INTRODUCTION

Atherosclerosis is the leading cause of mortality a
morbidity in the western world. The observation th
atherosclerotic plaques typically occur at arterial bifurc
tions and bends has led to the now almost unive
acceptance that local hemodynamic factors, in particu
wall shear stresses~WSS!, play a role in the disease’
initiation and, perhaps more importantly, i
progression.50 Despite the fact that three decades ha
passed since the original hemodynamic hypotheses
atherosclerosis were first postulated,7,21 much remains
unclear regarding the relative importance and releva
of the many proposed hemodynamic factors.3,8,21,32,41,44

This is due in part to the fact that studies correlati
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local hemodynamic factors with lesion distributions ha
been, until recently,retrospective,19,20,41necessarily rely-
ing on idealized or averaged hemodynamic models
postmortem measurements of vessel wall pathology.
quired now areprospectivestudies in which local hemo
dynamic and disease indices are measured and dire
correlated in a subject-specific and, ideally, noninvas
manner.

In principle, magnetic resonance and ultrasound i
aging can be used to measure both wall thickness~a
marker for atherosclerotic burden! and blood velocities
~from which WSS can be derived! directly in human
subjects. In practice, however, such an ‘‘imaging onl
approach has been successfully applied only to relativ
straight vessels,24,25,38,39,60owing to the implicit assump-
tion of uniform flow that underlies mostin vivo veloci-
metry techniques. It is in regions of complex flow, how
ever, such as at the carotid bifurcation, whe
atherosclerotic plaques typically develop.

In the last 15 years, computational fluid dynami
~CFD! has proven to be a practical and reliable tool f
studying time-varying, three-dimensional~3D! blood
flow patterns in complex, albeit idealized, arterial geo
etries. Briefly, in CFD modeling, a complex geometry
discretized into a large number of smaller but regu
~typically, tetrahedral or hexahedral! elements. By assum-
ing the shape of the velocity field within these elemen
it is possible to solve the governing Navier–Stokes eq
tions at thenodesconnecting these elements. From th
solution it is straightforward to extract WSS and oth
important hemodynamic quantities. Moreover, in contr
to experimental flow studies, it is trivial to alter mod
parameters such as flow rates, wall properties, etc. T
has made CFD a particularly attractive tool for hemod
namics research. Nevertheless, as noted by Me
et al.,51 ‘‘ [n]umerical simulation of blood flow could be
particularly useful in the elucidation of complex intera
tions between pulsatile flow, plaque and vessel geome
and wall elasticity. The study of such phenomena, ho
ever, will necessarily require that numerical simulatio
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484 DAVID A. STEINMAN
move beyond its experimental model phase and be
incorporating actual clinical data as parameter inpu
for simulation.’’ With the convergence of high-resolutio
medical imaging, sophisticated image processing te
niques and high-performance desktop workstations in
last five years, such image-based CFD studies ofin vivo
hemodynamics are now possible.

In this paper we review the medical imaging a
reconstruction methods used to provide the bound
conditions for the CFD simulation. Selectedin vivo ap-
plications of medical image-based CFD techniques
elucidate the role of local hemodynamics in atherosc
rosis of the large arteries are described. Finally, imp
tant issues related to the assessment of accuracy
precision, and the impact of the assumptions on wh
these model studies are based, are discussed.

METHODS

X-ray Imaging

The first image-based CFD studies of anatomica
realistic arterial geometries were derived from clinic
x-ray angiograms.22,73 In its modern form, x-ray angiog
raphy involves the acquisition of projection images fo
lowing the intra-arterial injection of an iodinated contra
agent, which causes the vessel lumen to be highligh
For cardiac applications, images are typically acquired
high frame rates in order to capture the vessel mot
and contrast agent dynamics. For less dynamic ves
such as the carotid artery, single or multiplane proj
tions are more typically acquired, from which corr
sponding preinjection images are digitally subtracted
remove background bone and tissue, further highlight
the vessel lumen. Figure 1 shows such a digital subt
tion angiogram~DSA!, which in this case was used t
reconstruct atwo-dimensional~2D! model of a carotid
bifurcation.73 Reconstruction ofthree-dimensionalmod-
els requires at least two~ideally orthogonal! projections,
and some assumptions about the shape of the lu
cross sections. Alternatively, recent advances in x-
imaging technology make possible the rapid~4–6 s!
acquisition of multiple~;200! projection images,15 from
which the 3D lumen geometry can be reconstructed
high ~200–400mm isotropic! spatial resolution without
the need fora priori assumptions about lumen shape.

The advantage of x-ray angiography over other me
cal imaging modalities is the superior~and, to date, un-
surpassed! contrast-to-noise ratio, combined with hig
temporal and spatial resolution. The price paid for t
quality is the finite risk associated with catheterizatio
which is in fact greater than the risk associated with
radiation dose itself.5 ~A less invasive alternative is to
inject contrast intravenously, and rapidly acquire the
volume using single or multiple ring helical CT scanne
however, this approach typically produces poorer c
d

.

s

-

n

trast images of the lumen.! As a result, it is difficult to
carry out human studies of early atherosclerosis and lo
hemodynamics using x-ray angiography, since it is ty
cally performed only for patients with known or su
pected vascular disease. Furthermore, DSA alone ca
provide information about the state of the vessel wa
making it impossible to determine the true plaque b
den. Finally, although in principle x-ray imaging can al
be used to measure blood flow ratesin vivo,68 these
techniques remain largely experimental, and thus not
practical for image-based CFD studies.

In spite of these limitations, x-ray imaging is likely t
continue to play an important role in image-based C
studies. No other imaging modalities can yet provide
dynamic information needed to track intravascu
probes~e.g., intravascular ultrasound; see below! or con-
struct realistic models ofin vivo coronary artery dynam-
ics. And, unlike optical sectioning techniques, micro-C
scanners can readily provide high~100–200mm isotro-
pic! resolution images of vascular casts or specimens
a nondestructive manner.53,57

Magnetic Resonance Imaging

Unlike x-ray imaging, magnetic resonance imagi
~MRI! does not require the use of ionizing radiatio
Instead, contrast is achieved by exploiting differences
the magnetic spin relaxation properties of the vario
bodily tissues and fluids. For the purposes of imag
blood vessels, MRI is particularly attractive since t
blood itself can be used as a contrast agent. Signal f

FIGURE 1. „Left … A digital subtraction angiogram used to
construct „right … a two-dimensional model of the carotid bi-
furcation. From Tasciyan et al. „Ref. 73…, with permission.
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485CFD Modeling in Realistic Arterial Geometries
flowing blood can, for example, be enhanced at the
pense of signal from static surrounding tissue, produc
images analogous to x-ray angiograms. Such ‘‘brig
blood’’ MR angiograms do, however, tend to suffer fro
relatively poor signal quality~or lower spatial resolution!
as compared to their x-ray counterparts, and regions
slowly flowing or recirculating blood, such as the caro
bulb, can induce signal loss. This had led to use
intravenous paramagnetic agents~e.g., gadolinium
DTPA! that alter the relaxation characteristics of bloo
providing a more flow independent method of contra
Such contrast-enhancedMR angiography~ceMRA! is
becoming a viable alternative to x-ray angiography
noncardiac vessels, and recent work suggests that is
pic resolutions of 600mm may soon be achievable i
scan times of 1–2 min.67 The negligible risk associate
with the use of MR contrast agents makes it easier
justify their use in asymptomatic patients and norm
volunteers, which helps explain the popularity of ceMR
as a source of high-quality geometric data for imag
based CFD studies of large arte
hemodynamics.46,47,49,74,81,85,87

An alternative to conventional angiography, whic
provides information only about the lumen boundary,
‘‘black blood’’ MRI—so named because the signal fro
flowing blood is suppressed rather than enhanced.
demonstrated in Fig. 2, this allows both the inner a
outer boundaries of the vessel wall to be imaged
relatively high resolutions~;300 mm in plane, 1.5–2
mm slice thickness!, from which both lumen geometry
and vessel wall thickness can be determined in a no
vasive manner. We have recently demonstrated the us
such black blood MRI for reconstructing maps of wa
thickness and shear stresses in a subject-spe

FIGURE 2. Cropped black blood MR images showing semi-
automatically segmented inner and outer boundary con-
tours, from selected locations along the carotid bifurcation.
Such contours from the full series of È30 images were used
to reconstruct the lumen and wall geometries for the model
shown in Fig. 9. From Steinman et al. „Ref. 72…, with permis-
sion.
f

-

-
f

c

manner,72 highlighting the potentially broad applicability
of these techniques for longitudinal studies of atherosc
rosis development in humans. Black blood MRI is,
course, not without its limitations, the most notable bei
the potential for plaque mimicking slow flow artifacts
which can be minimized, but not always eliminate
through judicious selection of imaging parameters.70 Due
to the presence of periadventitial tissue, we have a
found that it is often difficult to achieve adequate co
trast at the outer boundary of the vessel wall, whi
degrades the reliability of wall thicknes
measurements.43 Although not yet exploited in the con
text of image-based CFD studies, recent work sugge
that wall boundaries can be enhanced through the us
MR contrast agents, whose dynamics may also prov
important information about vascular wall pathology.1

In addition to its abilities to define the vessel lume
and wall, MRI is perhaps the most powerful techniq
available for imaging blood velocitiesin vivo. Phase con-
trast MRI ~PC-MRI!—so named because the velocity
encoded into the phase of the complex MRI signal—c
be used to provide 2D or, less commonly, 3Dimagesof
one or more velocity components in a time-resolved,
not real-time, manner. We have demonstrated that
MRI can accurately measure time-varying velocities u
der uniform flow conditions;18 however, in the presenc
of complex flow patterns, such as at the carotid bifurc
tion, velocity images~and hence velocity accuracy! can
be distorted by a number of artifacts.69 As a result, PC-
MRI is most commonly used in image-based CFD a
plications for providing flow rate wave forms at the rel
tively straight inlet and outlet segments of compl
vessel geometries. Flow rates are obtained by integra
the velocities over the user- or computer-identified
men, and used to impose fully developed~i.e., Womers-
ley! velocity boundary conditions at the model inle
and, optionally, outlets.52 The PC-MRI velocities them-
selves may be applied directly to the CFD model
interpolating the image grid onto the inlet nodes,46 but
this requires more sophisticated postprocessing te
niques and higher-quality PC-MRI images at the furth
expense of scan time.

For the purposes of CFD modeling in distensible ve
sels, PC-MRI may also be used to estimate the subj
specific pressure wave form and elastic modulus. As
cently noted by Cebral and co-workers,11,12 instantaneous
flow rates measured along the length of the carotid
furcation by PC-MRI may not necessarily be the sam
owing to the attenuation and shift of the pressure a
flow rate wave forms induced by the compliance of t
vessel. This observation led them to estimate the pres
drop between the inlet and outlet of the model using
one-dimensional~1D! lumped parameter model and a
assumed value for the elastic modulus. By fixing t
inlet flow rate and inlet/outlet pressure drop wave fo
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486 DAVID A. STEINMAN
in a subsequent 3D CFD simulation, they were able
‘‘tune’’ the elasticity modulus to produce the best mat
between the computed and measured outlet flow rate

Ultrasound Imaging

Of all vascular imaging technologies, ultrasound
perhaps the most widely available, owing to the re
tively low cost of ultrasound scanners. An ultrasou
image is formed by transmitting a high-frequency~1–10
MHz! beam into the body, and collecting and analyzi
the returned echoes to produce an image whose inten
is related to the echogenicity of the tissue and tis
interfaces. Because image quality in ultrasound is de
mined largely by the proximity of the transducer to t
tissue of interest, ultrasound imaging is typically limite
to superficial vessels such as the carotid and fem
arteries.

Ultrasound imaging of vascular anatomy, though co
monly used in the clinic, has yet to play a significant ro
in image-based CFD analysis. This is because the
ultrasound images, unlike MRI or x-ray images, are
quired manually without reference to a fixed coordina
system, making it difficult to reconstruct a series of the
in 3D. By sweeping an electronically tracked ultrasou
transducer along the length of the vessel either manu
or mechanically, however, one can construct 3D ult
sound images with high (0.230.230.6 mm3) effective
spatial resolution in less than 10 s.16 Although we have
shown that it is possible to reconstruct lumen geome
directly from such 3D ultrasound data,23 the overall im-
age quality does not yet appear sufficient—especially
comparison to MRI—for the purposes of reliable CF
calculations. With new ‘‘compound’’ ultrasound imagin
techniques,35 however, we have begun to see improv
ments in the quality of 3D ultrasound images that m
eventually render them useful for image-based C
analysis.

In contrast to conventionalextravascularultrasound,
intravascularultrasound~IVUS! has played a significan
role in several image-based CFD modeli
studies.13,34,40,45,83 As illustrated in Fig. 3, a high-
resolution IVUS transducer is introduced via cathe
into the artery where, owing to its proximity, it ca
acquire detailed images of the vessel wall structu
X-ray angiography is used to guide the placement of
transducer, and also to orient the~2D! ultrasound imag-
ing planes for the 3D reconstruction of the inner a
outer boundaries of the vessel. As these are highly in
sive procedures, IVUS-based CFD modeling studies h
been limited to animal models, or to patients alrea
referred for cardiac catheterization. Although this na
rally precludes the study of early atherosclerosis in o
erwise healthy subjects, IVUS will continue to play a
important role in thein vivo study of the otherwise in-
y

l

accessible coronary arteries. Furthermore, IVUS rema
the most sensitive of all imaging techniques for the pu
poses of simultaneously reconstructing local hemod
namics and vascular wall pathologyin vivo.

As with MRI, ultrasound may also be used to measu
blood velocitiesin vivo. Unlike PC-MRI, which provides
spatially resolved velocity maps at the expense of te
poral resolution, Doppler ultrasound is typically used
provide real-time measurements of the velocities at
nominal centerline of the vessel, from which the me
velocity and, given the vessel radius, flow rate, can
calculated assuming a fully developed velocity profile29

Alternatively, the velocities at a series of points along
vessel radius can be measured, from which a more
fined estimate of the flow rate can be obtained by
suming axisymmetry of the velocity profile.45 Either way,
however, these assumptions limit the application of Do
pler ultrasound in image-based CFD analysis to estim
ing flow in relatively straight inlet sections where un
form flow patterns can reasonably be expected.

Ultrasound may also be used to estimate the regio
mechanical properties of the vessel wall, as demonstra
by Voneshet al.79 In this case IVUS was used to recon
struct a 3D model of a tissue specimen, which was s
jected to finite-element structural analysis. By loadin
both the model and real specimen with the same pr
sures, the regional tissue properties could be tuned
minimize differences between the computed and IVU
measured wall displacements.

Finally, as demonstrated by Zhao and co-workers85,87

in CFD studies of realistically distensible carotid bifu
cation models, a number of different ultrasound tec
niques can be used together to provide the necessa
boundary conditions in a noninvasive and subje
specific manner. In this case inlet and outlet flow ra
wave forms were measured using Doppler ultrasou
The inlet pressure wave form was measured by placin

FIGURE 3. „A… IVUS images acquired along the segment of
right coronary artery shown „with catheter … in an angio-
graphic view, from which „B… local hemodynamics and „C…

wall thickness were reconstructed. From van Langenhove
et al. „Ref. 78…, with permission.
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487CFD Modeling in Realistic Arterial Geometries
high-fidelity external pressure transducer above the p
sating carotid artery. Intima–media thickness measu
from B-mode images was used to estimate the w
thickness at two locations along the common caro
artery, and one location in each of the branches.
determine wall mechanical properties, an approach s
lar to that of Voneshet al.79 was employed. The mea
sured diameter and wall thickness were used to const
a tubular model of the common carotid artery, which w
loaded with the measured pressure wave form, and t
deformed using finite-element structural analysis. T
wall elasticity was then tuned to match the compu
displacements against previously acquired M-mo
ultrasound measurements of the carotid artery w
displacements.

Reconstruction of 3D Vessel Geometry

The typical steps involved in the construction of a 3
CFD model from serial medical images are shown
Fig. 4. Given a series of 2D cross-sectional images of
vessel, the most obvious method of reconstruction is
outline, either manually or with computer assistance,
boundaries of the lumen—and, if available, the ou
wall—to produce a skeleton of the vessel. Many tec
niques are then available for converting this series
profiles into a 3D surface model. For straight or curv
vessels without branches, such as coronary artery
ments, it is straightforward to connect correspond
points around the circumference of the vessel, us
splines or filtering techniques to achieve a desired le

FIGURE 4. Summary of typical steps required for the con-
struction of a finite-element mesh from serial images. From
Moore et al. „Ref. 55….
t

-

of smoothing.40 For bifurcating or branching vessels on
may use the above-described approach to recons
each branch separately, and then merge them using s
modeling operations.17

With the increasing availability of high-resolution, 3D
image data of complex, branching vascular structures
becomes impractical to outline what may amount to hu
dreds of individual vessel contours. Instead, more sop
ticated image processing techniques must be emplo
One approach, presented by Wanget al.,81 is to extract
from the 3D image volume individual 2D images distri
uted along and oriented normal to the centerlines
vessels of interest~as identified by an operator!. These
2D images may then be processed as described abov
conventional serial images.

An alternative approach is to operate on the 3D ima
volume directly, by extending 2D contour detection a
gorithms to 3D. Towards this end we have develope
3D discrete dynamic contour~DDC! for identifying the
vessel lumen from a stack of serial black blood M
images42 and 3D ultrasound volumes.23 Analogous to
inflating a balloon inside the 3D images, an opera
merely places within the lumen a triangulated sphe
which is then driven towards the lumen boundarie
where it is refined via the same internal and image-ba
forces used for the 2D DDC upon which it was based43

Figure 5 illustrates the key advantage of this novel a
proach; namely, its ability to ‘‘seep’’ into branches with
out operator intervention. This is not without its disa
vantages, most notably the difficulty in avoiding sid
branches that may not be of interest. In the absence
robust 3D editing tools, a reasonable compromise is
fered by Yim et al.,84 who used 3D tubular deformabl
models to produce a smoothed, triangulated surface
each vessel branch of interest. These discrete, trian
lated surfaces were then merged in a manner analog
to the Boolean merging of continuous, solid models.10

FIGURE 5. Stages in the 3D discrete dynamic contour seg-
mentation of a carotid bifurcation from black blood MR im-
ages. Note the ability to naturally seep into vessel branches.
From Ladak et al. „Ref. 42…, with permission.
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488 DAVID A. STEINMAN
Volume Mesh Generation

The final but key step in the vessel reconstruct
process is the discretization of the complex model i
finite elements or volumes, whose size and distribut
largely govern the accuracy of the computed veloc
field: smaller elements must be used to resolve the m
complex flow regions, but the computational requir
ments scale with the number of elements used. Thu
nontrivial balance must be struck between solution ac
racy and computational effort.

For simple geometries that are topologically equiv
lent to a straight tube, such as coronary artery segme
meshing is fairly straightforward and can be easily au
mated by dividing the tube-like structure into a fixe
number of points around the circumference and along
tube axis.40 Suchstructuredmeshes may also be gene
ated for bifurcating geometries, though considera
more effort is required to ensure the quality of t
elements.48 More popular areunstructured meshes in
which arbitrary distributions of tetrahedral, hexahedr
or prismatic elements are generating using a variety
sophisticated algorithms.77 The advantage of this ap
proach is that meshes can be readily generated for a
trarily complex geometries using widely available me
generation tools. Still, these approaches typically rely
the user to identify regions where increased mesh den
may be required to adequately resolve the velocity fie

An alternative approach is to useadaptive refinement,
in which the computed velocity field itself is used
guide the placement of the finite elements. As presen
by Prakash and Ethier65 for a realistic coronary artery
model, the velocity field is first computed using a re
tively coarse, uniform mesh. The local solution error
then estimated and used to guide the automatic subd
sion of elements only where the predicted error
greatest.64 Iteration of this procedure results in a volum
mesh that is highly resolved only where it is neede
thus maximizing the solution accuracy while minimizin
the computational effort. To date, however, adapt
refinement techniques have only been developed
use with steady flows, though such adapted meshes
of course be used subsequently for pulsatile fl
simulations.

APPLICATIONS

One of the first applications of image-based CFD w
to study the relationship between WSS and atheroscl
sis progression.22 In this case a group of patients wa
followed for three years via cine angiography of the
coronary arteries. The vessel centerlines and bounda
were identified from the angiographic projection imag
in a semiautomated manner and, assuming circular c
sections, used to reconstruct 2D axisymmetric CFD m
,

-

-

y

-

s

s

els of the coronary segments. The same steady flow
was assumed for all vessels. For each of the 20 segm
studied, the change in vessel diameter over time w
compared against the corresponding WSS computed
the base-line geometry, at an average of 70 locati
along the length of the vessel. A statistically significa
inverse relationship between these variables was
served in 15 of the 20 segments, providing some of
first direct in vivo evidence that low WSS promotes th
progression of atherosclerotic lesions.

Several years later, Kramset al.40 applied the angiog-
raphy and ultrasound~ANGUS! approach to quantify
wall thickness and WSS in a 3D model of a hum
coronary segment derived from a clinical angiograp
image taken at end diastole. Uniform steady inflow v
locities were assumed. A representative circumferen
distribution of wall thickness and WSS values was o
tained by averaging the respective values along the v
sel length. Maximal and minimal WSS were found
occur on the outer and inner walls, respectively, as
pected. When compared to the circumferential distrib
tion of wall thickness, a statistically significant invers
relationship was found, consistent with the low she
hypothesis of atherosclerosis.

A number of applied studies using this ANGUS a
proach have since been carried out to elucidate the
of WSS in cardiac interventional procedures. In
follow-up study of a patient who had undergone cor
nary stenting, van Langenhoveet al.78 observed helical
flow and low WSS at a site upstream of the stent wh
local wall thickening was also observed~see Fig. 3!.
Conversely, the presence of only mild neointimal hyp
plasia at the stented site was attributed to the relativ
undisturbed flow and higher WSS seen at this locati
The relationship between stent restenosis and WSS
further examined by Wentzelet al.83 in a study of 14
patients. WSS was computed in 3D~steady flow! models
reconstructed from the IVUS images, while the thickne
of the neointima in the stented region was inferred
measuring the distance between the lumen surface
stent contours from the IVUS images. As Fig. 6 illu

FIGURE 6. Maps of neointimal thickness „left … and wall shear
stress „right … from a stented human coronary artery segment
demonstrate a clear inverse relationship. From Wentzel et al.
„Ref. 83…, with permission.
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489CFD Modeling in Realistic Arterial Geometries
trates, a significant inverse relationship between W
and neointimal thickness was observed, suggesting
important role that local hemodynamics may play in t
success or failure of interventional procedures. Most
cently, Wentzelet al.82 demonstrated how image-base
CFD techniques may be used to elucidate the mec
nisms by which both fluid and wall stresses participate
the vascular remodeling process. In this case 12 p
were imaged using ANGUS both before and six wee
after percutaneous transluminal angioplasty~PTA! of the
external iliac artery. Half of the pigs were given Batim
astat@a matrix metalloproteinase~MMP! inhibitor previ-
ously demonstrated to help modulate vascular remo
ing# while the other half served as a control group. F
the control group both WSS and wall stress~as inferred
from Laplace’s formula! normalized to their respectiv
values at a reference segment of the vessel after
weeks, while in the Batimastat group only the WS
normalized. This study concluded that vascular remod
ing after PTA is controlled by both WSS and wall stres
but that MMP inhibition inhibits the wall stress contro
system.

To date most IVUS-based CFD studies of corona
artery hemodynamics have assumed steady flow, with
implicit assumption that these models provide a faith
representation of the time-averaged hemodynamics
more detailed image-based CFD study of pulsatile co
nary artery hemodynamics was recently carried out
Myers et al.57 in a model of the human right coronar
artery reconstructed from high-resolution CT images o
flow-through acrylic model previously constructed fro
a cast of a specimen. The key finding of this study~as
illustrated in Fig. 7! was that relatively small amounts o
out-of-plane curvature had a dramatic effect on the sk
ing of the axial velocity profiles and orientation of th
secondary flow vortices along the length of the vess
This was manifested as a marked variability in the o
entation of low and high WSS regions away from th
nominal locations along the inner and outer curves of
vessel. Interestingly, the time-averaged WSS beha

FIGURE 7. Steady flow velocity profiles and secondary flow
patterns demonstrating the complex rotation of the velocity
field induced by secondary geometric effects. From Myers
et al. „Ref. 57….
-

-

from both sinusoidal and physiologically pulsatile flo
studies was similar to that from a corresponding stea
flow study, supporting the use of steady flow models
the purposes of inferring time-averaged behavior. T
study and others34,36 highlight the sensitivity of coronary
artery blood flow patterns to local geometric feature
and also underline the importance of subject-specific
ometry when trying to draw conclusions about the loc
ization of atherosclerotic lesions from individual vesse

In the area of atherosclerosis research, the car
bifurcation is perhaps the most widely studied blo
vessel. Aside from its obvious clinical importance
relation to stroke, the relatively large size and superfic
location of the carotid arteries provide an ideal windo
for external ultrasound transducers and MRI surfa
coils, whose proximity to the vessel of interest large
determines the quality of the resulting images. This no
invasive window makes the carotid bifurcation an ide
target for image-based CFD techniques since, unlike
coronary artery, it allows for the study of normal volun
teers or asymptomatic patients, and thus atheroscler
even at its early stages.

We presented one of the first studies of norm
subject-specific carotid bifurcation hemodynamics,52 us-
ing black blood and cine phase contrast MRI to reco
struct 3D lumen geometries and time-varying inlet a
outlet flow. Maps of a variety of WSS indices showe
obvious qualitative differences in patterns between
two subjects studied; however, as Fig. 8 demonstra
more pronounced differences were observed between
in vivo models and an idealized normal carotid bifurc
tion model. Secondary helical flow patterns were fou
to play a key role in determining the resulting WS
patterns, while the use of the subject-specific flow r
wave form was found to have a minor but noticeab
effect on the WSS patterns. This study clearly demo
strated how averaged or idealized carotid bifurcat
models can mask interesting hemodynamic features
may be of importance in understanding the localizat
of individual lesions.

Refinement of our black blood imaging and ima
analysis techniques42,43,76 has since made it possible t
simultaneously reconstruct 3D maps of both WSSand
wall thickness in a subject-specific manner. Applicati
of this approach to a patient with early atherosclero
and a normal volunteer showed a qualitative associa
between increased wall thickness at the carotid bulb
low and oscillating shear~Fig. 9!.72 When pooling data
from all points on the surface, however, no statistica
significant relationship between mean or oscillating sh
and wall thickness could be found. Although it is po
sible that no such simple relationship exists, it is a
possible that the inability to resolve intimal thickne
itself, or other possible sources of inaccuracy or imp
cision, may have masked such a relationship. Never
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490 DAVID A. STEINMAN
less, this black blood MRI-based approach is curren
the sole alternative for studying the relationship betwe
local hemodynamics and vascular disease in a prosp
tive and noninvasive manner.

In the interest of simplicity, to date our CFD analys
have been confined to rigid walled vessels, based on
assumption that wall distensibility has only a minor e

FIGURE 8. Magnitude of time-averaged normalized wall
shear stress in normal human and idealized carotid bifurca-
tion models. Note the subject-specific nature of the wall
shear stress patterns, as well as the marked differences as
compared to the idealized model. From Milner et al. „Ref. 52…,
with permission.

FIGURE 9. Increased wall thickness „left … at the carotid bulb
of a patient with early atherosclerosis is shown to be asso-
ciated with low mean „middle … and high oscillating „right …
wall shear stress. From Steinman et al. „Ref. 72…, with per-
mission.
-

fect on the distribution of WSS ~see the Discussion!.
Recent work by Zhaoet al.87 has demonstrated the fea
sibility of carrying out detailed fluid-structure interactio
modeling studies of realistic carotid bifurcation. As d
scribed above in the Methods, a novel feature of t
work is the use of various ultrasound imaging techniqu
to provide branch flow rates, local wall thickness, a
wall elastic modulus in a subject-specific manner.~The
nominal lumen geometry must still be derived usi
contrast-enhanced MRA; however, this group is curren
investigating the use of 3D ultrasound to provide t
lumen geometry.2! Application of these techniques to fiv
normal subjects showed significant intersubject variatio
in the magnitude and distribution of WSS and mecha
cal stress.85 More significant was the finding that region
of low WSS and high mechanical stresses tended
overlap at sites where plaques are known to typica
occur ~Fig. 10!, providing preliminary, albeit circumstan
tial, evidence for the combined role that forces atand
within the wall may play a role in atherogenesis.

Further evidence for the interaction between fluid a
wall mechanical forces was provided by Liuet al.,45 who
carried out pulsatile flow simulations in models of c
rotid and femoral artery segments reconstructed fr
IVUS imaging of Yucatan miniswine. Rather than a
tempt to model the wall motion directly, in which cas
as shown above, the individual wall properties should
measured, IVUS was used to acquire the vessel geom
at different times during the cardiac cycle. The resulti
3D reconstructions were then used to drive a movin
boundary CFD simulation of the pulsatile hemodyna
ics. The time-varying inlet velocity profiles were pre
scribed based on Doppler ultrasound measurements f
four locations along a vessel diameter. The key find
from this study was that the phase angle between

FIGURE 10. Maps of „left … time-averaged wall shear stress
and „right … principal wall stresses from a coupled fluid-
structure interaction model of a human carotid bifurcation.
From Zhao et al. „Ref. 87…, with permission.
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491CFD Modeling in Realistic Arterial Geometries
computed WSS and the measured hoop strain~i.e., di-
ameter change! was strongly affected by local changes
geometry, providing further direct evidence that a co
plex coupling of fluid and mechanical forces may
important in the development of atherosclerosis.

DISCUSSION

Accuracy

A number of studies have attempted to demonstr
the accuracy of computed hemodynamics in anatomic
realistic arteries. Perktoldet al.62 constructed physica
and numerical models from the same cast of a hum
left coronary artery branch. Physiologically pulsat
axial velocities were measured at selected locations u
laser-Doppler anemometry. The same flow conditio
were imposed on the 3D CFD model, and generally go
agreement between the corresponding velocity profi
was observed. In a similar study, Botnaret al.6 con-
structed physical and experimental models of a hum
carotid artery bifurcation specimen. In this case, tim
resolved 2D PC-MRI was used to measure both a
and secondary velocities. Very good qualitative agr
ment was observed between the experimental and
merical velocities, with quantitative differences of le
than 10% for axial peak flow velocities. Some disagre
ment was seen in the size and shape of the secon
vortices, but circumferential velocities were within th
same overall range. More recently, Myerset al.57 ob-
served good qualitative agreement between WSS c
puted in a model of a right coronary artery, and WS
measured in a matching acrylic cast using photochro
dye tracer techniques.

These studies provide compelling evidence that C
can reliably model flow in complex, realistic artery g
ometries. Alone, however, they are not sufficient for d
termining whether a reconstructed model is faithfu
reproducing thein vivo hemodynamic environment. Suc
direct validation of computationally reconstructed loc
hemodynamics is difficult in the absence of a go
standard technique for measuring velocitiesin vivo
~which, if it existed, would of course obviate the ne
for computational reconstructions!. PC-MRI offers the
greatest promise as anin vivo gold standard, but still
suffers from a number of artifacts that become mo
apparent in the context of physiologically pulsatile a
complex flow. Nevertheless, we72 and others46,47 have
reported generally good qualitative agreement betw
computed and PC-MRI imagedin vivo velocity patterns,
providing comforting but inconclusive evidence th
image-based CFD models are physiologically faithful.
the accuracy of PC-MRI is practically—but no
fundamentally—limited, further improvements in MR
hardware and software may eventually render PC-MR
viable gold standard forin vivo velocimetry.
-

y

-

In the similar absence of a gold standard for hig
resolution imaging of lumen geometryin vivo, it is also
difficult to assess the accuracy of the reconstructed
ometries. Mooreet al.53 compared lumen geometries re
constructed fromin vivo ceMRA imaging of six rabbit
aortoiliac bifurcations against those reconstructed fr
CT imaging of casts or specimens of the same vess
The process of pressure fixing or casting was found
induce alterations in vessel paths and bifurcation ang
but ceMRA-based models tended to underpredict ao
dimensions immediately proximal to the bifurcatio
These geometric differences led to marked difference
computed WSS and flow separation patterns at the h
of the bifurcation, amounting to 15%–35% differences
mean WSS. In a related study, Mooreet al.55 recon-
structed models of a mathematically defined, idealiz
normal carotid bifurcation from MR imaging of a
acrylic flow-through model of the known geometry fille
with static fluid. Geometric errors were found to be le
than 150mm, within the specified precision of the acryli
model itself. WSS values computed in the reconstruc
models agreed to within less than 15%, providing
lower bound for the accuracy with which WSS can
reconstructed from image-based CFD models.

Another potential source of error in image-based C
has little to do with the quality of the images or reco
structions themselves: the resolution of the finite-elem
mesh. Normally, a mesh is considered sufficiently
solved when a doubling of the element size~or, more
commonly but less satisfactorily, the number of e
ments! induces little change in the computed veloci
field. As Prakash and Ethier65 recently demonstrated
through the use of adaptively refined meshes, extrem
fine local mesh densities are required to resolve W
~i.e., the gradient of the velocity field! to within 10%.
Although this suggests that virtually all image-bas
CFD studies to date are under-resolved in terms
element density, the authors did note that W
patternswere reliably predicted even at the lower me
resolutions.

In summary, it is important to retain some perspect
regarding the significance of absolute errors in WS
whatever the source, given the many assumptions
trade offs involved in image-based CFD analysis~see
below!. As proposed by Mooreet al.,53 errors in WSS
should be considered significant only if they would ‘‘lea
to different conclusions regarding the likely cause
location of vascular disease.’’ Given the inability to r
solve these models down to the level of endothelial c
morphology, it is reasonable to consider current ima
based CFD models wholly satisfactory if they can p
dict WSS patterns, rather than absolute WSSvalues,
faithfully.
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492 DAVID A. STEINMAN
Reproducbility and Precision

Many questions can be asked whose answers de
mine the precision with which image-based CFD mod
can be reconstructed from a set of medical images. H
noisy are the source images? How reliably can an op
tor extract the wall boundaries? How reliably can a 3
model be reconstructed from the extracted wall bou
aries? Does repeated imaging of the same subject lea
the same results? Answers to these questions deter
whether local differences in computed WSS patterns
changes over time as detected by longitudinal studie
hemodynamics and vascular disease, are real or m
artifacts of the reconstruction process. In the context
our black blood MRI-based CFD techniques, we are n
attempting to answer some of these important questio

To determine the precision with which a given ope
tor can extract the inner and outer wall boundaries fr
black blood MRI images, four operators were asked
segment 12 different images three times each, using b
manual and computer-assisted techniques. After divid
each boundary into eight equal sectors, the precis
with which local radius and wall thickness were repr
duced by the operators was determined using analys
variance ~ANOVA ! techniques. As detailed in Lada
et al.,43 we found that lumen boundary and wall thic
ness could be reproduced to within approximately 1
mm, and that interoperator variability was only slight
higher than intraoperator variability. From this sam
analysis, it was also possible to estimate the minim
changes in these variables that could be significa
detected in a longitudinal study. We later used the res
of this study to show that the semiautomated segme
tion allowed us to degrade the subjective image qua
~by increasing spatial resolution at the expense of
duced signal-to-noise ratios! without substantially affect-
ing precision.76

More recently, we have begun to address the issu
intrasubject variability by repeatedly imaging the sam
patients at weekly intervals, in which case any diffe
ences in reconstructed hemodynamics and wall thickn
may be attributed to reconstruction variability. Prelim
nary ~unpublished! results from this work suggest tha
the 3D lumen geometry may be reproduced to with
less than 300mm, while time-averaged WSS values a
precise to within less than 4 dyn/cm2. Moreover, mean
and oscillatory WSSpatterns appear to be consisten
among the repeated reconstructions. This provides
most direct evidence to date for the sensitivity w
which we will be able to detect changes in geometric a
hemodynamic variables in longitudinal studies.

The precision of the reconstructed model is a
strongly influenced by the level of smoothing used. T
much smoothing may mask genuine arterial morpholo
while too little smoothing can preserve spurious, sma
-

-

o
e

f
e

.

f

-

f

s

scale variations in the lumen geometry induced by
imaging, segmentation, and/or reconstruction. The n
for some smoothing was demonstrated by Mooreet al.54

using a straight tube model reconstructed from MR a
giography. Without smoothing, spurious errors in WS
were 30%–40% of the nominal value; with smoothin
these errors were reduced to less than 10%. In a su
quent study of a bypass graft specimen imaged us
high-resolution CT,56 the removal of small-scale geome
ric features was found not to significantly change t
flow and WSS distributions. As demonstrated by Lo
et al.,48 smoothing is also important for models reco
structed from serial 2D imaging, owing to the real po
sibility of subject and, in the absence of gating, ves
motion between slice acquisitions.

Finally, an important source of variability rarely con
sidered is that associated with normal physiological flu
tuations, which can range from normal cycle-to-cyc
variations in heart and flow rates, to acute changes
cardiac output~e.g., rest versus exercise! and posture
~e.g., sitting versus supine!. It is of interest to note that
for practical reasons related to scanner geometry,
majority of images used for image-based CFD stud
are acquired with the subject resting in a supine positi
The flexibility and temporal resolution of Doppler ultra
sound provides perhaps the best means of acquiring
for CFD studies of these various physiological states,
order to help establish the normal variability of the CF
boundary conditions and, more importantly, their effe
on the variability of the computed local hemodynamic
Open bore MRI scanners can also provide such inform
tion, but they continue to be relatively scarce.

Modeling Assumptions

Viscosity.In a study of flow in a realistic carotid bifur
cation model, Perktold and Hofer61 reported slightly
higher WSS values using a non-Newtonian versus Ne
tonian viscosity model. However, overall WSS patter
were preserved, which is largely consistent with previo
reports in idealized models.

Distensibility.In their recent study of a distensible hu
man carotid bifurcation model, Zhaoet al.87 observed a
general reduction in the magnitude of WSS, but the g
bal characteristics of the flow and stress patterns
mained unchanged. This was attributed to the fact t
the global pressure derives the wall motion, while flo
related local pressure gradients had only a minor in
ence. These findings are consistent with results from
CFD study of pulsatile flow in compliant and rigid mod
els of a carotid bifurcation cast.37 As suggested by
Cebral,11 however, distensibility may have a more sub
effect on image-based CFD modeling of healthy arteri
By inducing measurable changes in the dynamics of
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493CFD Modeling in Realistic Arterial Geometries
flow rate wave forms over the length of the vessel, w
distensibility can produce apparent mismatches in
inlet and outlet flow rate boundary conditions that c
only be reconciled with a distensible CFD model. F
imaging older subjects or patients with vascular disea
however, this effect is likely minimal owing to increase
vessel stiffness. On a related note, most large arteries
tethered to surrounding tissue, in which case the effec
bulk motion is likely to be even less than that associa
with distensibility. For coronary arteries, however, t
situation is almost certainly reversed. Given the dem
strated sensitivity of WSS distributions to local curvatu
in coronary artery models, it is very possible that fixe
rigid models of the coronary arteries do not reprodu
the true intracoronary blood flow patterns. It remains
be seen, however, whether these effects are ‘‘hemo
namically significant.’’

Side Branches.In most image-based CFD studies, sm
side branches arising from the vessel~s! of interest are
ignored, largely because they are often difficult to
solve usingin vivo imaging techniques, especially if the
are oriented parallel to the~often thick! imaging slice
planes. A number of recent studies have, however, sh
that these small branches have only a relatively mi
effect on the local hemodynamics elsewhere.14,58,86 As
image-based CFD models become more sophistica
and begin to include such branches, it will not be pra
tical to individually measure the flow rates~and pres-
sures! at each branch for the purposes of establish
physiological boundary conditions. Instead, techniqu
for computing the boundary conditions based on mod
of the vascular resistance will become increasin
important.59

Flow Conditions.Although it is obvious that steady flow
CFD models are not capable of reproducing the comp
time-varyingbehavior of physiological flow patterns, re
cent studies45,57 have shown that they do provide a re
sonable approximation to thetime-averagedWSS behav-
ior. Furthermore, both studies demonstrated that
shape of the inlet velocity profile~i.e., uniform versus
fully developed versus realistic! has little effect on
downstream flow patterns beyond a relatively short
trance length. Both studies concluded that geometr
factors drive the flow, further evidence that efforts
improve the quality of image-based CFD should foc
primarily on geometric fidelity. Having said this, it i
important to remember that the effects of inlet veloc
profile and flow wave-form shape are strongly influenc
by the Reynolds and Womersley numbers associated
the vessel of interest. For example, we52 noted secondary
but non-negligible effects on mean WSS patterns a
carotid bifurcation after altering the shape of the phy
ological flow wave form. This may be a reflection of th
,

e

-

,

l

fact that Womersley numbers at the carotid bifurcati
~;5! are higher than those in the coronary arte
segments~;2! where flow effects were found to b
negligible.

Practical Limitations

The most obvious practical limitation associated w
image-based CFD analysis is the significant amount
computational effort required to execute a single mod
When Taylor et al.75 published one of the first image
based CFD studies, of an abdominal aorta model co
posed of ;300,000 linear tetrahedral finite element
they reported an execution time of 10 h per cardiac cy
on an eight-processor SGI workstation. More recen
Cebral ~personal communication! has reported execution
times of approximately 4 h per cardiac cycle on a four
processor SGI workstation for a;1,000,000 elemen
model. Our own studies are currently carried out
relatively inexpensive, single processor 1 GHz Penti
III workstations, with execution times for equivalentl
resolved models of 16–24 CPU hours per cardiac cy
Given the seeming inevitability of Moore’s law alone
we may anticipate an order of magnitude increase
execution time over the next five years. Coupled to C
software and operating systems that can readily take
vantage of multiple processors, it is likely that we
resolved CFD studies will be executed on small clust
of cheap desktop workstations in minutes rather th
hours.

Although computational effort may ultimately dete
mine the time between acquisition and results, the r
effort involved in image-based CFD modeling occu
well before the CFD simulation is initiated. Convertin
image data into the necessary CFD boundary conditi
typically requires specialized software, experienced
erators, and hours of manpower. A number of opera
dependent decisions must typically be made during
reconstruction process, which increases the likelihood
bias and imprecision. It is, however, difficult to full
automate this process, given the different imaging m
dalities, varying vessel geometries, and especially
varying quality of source images. Instead, robust a
user-friendly techniques that can help an operator tur
set of medical images into a CFD input file in a matt
of minutes are required. Tools developed by Taylor a
co-workers74,81 for the purposes of computer-assiste
planning of vascular surgery offer a glimpse into t
future of routine image-based CFD analysis.

Future Directions

In the past five years, image-based CFD modeling
moved from the qualitative to the quantitative, and
now beginning to gain acceptance for the purposes
basic and applied vascular research. With the grow



nd
nvi
and
er

on,
n o

o-
als
ng.
he
y
nd
of

ed
he
cts
pin
ur-
lly,
d
al-

ch

ms
n-

ent
ay

cle-
at
rly
ing
tic

nt-
on-
p
my

al
re
di-
l-
by

-
cal

art

rch

i,

d
n
the

io-

ear
P-1
nd

ly-
a-

nd.
res.

K.
ar-

la-

ro-
ion,
nism

sal
gen-

mu-
sm
on-
nd

rg-
g.

he
o-

nd
ics
og-

B.
of

es.

nd
ne

se

494 DAVID A. STEINMAN
body of knowledge related to the cellular, molecular, a
genetic responses to hemodynamic factors, we can e
sion a closer coupling between image-based CFD
biological models for the purposes of predicting—rath
than merely confirming—the development, progressi
and, perhaps, even therapeutically induced regressio
atherosclerosis in individual vessels.

As high-resolution medical imaging and image pr
cessing techniques become more robust, we can
anticipate clinical applications of image-based modeli
This is perhaps most straightforwardly illustrated by t
‘‘predictive medicine’’ techniques being developed b
Taylor et al.74 to assist vascular surgeons in planning a
predicting, in a patient-specific manner, the outcome
different treatment strategies. Similarly, Guadagniet al.28

and Cebralet al.9 have proposed the use of MRI-bas
CFD models for evaluating different strategies for t
surgical repair of, respectively, congenital heart defe
and cerebral aneurysms. We have also begun develo
x-ray angiography-based CFD techniques for the p
poses of understanding, optimizing, and, eventua
planning minimally invasive, neuroradiologically guide
therapies for intracranial aneurysms. Anatomically re
istic models, for now derived fromex vivo data, have
also been used to evaluate the specific surgical te
niques employed for carotid endarterectomy31,33 and pe-
ripheral bypass grafting.63

As proposed by Raghavanet al.,66 x-ray CT-based
finite-element models of abdominal aortic aneurys
may be used to better predict rupture of individual a
eurysms and thus improve the management of pati
with this disease. Similarly, image-based modeling m
be useful for identifying classes of advanced atheros
rotic lesions—and, eventually, individual patients—th
are vulnerable to rupture and/or thrombotic events. Ea
steps in this direction have already been taken by us
ex vivo imaging of plaque specimens to provide realis
models for 2D image-based CFD4 and finite-element30

analyses. We71,80 have also demonstrated how a patie
specific CFD model could be used to help resolve c
flicting diagnostic information arising from a follow-u
duplex ultrasound examination of a postendarterecto
patient.

Finally, it should be noted that, owing to the practic
difficulty associated with resolving the microvasculatu
and modeling the complex rheology at that level, me
cal image-based CFD modeling studies will likely a
ways be limited to large arteries. As demonstrated
Goldman and Popel,26,27 however, anatomically realistic
models of the microcirculation, perhaps derived fromex
vivo or evenin vivo microscopy, may be useful for pre
dicting oxygen transport under normal and pathologi
conditions.
-
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