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Abstract—Local hemodynamics are an important factor in ath- |ocal hemodynamic factors with lesion distributions have
erosclerosis, from the development of early lesions, to the as- heen until recentlyretrospectivég'm'“necessarily rely-

sessment of stroke risk, to determining the ultimate fate of a . . . .
mature plaque. Until recently, our understanding of arterial ing on idealized or averaged hemodynamic models and

fluid dynamics and their relationship to atherosclerosis was Postmortem measurements of vessel wall pathology. Re-
limited by the use of idealized or averaged artery models. quired now argrospectivestudies in which local hemo-

Recent advances in medical imaging, computerized image pro-dynamic and disease indices are measured and directly

cessing, and computational fluid dynami@FD) now make it .o pajated in a subject-specific and, ideally, noninvasive
possible to computationally reconstruct the time-varying, three-

dimensional blood flow patterns in anatomically realistic mod- Mmanner.. . .
els. In this paper we review progress, made largely within the  In principle, magnetic resonance and ultrasound im-
last five years, towards the routine use of anatomically realistic aging can be used to measure both wall thickn@ss
CFD models, derived fronn vivo medical imaging, to eluci- ' mapker for atherosclerotic burdemand blood velocities

date the role of local hemodynamics in the development and . . . .
progression of atherosclerosis in large arteries. In addition to (oM which WSS can be deriveddirectly in human

describing various image-based CFD studies carried out to Subjects. In practice, however, such an “imaging only”
date, we review the medical imaging and image processing approach has been successfully applied only to relatively
]Eechniquelsb ava(ijlable todacquire the ne(‘iess;ry geometric a”dstraight vessel%‘f'25’38'39*6°owing to the implicit assump-
unctional boundary conditions. Issues related to accuracy, pre-,. . . L .
cision, and modeling assumptions are also discussed20@2 tion of unlfolrm flow tht undgrlles mosh vivo veloci-
Biomedical Engineering Society{DOI: 10.1114/1.1467679 metry techniques. It is in regions of complex flow, how-
ever, such as at the carotid bifurcation, where

Keywords—Computational fluid dynamics, Hemodynamics, atherosclerotic plagques typically develop.

Medical imaging, 3D reconstruction, Finite-element method. In the last 15 years, computational fluid dynamics
(CFD) has proven to be a practical and reliable tool for
INTRODUCTION studying time-varying, three-dimensiondBD) blood

o ) , flow patterns in complex, albeit idealized, arterial geom-
Atherosclerosis is the leading cause of mortality and 4jes. Briefly, in CFD modeling, a complex geometry is

morbidity in the western world. The observation that iscretized into a large number of smaller but regular

atherosclerotic plagues typically occur at arterial bifurca- (typically, tetrahedral or hexahedyallementsBy assum-
tions and bends has led to the now almost universal

; that local h q i fact ; icul ing the shape of the velocity field within these elements,
acceptance that focal hemodynamic 1actors, in par 'Cl,J it is possible to solve the governing Navier—Stokes equa-
wall shear stresse@NSS, play a role in the disease’s

S . . tions at thenodesconnecting these elements. From this
initiation and, perhaps more importantly, its

. 50 ; solution it is straightforward to extract WSS and other
progressiont? Despite the fact that three decades have . o .
) - ) important hemodynamic quantities. Moreover, in contrast
passed since the original hemodynamic hypotheses of . ' L
: ) ; to experimental flow studies, it is trivial to alter model
atherosclerosis were first postulafed, much remains

unclear regarding the relative importance and relevance parameters such as flp W rates, Wa". properties, etc. This
of the many proposed hemodynamic facfbf@l3241.44 has made CFD a particularly attractive tool for hemody-

o . . . namics research. Nevertheless, as noted by Meairs
This is due in part to the fact that studies correlating 51 « . . .
et al,>" “[nJumerical simulation of blood flow could be
] ] ] particularly useful in the elucidation of complex interac-
Address correspondence to David A. Steinman, PhD, Imaging Re-

search Laboratories, The John P. Robarts Research Institute, 100 Perthtlons between_p_ulsatlle flow, plague and vessel geometry,
Drive, London, Ontario N6A5K8, Canada. Electronic mail: and wall elasticity. The study of such phenomena, how-

steinman@irus.rri.ca ever, will necessarily require that numerical simulation
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move beyond its experimental model phase and begin
incorporating actual clinical data as parameter inputs
for simulation” With the convergence of high-resolution
medical imaging, sophisticated image processing tech-
nigues and high-performance desktop workstations in the
last five years, such image-based CFD studies afivo
hemodynamics are now possible.

In this paper we review the medical imaging and |
reconstruction methods used to provide the boundary
conditions for the CFD simulation. Selectad vivo ap-
plications of medical image-based CFD techniques to
elucidate the role of local hemodynamics in atheroscle-
rosis of the large arteries are described. Finally, impor-
tant issues related to the assessment of accuracy and F&%

these model studies are based, are discussed.

METHODS |
X-ray Imaging |

< 13
T.he. first |mage-baseq CFD swdle.s of anatomlgally FIGURE 1. (Left) A digital subtraction angiogram used to
realistic arterial geometries were derived from clinical construct (right) a two-dimensional model of the carotid bi-
X-ray a.ngiogram%_z'73 In its modern form, x-ray angiog-  furcation. From Tasciyan et al. (Ref. 73), with permission.
raphy involves the acquisition of projection images fol-
lowing the intra-arterial injection of an iodinated contrast
agent, which causes the vessel lumen to be highlighted.
For cardiac applications, images are typically acquired at hemodynamics using x-ray angiography, since it is typi-

high frame rates in order to capture the vessel motion . !
cally performed only for patients with known or sus-

and contrast agent dynamics. For less dynamic vessels .
such as the carotid artery, single or multiplane projec- pected vascular disease. Furthermore, DSA alone cannot

tions are more typically acquired, from which corre- provide information about the state of the vessel wall,

. L - making it impossible to determine the true plaque bur-
sponding preinjection images are digitally subtracted to den. Finally, although in principle x-ray imaging can also
remove background bone and tissue, further highlighting be .used to, measure blood flow rates vivo® these
the vess_el lumen. Figure .1 shows_ such a digital SUbtraC'techniques remain largely experimental, and thus not yet
tion angiogram(DSA), which in this case was used to practical for image-based CFD studies
re_const_ruc'ggatwo-dlmens[o nal(2D) mo_d el Of. a carotid In spite of these limitations, x-ray imaging is likely to
bifurcation!” Reconstruction othree-dimensionamod- . . -

. X o continue to play an important role in image-based CFD

els requires at least twodeally orthogonal projections, . . ; - .
. studies. No other imaging modalities can yet provide the
and some assumptions about the shape of the lumen

. . . dynamic information needed to track intravascular
cross sections. Alternatively, recent advances in x-ray robes(e.q., intravascular ultrasound: see belag con-
imaging technology make possible the rapgid—6 9 P 9 '

acquisition of multiple(~200) projection image&s from struct realistic models ah vivo coronary artery dynam-

! ics. And, unlike optical sectioning techniques, micro-CT

which the 3D lumen geometry can be reconstructed at . ; . :
. . . ; . . scanners can readily provide high00—200um isotro-
high (200—400um isotropig spatial resolution without : N . .
L : pic) resolution images of vascular casts or specimens in
the need fora priori assumptions about lumen shape. : 57
. . a nondestructive mannet:

The advantage of x-ray angiography over other medi-
cal imaging modalities is the superi¢and, to date, un-
surpassed contrast-to-noise ratio, combined with high
temporal and spatial resolution. The price paid for this  Unlike x-ray imaging, magnetic resonance imaging
quality is the finite risk associated with catheterization, (MRI) does not require the use of ionizing radiation.
which is in fact greater than the risk associated with the Instead, contrast is achieved by exploiting differences in
radiation dose itseff. (A less invasive alternative is to the magnetic spin relaxation properties of the various
inject contrast intravenously, and rapidly acquire the 3D bodily tissues and fluids. For the purposes of imaging
volume using single or multiple ring helical CT scanners; blood vessels, MRI is particularly attractive since the
however, this approach typically produces poorer con- blood itself can be used as a contrast agent. Signal from

trast images of the lumenAs a result, it is difficult to
carry out human studies of early atherosclerosis and local

Magnetic Resonance Imaging
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manner’? highlighting the potentially broad applicability

of these techniques for longitudinal studies of atheroscle-
rosis development in humans. Black blood MRI is, of
course, not without its limitations, the most notable being
the potential for plaque mimicking slow flow artifacts,
which can be minimized, but not always eliminated,
through judicious selection of imaging paramet@rBue

to the presence of periadventitial tissue, we have also
found that it is often difficult to achieve adequate con-
trast at the outer boundary of the vessel wall, which
degrades the reliability of wall thickness
measurements. Although not yet exploited in the con-
text of image-based CFD studies, recent work suggests
that wall boundaries can be enhanced through the use of

FIGURE 2. Cropped black blood MR images showing semi-

automatically segmented inner and outer boundary con- MR contrast agents, whose dynamics may also provide
tours, from selected locations along the carotid bifurcation. important information about vascular wall pathol&gy.
Such contours from the full series of ~ ~30 images were used . - e ;

to reconstruct the lumen and wall geometries for the model In addition tc_’ its abilities to define the vessel Iur_nen
shown in Fig. 9. From Steinman et al. (Ref. 72), with permis- and wall, MRI is perhaps the most powerful technique
sion. available for imaging blood velocitiéa vivo. Phase con-

trast MRI (PC-MRI)—so named because the velocity is

encoded into the phase of the complex MRI signal—can
flowing blood can, for example, be enhanced at the ex- be used to provide 2D or, less commonly, 8Bagesof
pense of signal from static surrounding tissue, producing one or more velocity components in a time-resolved, but
images analogous to x-ray angiograms. Such “bright not real-time, manner. We have demonstrated that PC-
blood” MR angiograms do, however, tend to suffer from MRI can accurately measure time-varying velocities un-
relatively poor signal qualityor lower spatial resolution der uniform flow conditiong® however, in the presence
as compared to their x-ray counterparts, and regions of of complex flow patterns, such as at the carotid bifurca-
slowly flowing or recirculating blood, such as the carotid tion, velocity imagesiand hence velocity accuracgan
bulb, can induce signal loss. This had led to use of be distorted by a number of artifa®$As a result, PC-
intravenous paramagnetic agent®.g., gadolinium MRI is most commonly used in image-based CFD ap-
DTPA) that alter the relaxation characteristics of blood, plications for providing flow rate wave forms at the rela-
providing a more flow independent method of contrast. tively straight inlet and outlet segments of complex
Such contrast-enhancedVR angiography(ceMRA) is vessel geometries. Flow rates are obtained by integrating
becoming a viable alternative to x-ray angiography for the velocities over the user- or computer-identified lu-
noncardiac vessels, and recent work suggests that isotroimen, and used to impose fully developge., Womers-
pic resolutions of 600um may soon be achievable in ley) velocity boundary conditions at the model inlets
scan times of 1-2 miff’ The negligible risk associated and, optionally, outlet3? The PC-MRI velocities them-
with the use of MR contrast agents makes it easier to selves may be applied directly to the CFD model by
justify their use in asymptomatic patients and normal interpolating the image grid onto the inlet nod@gyut
volunteers, which helps explain the popularity of ceMRA this requires more sophisticated postprocessing tech-
as a source of high-quality geometric data for image- niques and higher-quality PC-MRI images at the further
based CFD studies of large artery expense of scan time.
hemodynamic§®47:49.74.81.85.87 For the purposes of CFD modeling in distensible ves-

An alternative to conventional angiography, which sels, PC-MRI may also be used to estimate the subject-

provides information only about the lumen boundary, is specific pressure wave form and elastic modulus. As re-
“black blood” MRI—so named because the signal from cently noted by Cebral and co-workéfs-?instantaneous
flowing blood is suppressed rather than enhanced. Asflow rates measured along the length of the carotid bi-
demonstrated in Fig. 2, this allows both the inner and furcation by PC-MRI may not necessarily be the same,
outer boundaries of the vessel wall to be imaged at owing to the attenuation and shift of the pressure and
relatively high resolutiongd~300 um in plane, 1.5-2  flow rate wave forms induced by the compliance of the
mm slice thickness from which both lumen geometry  vessel. This observation led them to estimate the pressure
and vessel wall thickness can be determined in a nonin-drop between the inlet and outlet of the model using a
vasive manner. We have recently demonstrated the use ofone-dimensional1D) lumped parameter model and an
such black blood MRI for reconstructing maps of wall assumed value for the elastic modulus. By fixing the
thickness and shear stresses in a subject-specificinlet flow rate and inlet/outlet pressure drop wave form
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in a subsequent 3D CFD simulation, they were able to
“tune” the elasticity modulus to produce the best match
between the computed and measured outlet flow rates.

Ultrasound Imaging

Of all vascular imaging technologies, ultrasound is
perhaps the most widely available, owing to the rela-
tively low cost of ultrasound scanners. An ultrasound
image is formed by transmitting a high-frequendy-10
MHz) beam into the body, and collecting and analyzing
the returned echoes to produce an image whose intensit
is related to the echogenicity of the tissue and tissue riGuRE 3. (A) IVUS images acquired along the segment of
interfaces. Because image quality in ultrasound is deter-right coronary artery shown  (with catheter ) in an angio-
mined largely by the proximity of the transducer to the 9raphic view, from which  (B) local hemodynamics and ~(C)

. h : . . . - wall thickness were reconstructed. From van Langenhove
tissue of interest, ultrasound imaging is typically limited ¢ a1, (Ref. 78), with permission.

to superficial vessels such as the carotid and femoral

arteries.

Ultrasound imaging of vascular anatomy, though com- accessible coronary arteries. Furthermore, IVUS remains
monly used in the clinic, has yet to play a significant role the most sensitive of all imaging techniques for the pur-
in image-based CFD analysis. This is because the 2Dposes of simultaneously reconstructing local hemody-
ultrasound images, unlike MRI or x-ray images, are ac- namics and vascular wall pathology vivo.
quired manually without reference to a fixed coordinate  As with MRI, ultrasound may also be used to measure
system, making it difficult to reconstruct a series of them blood velocitiesin vivo. Unlike PC-MRI, which provides
in 3D. By sweeping an electronically tracked ultrasound spatially resolved velocity maps at the expense of tem-
transducer along the length of the vessel either manually poral resolution, Doppler ultrasound is typically used to
or mechanically, however, one can construct 3D ultra- provide real-time measurements of the velocities at the
sound images with high (0:20.2x0.6 mn?) effective nominal centerline of the vessel, from which the mean
spatial resolution in less than 10'%Although we have  velocity and, given the vessel radius, flow rate, can be
shown that it is possible to reconstruct lumen geometry calculated assuming a fully developed velocity profie.
directly from such 3D ultrasound datithe overall im- Alternatively, the velocities at a series of points along a
age quality does not yet appear sufficient—especially in vessel radius can be measured, from which a more re-
comparison to MRI—for the purposes of reliable CFD fined estimate of the flow rate can be obtained by as-
calculations. With new “compound” ultrasound imaging suming axisymmetry of the velocity profifé Either way,
techniques® however, we have begun to see improve- however, these assumptions limit the application of Dop-
ments in the quality of 3D ultrasound images that may pler ultrasound in image-based CFD analysis to estimat-
eventually render them useful for image-based CFD ing flow in relatively straight inlet sections where uni-
analysis. form flow patterns can reasonably be expected.

In contrast to conventionagxtravascularultrasound, Ultrasound may also be used to estimate the regional
intravascularultrasound(IVUS) has played a significant mechanical properties of the vessel wall, as demonstrated
role  in several image-based CFD modeling by Voneshet al’® In this case IVUS was used to recon-
studiest®34404583 Ag jllustrated in Fig. 3, a high-  struct a 3D model of a tissue specimen, which was sub-
resolution IVUS transducer is introduced via catheter jected to finite-element structural analysis. By loading
into the artery where, owing to its proximity, it can both the model and real specimen with the same pres-
acquire detailed images of the vessel wall structure. sures, the regional tissue properties could be tuned to
X-ray angiography is used to guide the placement of the minimize differences between the computed and IVUS-
transducer, and also to orient tk2D) ultrasound imag- measured wall displacements.
ing planes for the 3D reconstruction of the inner and Finally, as demonstrated by Zhao and co-work&ts
outer boundaries of the vessel. As these are highly inva-in CFD studies of realistically distensible carotid bifur-
sive procedures, IVUS-based CFD modeling studies havecation models, a number of different ultrasound tech-
been limited to animal models, or to patients already niques can be used together to provide the necessarily
referred for cardiac catheterization. Although this natu- boundary conditions in a noninvasive and subject-
rally precludes the study of early atherosclerosis in oth- specific manner. In this case inlet and outlet flow rate
erwise healthy subjects, IVUS will continue to play an wave forms were measured using Doppler ultrasound.
important role in thein vivo study of the otherwise in-  The inlet pressure wave form was measured by placing a




CFD Modeling in Realistic Arterial Geometries 487
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- FIGURE 5. Stages in the 3D discrete dynamic contour seg-
= p== mentation of a carotid bifurcation from black blood MR im-
= = ages. Note the ability to naturally seep into vessel branches.
- =2 From Ladak et al. (Ref. 42), with permission.
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of smoothing® For bifurcating or branching vessels one
Profile Series Surface Model Volume Mesh may use the above-described approach to reconstruct

FIGURE 4 ¢ voical rod for th each branch separately, and then merge them using solid

str(agtion of- elszrrﬁgil):erﬁert])tlprf:shs:‘?g; rsegrlijalzeimacg)jre; eFr?)?‘r? modeling operatlon§7.

Moore et al. (Ref. 55). With the increasing availability of high-resolution, 3D
image data of complex, branching vascular structures, it
becomes impractical to outline what may amount to hun-

high-fidelity external pressure transducer above the pul- dreds of individual vessel contours. Instead, more sophis-

sating carotid artery. Intima—media thickness measuredticated image processing techniques must be employed.
from B-mode images was used to estimate the wall One approach, presented by Waeal.,®! is to extract
thickness at two locations along the common carotid from the 3D image volume individual 2D images distrib-
artery, and one location in each of the branches. To yted along and oriented normal to the centerlines of
determine wall mechanical properties, an approach simi- yegsels of interestas identified by an operatorThese

79
lar to that of Voneshet al.™ was employed. The mea-  >p images may then be processed as described above for
sured diameter and wall thickness were used to construct.nventional serial images.

?t%blgar 'T]Oiel of the cororl1mon carotid artefry, Wh'Cdeﬁs An alternative approach is to operate on the 3D image
oaded with the measured pressure wave form, and t €M olume directly, by extending 2D contour detection al-

deformed using finite-element structural analysis. The gorithms to 3D. Towards this end we have developed a

\c,jviasﬂllstl:i?n“;lr%/swgsefi:z? turr:j/?ofgl ma:(::h uti?: d CO'\T?#;ZZ 3D discrete dynamic contoDDC) for identifying the
P 9 P y d vessel lumen from a stack of serial black blood MR

ultrasound measurements of the carotid artery wall .
. y imageé? and 3D ultrasound volumés. Analogous to
displacements.

inflating a balloon inside the 3D images, an operator
merely places within the lumen a triangulated sphere,
which is then driven towards the lumen boundaries,
The typical steps involved in the construction of a 3D where it is refined via the same interngl apd image-based
CFD model from serial medical images are shown in forces used for the 2D DDC upon which it was baéd.
Fig. 4. Given a series of 2D cross-sectional images of the Figure 5 illustrates the key advantage of this novel ap-
vessel, the most obvious method of reconstruction is to Proach; namely, its ability to “seep” into branches with-
outline, either manually or with computer assistance, the Out operator intervention. This is not without its disad-
boundaries of the lumen—and, if available, the outer vantages, most notably the difficulty in avoiding side
wall—to produce a skeleton of the vessel. Many tech- branches that may not be of interest. In the absence of
niques are then available for converting this series of robust 3D editing tools, a reasonable compromise is of-
profiles into a 3D surface model. For straight or curved fered by Yimet al,?* who used 3D tubular deformable
vessels without branches, such as coronary artery segimodels to produce a smoothed, triangulated surface for
ments, it is straightforward to connect corresponding each vessel branch of interest. These discrete, triangu-
points around the circumference of the vessel, using lated surfaces were then merged in a manner analogous
splines or filtering techniques to achieve a desired level to the Boolean merging of continuous, solid modéls.

Reconstruction of 3D Vessel Geometry
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Volume Mesh Generation Neointimal thickness _‘Shear stress
The final but key step in the vessel reconstruction &
process is the discretization of the complex model into _
finite elements or volumes, whose size and distribution N ..
largely govern the accuracy of the computed velocity j -
field: smaller elements must be used to resolve the more s
complex flow regions, but the computational require- 02
ments scale with the number of elements used. Thus, a circumference dircumference

‘ 3.0

25

2.0

1.5

1.0

05

nontrivial balance must be struck between solution accu FIGURE 6. Maps of neointimal thickness  (left) and wall shear

racy anq CompUtatlona:I effort. ) ) stress (right) from a stented human coronary artery segment
For simple geometries that are topologically equiva- demonstrate a clear inverse relationship. From Wentzel et al.

lent to a straight tube, such as coronary artery segments (Ref. 83), with permission.
meshing is fairly straightforward and can be easily auto-
mated by dividing the tube-like structure into a fixed
number of points around the circumference and along the
tube axis'® Suchstructuredmeshes may also be gener-
ated for bifurcating geometries, though considerably
more effort is required to ensure the quality of the
element$® More popular areunstructured meshes in
which arbitrary distributions of tetrahedral, hexahedral,
or prismatic elements are generating using a variety of
sophisticated algorithm€. The advantage of this ap-
proach is that meshes can be readily generated for arbi-
trarily complex geometries using widely available mesh
generation tools. Still, these approaches typically rely on
the user to identify regions where increased mesh density
may be required to adequately resolve the velocity field.
An alternative approach is to uselaptive refinement
in which the computed velocity field itself is used to
guide the placement of the finite elements. As presented
by Prakash and Ethi&t for a realistic coronary artery
model, the velocity field is first computed using a rela-
tively coarse, uniform mesh. The local solution error is
then estimated and used to guide the automatic subdivi-
sion of elements only where the predicted error is
greatest? Iteration of this procedure results in a volume
mesh that is highly resolved only where it is needed
thus maximizing the solution accuracy while minimizing
ﬁgﬁngﬂﬁftﬁéfmauizor:;an gr?l?bg(e)\ge;geligzgu\;gr proach have since been carried out to elucidate the role

. of WSS in cardiac interventional procedures. In a
use with steady flows, though such adapted meshes may; :
: follow-up study of a patient who had undergone coro-
of course be used subsequently for pulsatile flow

simulations nary stenting, van Langenhow al.”® observed helical
' flow and low WSS at a site upstream of the stent where
local wall thickening was also observedee Fig. 3.
APPLICATIONS Conversely, the presence of only mild neointimal hyper-
plasia at the stented site was attributed to the relatively
One of the first applications of image-based CFD was undisturbed flow and higher WSS seen at this location.
to study the relationship between WSS and atherosclero-The relationship between stent restenosis and WSS was
sis progressiof? In this case a group of patients was further examined by Wentzedt al®® in a study of 14
followed for three years via cine angiography of their patients. WSS was computed in 3Bteady floy models
coronary arteries. The vessel centerlines and boundariegeconstructed from the IVUS images, while the thickness
were identified from the angiographic projection images of the neointima in the stented region was inferred by
in a semiautomated manner and, assuming circular crossmeasuring the distance between the lumen surface and
sections, used to reconstruct 2D axisymmetric CFD mod- stent contours from the IVUS images. As Fig. 6 illus-

Axial vessel direction

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

Several years later, Kranet al*° applied the angiog-
raphy and ultrasoundANGUS) approach to quantify
wall thickness and WSS in a 3D model of a human
coronary segment derived from a clinical angiographic
image taken at end diastole. Uniform steady inflow ve-
locities were assumed. A representative circumferential
distribution of wall thickness and WSS values was ob-
tained by averaging the respective values along the ves-
sel length. Maximal and minimal WSS were found to
occur on the outer and inner walls, respectively, as ex-
pected. When compared to the circumferential distribu-
tion of wall thickness, a statistically significant inverse
relationship was found, consistent with the low shear
' hypothesis of atherosclerosis.

A number of applied studies using this ANGUS ap-
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(a) Parabolic Inlet Profile - . from both sinusoidal and physiologically pulsatile flow
- studies was similar to that from a corresponding steady

flow study, supporting the use of steady flow models for

the purposes of inferring time-averaged behavior. This

Caet study and othef§3® highlight the sensitivity of coronary
°'i9i{ < artery blood flow patterns to local geometric features,
P and also underline the importance of subject-specific ge-
Profile ¥ ometry when trying to draw conclusions about the local-
v ization of atherosclerotic lesions from individual vessels.

FIGURE 7. Steady f ocity orofil § dar In the area of atherosclerosis research, the carotid
patterns démoer}litritir?gvt;:ee (;glnz/pil)ég Irgfatei‘cr)]n cs);ett:r?g inerI)é)ci?yW bifurcation . IS perhaps the ,mOSt quely ,StUdled blO(_)d
field induced by secondary geometric effects. From Myers vessel. Aside from its obvious clinical importance in
et al. (Ref. 57). relation to stroke, the relatively large size and superficial
location of the carotid arteries provide an ideal window
for external ultrasound transducers and MRI surface
trates, a significant inverse relationship between WSS coils, whose proximity to the vessel of interest largely
and neointimal thickness was observed, suggesting thedetermines the quality of the resulting images. This non-
important role that local hemodynamics may play in the invasive window makes the carotid bifurcation an ideal
success or failure of interventional procedures. Most re- target for image-based CFD techniques since, unlike the
cently, Wentzelet al® demonstrated how image-based coronary artery, it allows for the study of normal volun-
CFD techniques may be used to elucidate the mecha-teers or asymptomatic patients, and thus atherosclerosis
nisms by which both fluid and wall stresses participate in even at its early stages.
the vascular remodeling process. In this case 12 pigs We presented one of the first studies of normal
were imaged using ANGUS both before and six weeks subject-specific carotid bifurcation hemodynaniitsis-

after percutaneous transluminal angiopla@®fA) of the ing black blood and cine phase contrast MRI to recon-
external iliac artery. Half of the pigs were given Batim- struct 3D lumen geometries and time-varying inlet and
astat[a matrix metalloproteinaseMMP) inhibitor previ- outlet flow. Maps of a variety of WSS indices showed

ously demonstrated to help modulate vascular remodel- obvious qualitative differences in patterns between the
ing] while the other half served as a control group. For two subjects studied; however, as Fig. 8 demonstrates,
the control group both WSS and wall stress inferred more pronounced differences were observed between the
from Laplace’s formula normalized to their respective in vivo models and an idealized normal carotid bifurca-
values at a reference segment of the vessel after sixtion model. Secondary helical flow patterns were found
weeks, while in the Batimastat group only the WSS to play a key role in determining the resulting WSS
normalized. This study concluded that vascular remodel- patterns, while the use of the subject-specific flow rate
ing after PTA is controlled by both WSS and wall stress, wave form was found to have a minor but noticeable
but that MMP inhibition inhibits the wall stress control effect on the WSS patterns. This study clearly demon-
system. strated how averaged or idealized carotid bifurcation
To date most IVUS-based CFD studies of coronary models can mask interesting hemodynamic features that
artery hemodynamics have assumed steady flow, with themay be of importance in understanding the localization
implicit assumption that these models provide a faithful of individual lesions.
representation of the time-averaged hemodynamics. A Refinement of our black blood imaging and image
more detailed image-based CFD study of pulsatile coro- analysis techniqué$**7® has since made it possible to
nary artery hemodynamics was recently carried out by simultaneously reconstruct 3D maps of both W&l
Myers et al®’ in a model of the human right coronary wall thickness in a subject-specific manner. Application
artery reconstructed from high-resolution CT images of a of this approach to a patient with early atherosclerosis
flow-through acrylic model previously constructed from and a normal volunteer showed a qualitative association
a cast of a specimen. The key finding of this studg between increased wall thickness at the carotid bulb and
illustrated in Fig. 7 was that relatively small amounts of low and oscillating sheafFig. 9).”2 When pooling data
out-of-plane curvature had a dramatic effect on the skew- from all points on the surface, however, no statistically
ing of the axial velocity profiles and orientation of the significant relationship between mean or oscillating shear
secondary flow vortices along the length of the vessel. and wall thickness could be found. Although it is pos-
This was manifested as a marked variability in the ori- sible that no such simple relationship exists, it is also
entation of low and high WSS regions away from their possible that the inability to resolve intimal thickness
nominal locations along the inner and outer curves of the itself, or other possible sources of inaccuracy or impre-
vessel. Interestingly, the time-averaged WSS behavior cision, may have masked such a relationship. Neverthe-
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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.

Idealized Model Idealized Model

denlicrd Wavetorm) (Model B Wavefrmif fect on thedistribution of WSS (see the Discussion
87
FIGURE 8. Magnitude of time-averaged normalized wall Ref:_ent work by Zhaet al-. has qemonStrate_d the f?a'
shear stress in normal human and idealized carotid bifurca- sibility of carrying out detailed fluid-structure interaction
tion models. Note the subject-specific nature of the wall modeling studies of realistic carotid bifurcation. As de-
shear stress patterns, as well as the marked differences as . . .
compared to the idealized model. From Milner et al. (Ref. 52), Scr'be_d above in the_ Methods, a no_vel f_eature Of this
with permission. work is the use of various ultrasound imaging techniques

to provide branch flow rates, local wall thickness, and
wall elastic modulus in a subject-specific mann@he
nominal lumen geometry must still be derived using

less, this black blood MRI-based approach is currently ) . .
. . : ) contrast-enhanced MRA; however, this group is currently
the sole alternative for studying the relationship between . S :
investigating the use of 3D ultrasound to provide the

local hemodynamics and vascular disease in a prospec-, L . .
) d . lumen geometry) Application of these techniques to five
tive and noninvasive manner.

In the interest of simplicity, to date our CFD analyses normal subjects showed significant intersubject variations

have been confined to rigid walled vessels, based on the'" the magthde z_:md_ _dlstrlbutlon of WSS and mec_hanl-
. . - . cal stres$® More significant was the finding that regions
assumption that wall distensibility has only a minor ef-

of low WSS and high mechanical stresses tended to
overlap at sites where plaques are known to typically
occur (Fig. 10, providing preliminary, albeit circumstan-
tial, evidence for the combined role that forcesasid
within the wall may play a role in atherogenesis.
Further evidence for the interaction between fluid and
| wall mechanical forces was provided by Léu al,*> who
carried out pulsatile flow simulations in models of ca-
rotid and femoral artery segments reconstructed from
IVUS imaging of Yucatan miniswine. Rather than at-
tempt to model the wall motion directly, in which case,
as shown above, the individual wall properties should be

25 i measured, IVUS was used to acquire the vessel geometry
' at different times during the cardiac cycle. The resulting
... _ 3D reconstructions were then used to drive a moving-
' ) boundary CFD simulation of the pulsatile hemodynam-
FIGURE 9. Increased wall thickness ~ (left) at the carotid bulb ics. The time-varying inlet velocity profiles were pre-
of a patient with early atherosclerosis is shown to be asso- scribed based on Doppler ultrasound measurements from
ciated with low mean (middle ) and high oscillating (right) f | . | | di The kev findi
wall shear stress. From Steinman et al. (Ref. 72), with per- our locations along a vessel diameter. € Key Tinding

mission. from this study was that the phase angle between the
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computed WSS and the measured hoop stfae, di- In the similar absence of a gold standard for high-
ameter changewas strongly affected by local changes in resolution imaging of lumen geometiy vivo, it is also
geometry, providing further direct evidence that a com- difficult to assess the accuracy of the reconstructed ge-
plex coupling of fluid and mechanical forces may be ometries. Mooreet al>® compared lumen geometries re-

important in the development of atherosclerosis. constructed fromin vivo ceMRA imaging of six rabbit
aortoiliac bifurcations against those reconstructed from
DISCUSSION CT imaging of casts or specimens of the same vessels.
Accuracy The process of pressure fixing or casting was found to

) induce alterations in vessel paths and bifurcation angles,
A number of studies have attempted to demonstrate j, 1 ceMRA-based models tended to underpredict aortic
the accuracy of computed hem62dynam|cs in anatomically gimensions immediately proximal to the bifurcation.
realistic arteries. Perktolet al”* constructed physical  1paqe geometric differences led to marked differences in
and numerical models from the same c_ast of a h“’T‘a” computed WSS and flow separation patterns at the hips
Ieﬁ coronary artery branch. Physiologically pulsaulg of the bifurcation, amounting to 15%—-35% differences in
axial velocities were measured at selected locations using . .on WsS. In ,a related study, Moo al5® recon-
laser-Doppler anemometry. The same flow conditions ' ! - : .
. structed models of a mathematically defined, idealized
were imposed on the 3D CFD model,_and gene_rally gqod normal carotid bifurcation from MI{ imaging of an
agreement between the corresponding veloclty profiles acrylic flow-through model of the known geometry filled

was observed. In a similar study, Botnat al® con- - - ) ’
structed physical and experimental models of a human with static fluid. Geometric errors were found to be less

carotid artery bifurcation specimen. In this case, time- than 150um, within the specified precision of the acrylic
resolved 2D PC-MRI was used to measure both axial Mmodel itself. WSS values computed in the reconstructed
and secondary velocities. Very good qualitative agree- Mmodels agreed to within less than 15%, providing a
ment was observed between the experimental and nu-lower bound for the accuracy with which WSS can be
merical velocities, with quantitative differences of less reconstructed from image-based CFD models.
than 10% for axial peak flow velocities. Some disagree-  Another potential source of error in image-based CFD
ment was seen in the size and shape of the secondanhas little to do with the quality of the images or recon-
vortices, but circumferential velocities were within the structions themselves: the resolution of the finite-element
same overall range. More recently, Myeesal>’ ob- mesh. Normally, a mesh is considered sufficiently re-
served good qualitative agreement between WSS com-solved when a doubling of the element si@@, more
puted in a model of a right coronary artery, and WSS commonly but less satisfactorily, the number of ele-
measured in a matching acrylic cast using photochromic mentg induces little change in the computed velocity
dye tracer techniques. field. As Prakash and Ethfér recently demonstrated
These studies provide compelling evidence that CFD through the use of adaptively refined meshes, extremely
can reliably model flow in complex, realistic artery ge- fine |ocal mesh densities are required to resolve WSS
ometries. Alone, however, they are not sufficient for de- (; o ' the gradient of the velocity field to within 10%.
termmmg whet_her_ a reconstructe_d mo_del is faithfully Although this suggests that virtually all image-based
rgprodum.ng t.hen vIvo hemodynamm environment. Such CFD studies to date are under-resolved in terms of
direct validation of computationally reconstructed local element density, the authors did note that WSS

hemodynamics is difficult in the absence of a gold- . .
standard technique for measuring velocitias vivo patternswere reliably predicted even at the lower mesh
resolutions.

(which, if it existed, would of course obviate the need : i i tant o retai i
for computational reconstructionsPC-MRI offers the n s_ummary, '_ |s_|_mpor ant to retain some perspec ve
regarding the significance of absolute errors in WSS,

greatest promise as an vivo gold standard, but still ) )
suffers from a number of artifacts that become more Whatever the source, given the many assumptions and

apparent in the context of physiologically pulsatile and trade offs involved in image-based CFD analygiee
complex flow. Nevertheless, Weand other® have ~ Pelow. As proposed by Mooret al.* errors in WSS
reported generally good qualitative agreement betweenShould be considered significant only if they would “lead
computed and PC-MRI imaged vivo velocity patterns,  to different conclusions regarding the likely cause or
providing comforting but inconclusive evidence that location of vascular disease.” Given the inability to re-
image-based CFD models are physiologically faithful. As solve these models down to the level of endothelial cell
the accuracy of PC-MRI is practically—but not morphology, it is reasonable to consider current image-
fundamentally—limited, further improvements in MRl based CFD models wholly satisfactory if they can pre-
hardware and software may eventually render PC-MRI a dict WSS patterns rather than absolute WS8alues
viable gold standard foin vivo velocimetry. faithfully.
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Reproduchbility and Precision scale variations in the lumen geometry induced by the
imaging, segmentation, and/or reconstruction. The need
Many questions can be asked whose answers deterfor some smoothing was demonstrated by Moeteal>*
mine the precision with which image-based CFD models using a straight tube model reconstructed from MR an-
can be reconstructed from a set of medical images. How giography. Without smoothing, spurious errors in WSS
noisy are the source images? How reliably can an opera-were 30%—-40% of the nominal value; with smoothing,
tor extract the wall boundaries? How reliably can a 3D these errors were reduced to less than 10%. In a subse-
model be reconstructed from the extracted wall bound- quent study of a bypass graft specimen imaged using
aries? Does repeated imaging of the same subject lead tchigh-resolution CT? the removal of small-scale geomet-
the same results? Answers to these questions determingic features was found not to significantly change the
whether local differences in computed WSS patterns, or flow and WSS distributions. As demonstrated by Long
changes over time as detected by longitudinal studies ofet al,*® smoothing is also important for models recon-
hemodynamics and vascular disease, are real or merestructed from serial 2D imaging, owing to the real pos-
artifacts of the reconstruction process. In the context of sibility of subject and, in the absence of gating, vessel
our black blood MRI-based CFD techniques, we are now motion between slice acquisitions.
attempting to answer some of these important questions. Finally, an important source of variability rarely con-
To determine the precision with which a given opera- sidered is that associated with normal physiological fluc-
tor can extract the inner and outer wall boundaries from tuations, which can range from normal cycle-to-cycle
black blood MRI images, four operators were asked to variations in heart and flow rates, to acute changes in
segment 12 different images three times each, using bothcardiac output(e.g., rest versus exercjsand posture
manual and computer-assisted techniques. After dividing (e.g., sitting versus supinelt is of interest to note that,
each boundary into eight equal sectors, the precisionfor practical reasons related to scanner geometry, the
with which local radius and wall thickness were repro- majority of images used for image-based CFD studies
duced by the operators was determined using analysis ofare acquired with the subject resting in a supine position.
variance (ANOVA) techniques. As detailed in Ladak The flexibility and temporal resolution of Doppler ultra-
et al,*® we found that lumen boundary and wall thick- sound provides perhaps the best means of acquiring data
ness could be reproduced to within approximately 100 for CFD studies of these various physiological states, in
um, and that interoperator variability was only slightly order to help establish the normal variability of the CFD
higher than intraoperator variability. From this same boundary conditions and, more importantly, their effect
analysis, it was also possible to estimate the minimum on the variability of the computed local hemodynamics.
changes in these variables that could be significantly Open bore MRI scanners can also provide such informa-
detected in a longitudinal study. We later used the results tion, but they continue to be relatively scarce.
of this study to show that the semiautomated segmenta-
tion allowed us to degrade the subjective image quality Modeling Assumptions
(by increasing spatial resolution at the expense of re-
duced signal-to-noise ratipsvithout substantially affect-  Viscosity.In a study of flow in a realistic carotid bifur-
ing precision’® cation model, Perktold and Hofér reported slightly
More recently, we have begun to address the issue ofhigher WSS values using a non-Newtonian versus New-
intrasubject variability by repeatedly imaging the same tonian viscosity model. However, overall WSS patterns
patients at weekly intervals, in which case any differ- were preserved, which is largely consistent with previous
ences in reconstructed hemodynamics and wall thicknessreports in idealized models.
may be attributed to reconstruction variability. Prelimi-
nary (unpublished results from this work suggest that Distensibility.In their recent study of a distensible hu-
the 3D lumen geometry may be reproduced to within man carotid bifurcation model, Zhaet al®” observed a
less than 30Qum, while time-averaged WSS values are general reduction in the magnitude of WSS, but the glo-
precise to within less than 4 dyn/émMoreover, mean bal characteristics of the flow and stress patterns re-
and oscillatory WSSpatterns appear to be consistent mained unchanged. This was attributed to the fact that
among the repeated reconstructions. This provides thethe global pressure derives the wall motion, while flow-
most direct evidence to date for the sensitivity with related local pressure gradients had only a minor influ-
which we will be able to detect changes in geometric and ence. These findings are consistent with results from a
hemodynamic variables in longitudinal studies. CFD study of pulsatile flow in compliant and rigid mod-
The precision of the reconstructed model is also els of a carotid bifurcation casf. As suggested by
strongly influenced by the level of smoothing used. Too Cebral** however, distensibility may have a more subtle
much smoothing may mask genuine arterial morphology, effect on image-based CFD modeling of healthy arteries.
while too little smoothing can preserve spurious, small- By inducing measurable changes in the dynamics of the
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flow rate wave forms over the length of the vessel, wall fact that Womersley numbers at the carotid bifurcation
distensibility can produce apparent mismatches in the (~5) are higher than those in the coronary artery
inlet and outlet flow rate boundary conditions that can segments(~2) where flow effects were found to be
only be reconciled with a distensible CFD model. For negligible.

imaging older subjects or patients with vascular disease,

however, this effect is likely minimal owing to increased Practical Limitations

vessel stiffness. On a related note, most large arteries are The most obvious practical limitation associated with
tethered to surrounding tissue, in which case the effect of . practice -

bulk motion is likely to be even less than that associated |mage-ba_sed ICI;fD analy_5|sd|s the S|gn|f|can_t almoun; (Tf
with distensibility. For coronary arteries, however, the computational & o7r5t require to execute a Singie model.
situation is almost certainly reversed. Given the demon- When Tayloret al.™ published one of the first image-

strated sensitivity of WSS distributions to local curvature bﬁzgg %fgsf)tg %'88 Iior]:ezl: ?:tfgg (rj]?alll a]fi):l ”;?gﬁ\leﬁ?sm'
in coronary artery models, it is very possible that fixed, b ’ '

rigid models of the coronary arteries do not reproduce Lhneyarnepe?rﬁfi ?Qci);glrnggf Ir\?v(ce)rifstla ?icr)]npel\r/lg?édlriigzg le
the true intracoronary blood flow patterns. It remains to gnt-p ' Y:

be seen, however, whether these effects are “hemo dy_erraI(personaI. communicatic)r‘nas' reported execution
namically significant.” times of approximatgl 4 h per cardiac cycle on a four-
processor SGI workstation for &1,000,000 element
model. Our own studies are currently carried out on
relatively inexpensive, single processor 1 GHz Pentium
Il workstations, with execution times for equivalently
resolved models of 16—24 CPU hours per cardiac cycle.
Given the seeming inevitability of Moore’s law alone,
we may anticipate an order of magnitude increase in
execution time over the next five years. Coupled to CFD

Side Branchedn most image-based CFD studies, small
side branches arising from the vegsglof interest are
ignored, largely because they are often difficult to re-
solve usingin vivo imaging techniques, especially if they
are oriented parallel to théoften thick imaging slice
planes. A number of recent studies have, however, shown

that these small branches have only a relatively minor : :
. a6 software and operating systems that can readily take ad-
effect on the local hemodynamics elsewhk&re?8® As ) e
vantage of multiple processors, it is likely that well-

image-based CFD models become more SOphlsmated’resolved CFD studies will be executed on small clusters

and begin to include such branches, it will not be prac- . . :
. A of cheap desktop workstations in minutes rather than
tical to individually measure the flow ratgand pres- hours

sures_s at € ach branch for thglpurposes of estabh;hmg Although computational effort may ultimately deter-
physiological boundary conditions. Instead, techniques _. . .
: . mine the time between acquisition and results, the real
for computing the boundary conditions based on models . o .
effort involved in image-based CFD modeling occurs

%p‘;hr?an\:?gscular resistance will become increasingly yvell before 'Fhe CFD simulation is initiated. Convert'ir'lg

’ image data into the necessary CFD boundary conditions
typically requires specialized software, experienced op-
erators, and hours of manpower. A number of operator-
" dependent decisions must typically be made during the
reconstruction process, which increases the likelihood of
bias and imprecision. It is, however, difficult to fully
automate this process, given the different imaging mo-
dalities, varying vessel geometries, and especially the
varying quality of source images. Instead, robust and
user-friendly techniques that can help an operator turn a
set of medical images into a CFD input file in a matter
of minutes are required. Tools developed by Taylor and
co-workeré*®8! for the purposes of computer-assisted
planning of vascular surgery offer a glimpse into the
future of routine image-based CFD analysis.

Flow Conditions.Although it is obvious that steady flow
CFD models are not capable of reproducing the complex
time-varyingbehavior of physiological flow patterns, re-
cent studie®®” have shown that they do provide a rea-
sonable approximation to théme-averagedVSS behav-
ior. Furthermore, both studies demonstrated that the
shape of the inlet velocity profiléi.e., uniform versus
fully developed versus realislichas little effect on
downstream flow patterns beyond a relatively short en-
trance length. Both studies concluded that geometrical
factors drive the flow, further evidence that efforts to
improve the quality of image-based CFD should focus
primarily on geometric fidelity. Having said this, it is
important to remember that the effects of inlet velocity
profile and flow wave-form shape are strongly influenced
by the Reynolds and Womersley numbers associated with
the vessel of interest. For example,¥vaoted secondary In the past five years, image-based CFD modeling has
but non-negligible effects on mean WSS patterns at a moved from the qualitative to the quantitative, and is
carotid bifurcation after altering the shape of the physi- now beginning to gain acceptance for the purposes of
ological flow wave form. This may be a reflection of the basic and applied vascular research. With the growing

Future Directions
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body of knowledge related to the cellular, molecular, and ACKNOWLEDGMENTS
genetic responses to hemodynamic factors, we can envi-
sion a closer coupling between image-based CFD and 1he author acknowledges the support of a Heart

biological models for the purposes of predicting—rather & (?tmk: Fougdgtiorll ofFOntgriq Grafnt(-:in-ai(g'-?)ESQ, o
than merely confirming—the development, progression, and a Heart troke Foundation of Canada Researc

and, perhaps, even therapeutically induced regression oTSCh°|arSh'p'
atherosclerosis in individual vessels.

As high-resolution medical imaging and image pro-
cessing techniques become more robust, we can also

anticipate clinical applications of image-based modeling. ,, _ . .
This i h t straightf dlv illustrated by th Aoki, S., K. Aoki, S. Ohsawa, H. Nakajima, H. Kumagai,
IS '_S Per apsln?os S I’alg. orwar y fustrated by the — ang T. Araki. Dynamic MR imaging of the carotid wall.

“predictive medicine” techniques being developed by  Magn. Reson. Imaging:420—427, 1999.
Taylor et al.” to assist vascular surgeons in planning and *Augst, A. D., D. C. Barratt, A. D. Hughes, S. A. Thom, and
predicting, in a patient-specific manner, the outcome of X. Y. Xu. CFD model of a human carotid artery bifurcation

. . L . o8 reconstructed from 3D ultrasound data. Proceedings of the
different treatment strategies. Similarly, Guadagnal: 5th International Symposium on Computer Methods in Bio-

and Cebralet al® have proposed the use of MRI-based  mechanics and Biomedical Engineering, 2G0hpublishedt
CFD models for evaluating different strategies for the %Bao, X., C. Lu, and J. A. Frangos. Temporal gradient in shear

surgical repair of, respectively, congenital heart defects Put not steady shear stress induces PDGF-A and MCP-1
expression in endothelial cells: Role of NO, NF kappa B, and

and Cereb.ral aneurysms. We have aIS_o begun developing egr-1. Arterioscler., Thromb., Vasc. Biol9:996-1003, 1999.
x-ray angiography-based CFD techniques for the pur- “stroud, J. S., S. A. Berger, and D. Saloner. Numerical analy-
poses of understanding, optimizing, and, eventually, sis of flow through a severely stenotic carotid artery bifurca-

planning minimally invasive, neuroradiologically guided .tion. J. Biomech. Eng124:9-20, 2002.

th . for int ial Anatomicall | 5Bergeron, P., R. Carrier, D. Roy, N. Blais, and J. Raymond.
erapies Ior intracranial aneurysms. Anatomically real-  pagiation doses to patients in neurointerventional procedures.

istic models, for now derived fronex vivo data, have AINR Am. J. Neuroradioll5:1809-1812, 1994,
also been used to evaluate the specific surgical tech- ®Botnar, R., G. Rappitsch, M. B. Scheidegger, D. Liepsch, K.

niques employed for carotid endarterectdfm and pe- Perktold, and P. Boesiger. Hemodynamics in the carotid ar-
. . tery bifurcation: A comparison between numerical simula-
ripheral bypass graftin®®

tions andin vitro MRl measurements]. Biomech.33:137—
As proposed by Raghavaat a x-ray CT-based 144, 2000.

finite-element models of abdominal aortic aneurysms ’Caro, C. G., J. M. Fitz-Gerald, and R. C. Schroter. Athero-
may be used to better predict rupture of individual an-  Sclerosis and arterial wall shear: Observations, correlation,

. . and proposal of a shear-dependent mass transfer mechanism
eurysms and thus improve the management of patients for atherogenesisProc. R. Soc. London, Ser. B77:109,

with this disease. Similarly, image-based modeling may 1971.
be useful for identifying classes of advanced atheroscle- ®Caro, C. G., J. M. Fitz-Gerald, and R. C. Schroter. Proposal
rotic lesions—and, eventually, individual patients—that of a shear-dependent mass transfer mechanism for atherogen-

. esis.Clin. Sci. 40:5P, 1971.
are vulnerable to rupture and/or thrombotic events. Early s-opeai 3 R R. Lohner. and J. E. Burgess. Computer simu-

steps in this direction have already been taken by using |ation of cerebral artery clipping: Relevance to aneurysm
ex vivoimaging of plaque specimens to provide realistic  neurosurgery planning. Proceedings of the European Con-

models for 2D image-based CEDmnd finite-elemerit gress on Computational Methods in Applied Sciences and
| WE-80 1y Iso d trated h tient Engineering, 200qunpublished
analyses. ave aiso aemonstrated how a patileént- 10ceprg| J. R., R. Lohner, P. L. Choyke, and P. J. Yim. Merg-

specific CFD model could be used to help resolve con- ing of intersecting triangulations for finite-element modeling.
flicting diagnostic information arising from a follow-up J. Biomech.34:815-819, 2001.

. . 11 .
duplex ultrasound examination of a postendarterectomy ~ Cebral, J. R., R. Lohner, O. Soto, and P. J. Yim. On the
modeling of carotid artery blood flow from magnetic reso-

patient. _ _ nance imagesASME Bioeng. Conf50:619—620, 2001.
Finally, it should be noted that, owing to the practical 2cebral, J. R., P. J. Yim, R. Lohner, O. Soto, H. Marcos, and

difficulty associated with resolving the microvasculature  P. J. Choyke. New methods for computational fluid dynamics

and modeling the complex rheology at that level, medi- moﬂeligg of ggrl‘gfgzti%”ig‘?m;ggftic resonance angiog-
) . ) . raphy. Proc. :177-187, .
cal image-based CFD modeling studies will likely al- 13Chandran, K. B., M. J. Vonesh, A. Roy, S. Greenfield, B.

ways be limited to large arteries. As demonstrated by Kane, R. Greene, and D. D. McPherson. Computation of
Goldman and Popéf?” however, anatomically realistic vascular flow dynamics from intravascular ultrasound images.
models of the microcirculation, perhaps derived frem Med. Eng. Phys18:295-304, 1996.

1405 : .
. L . Clingan, P. A., and M. H. Friedman. The effect of celiac and
vivo or evenin vivo microscopy, may be useful for pre renal artery outflows on near-wall velocities in the porcine

dicting oxygen transport under normal and pathological jjiac arteries.Ann. Biomed. Eng28:302—308, 2000.
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