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Abstract—The objective of our session at the 2008 Interna-
tional Bio-Fluid Symposium and Workshop was to review
the state-of-the-art in image-based modeling of blood flow,
and identify future directions. Here we summarize progress
in the field of image-based modeling of blood flow and vessel
wall dynamics from mid-2005 to early 2009. We first describe
the tremendous progress made in the application of image-
based modeling techniques to elucidate the role of hemody-
namics in vascular pathophysiology, plan treatments for
congenital and acquired diseases in individual patients, and
design and evaluate endovascular devices. We then review the
advances that have been made in improving the methodology
for modeling blood flow and vessel wall dynamics in image-
based models, and consider issues related to extracting
hemodynamic parameters and verification and validation.
Finally, the strengths and weaknesses of current work in
image-based modeling and the opportunities and threats to
the field are described. We believe that with a doubling of our
efforts toward the clinical application of image-based mod-
eling tools, the next few years could surpass the tremendous
gains made in the last few.
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ABBREVIATIONS

AAA Abdominal aortic aneurysms
ALE Arbitrary Lagrangian–Eulerian
CFD Computational fluid dynamics
CT Computed tomography

IMT Intima-media thickness
IUVS Invasive intravascular ultrasound
MRA Magnetic resonance angiograms
MRI Magnetic resonance imaging
PC-MRI Phase contrast magnetic resonance imaging
US Ultrasound
WSS Wall shear stress

INTRODUCTION

As noted in our prior review of the first decade of
research in image-based modeling of blood flow,136

while much progress had been made, significant chal-
lenges needed to be addressed in the second decade of
this nascent field. These included the need for algo-
rithmic improvements related to geometric modeling,
boundary conditions, fluid–structure interactions
between the blood stream and vessel wall, multiscale
modeling, and simulation of vascular adaptation and
disease to name a few. In that previous review of the
field, we noted that the relative ease of simulating
blood flow in image-based models was simultaneously
a blessing and a curse. Used appropriately, these
methods could provide investigators with powerful
new tools, rivaling and even surpassing experimental
fluid mechanics methods to investigate mechanisms of
disease, and design and evaluation of medical devices
and therapeutic interventions. However, we expressed
concern that these tools had the potential to fuel a
hemodynamic data explosion without concomitant
gains in understanding. Finally, we noted the dearth of
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experimental data for prescribing physiologic input
parameters and validating models and methods. In
short, the field of image-based modeling had great
potential but little kinetic energy.

In the four years since this previous review was pub-
lished, remarkable progress has been made in many
areas of image-basedmodels, with dramatic algorithmic
improvements and robust applications to many clinical
problems of congenital and acquired cardiovascular
diseases. Other areas remained ‘‘business as usual’’. In
this paper, we first review progress made since 2005 in
developing and applying methods of image-based
modeling of blood flow, and next present areas where
little progress has been made. We then summarize and
expand upon the strengths and weaknesses arising from
this survey, and outline what we perceive as some of the
key opportunities and threats for image-basedmodeling
over the next five years and beyond.

APPLICATIONS OF IMAGE-BASED MODELING

Hemodynamic Factors in Vascular Pathophysiology

The earliest image-based computational fluid
dynamics (CFD) analyses were motivated by the goal
to elucidate the role of hemodynamic forces in the
development of atherosclerosis at the carotid104 and
coronary79 arteries, quantify hemodynamics in
abdominal aortic aneurysms,147,148 and plan patient-
specific surgical protocols.145,146 These vascular terri-
tories were chosen for their obvious clinical relevance,
but also for the potential for imaging both the lumen
and the artery wall: the superficial carotid bifurcation
is an ideal target for non-invasive ultrasound (US) and
magnetic resonance imaging (MRI); the large abdom-
inal aorta can be particularly well-resolved with MRI
or computed tomographic (CT) imaging; and routine
catheterization of the coronary arteries under X-ray
guidance makes them amenable to invasive intravas-
cular ultrasound (IVUS).

Since our last review, much progress has been made
in elucidating the role of hemodynamic forces in cor-
onary artery plaque development, notably the distinct
hemodynamic mechanisms associated with the devel-
opment vs. rupture of vulnerable plaques.129 For
example, a recent serial MRI-based case study dem-
onstrated an association between the eventual site of
plaque ulceration and elevated wall shear stress
(WSS),52 a finding corroborated by an IVUS-based
CFD study of 31 plaques that showed a clear associ-
ation between elevated WSS and elevated strain within
the plaque.46 On the other hand, a serial MRI-based
study of 21 carotid artery plaques found that plaques
tend to progress in regions exposed to low WSS and
low wall stresses.144

While the carotid bifurcation has remained a pop-
ular target for image-based studies, intended subject-
specific comparisons of early wall thickening and
hemodynamic factors have been limited by ongoing
challenges of resolving the vessel wall non-invasively.
In a 3D ultrasound-based study of 14 healthy adults,
Augst et al. showed no obvious relationship between
intima-media thickness (IMT) and WSS-related
parameters.6 However, blood pressure was found to be
strongly correlated with carotid bulb IMT, suggesting
that a larger sample might be required to discriminate
systemic from local factors in such a cross-sectional
study. Otherwise, for the most part, studies of the
carotid bifurcation have focused on the sensitivity of
image-based modeling to acquisition and operator
uncertainties47–50,150 and modeling assump-
tions.85,88,107,169 What has emerged from these studies
is that, despite relatively large quantitative uncertain-
ties or errors, qualitative patterns of disturbed flow are
remarkably robust. This point was underlined by Lee
et al.,85 who demonstrated that inter-individual varia-
tions in patterns of disturbed flow were well above the
‘‘noise’’ threshold of intra-individual uncertainties.
This study was also notable for its size (50 cases), and
its suggestion that surrogate geometric markers, which
are much easier to acquire in the clinic compared to
image-based CFD simulations, may prove sufficient
for inferring the burden of disturbed flow in large-scale
(N> 1000) studies of local risk factors in atheroscle-
rosis currently underway by that group. Similarly,
Wood et al. used MRI-based CFD studies of 18 young
adults to highlight the potential role of vessel tortu-
osity and curvature in peripheral artery disease.165

Promising trends emerging from the above-cited
recent studies are shifts from individual case studies to
sample sizes on the order of tens, and from cross-sec-
tional to serial studies. Nowhere is this more evident
than the veritable explosion of studies of hemodynamic
factors in cerebral aneurysm development and rupture,
fueled by the deployment of 3D angiographic imaging
in the clinic.124 Within a year of the first published case
studies,55,71,135 Shojima et al.128 had demonstrated,
using 20 cases, the potential importance of low WSS in
aneurysm progression and rupture. One year later,
Cebral et al.19 published a landmark study of 62 cases
demonstrating an association between the size and
stability of inflow to the aneurysm and its risk of
rupture. Notable in both of these studies was an at-
tempt to relate the complex hemodynamic data to
simpler geometric factors (in the case of the former,
aneurysm aspect ratio), or broad hemodynamic ‘‘phe-
notypes’’ (in the case of the latter). Owing to the risks
associated with aneurysm interventions, unruptured
aneurysms are often monitored clinically, providing an
ideal ‘‘laboratory’’ for serial image-based studies. For
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example, Saloner and colleagues demonstrated the role
of low WSS and stagnant flow in subsequent aneurysm
progression or thrombosis, respectively.14,72,117

In the last few years there has also been progress in
quantifying hemodynamic conditions in the human
abdominal aorta for investigations into localization of
atherosclerosis and the progression of abdominal
aortic aneurysms (AAA). Tang et al. quantified
hemodynamic conditions in subject-specific models of
the human abdominal aorta constructed from mag-
netic resonance angiograms (MRA) of five young,
healthy subjects.143 Phase contrast magnetic resonance
imaging (PC-MRI) techniques were used to acquire
velocity data at the supraceliac and infrarenal levels
under resting conditions. Simulations were performed
under resting and mild exercise pulsatile flow condi-
tions, and provided data to support the hypothesis that
exercise provides localized benefits to the cardiovas-
cular system through acute mechanical stimuli that
trigger longer-term biological processes leading to
protection against the development or progression of
atherosclerosis. Image-based modeling techniques may
indeed be as valuable in studies related to exercise-
induced inhibition and regression of atherosclerosis as
they are in initiation and progression. Image-based
modeling techniques are also being used to provide
hemodynamic data in a clinical study testing the
hypothesis that exercise can be employed to slow the
progression of small (3–5 cm diameter) abdominal
aortic aneurysms.25,89 Finally, image-based modeling
techniques have been used to compare hemodynamic
conditions in the abdominal aorta of patients with
spinal cord injury to normal control subjects to
determine whether differing hemodynamic conditions
might explain why the former have a three-fold greater
risk of AAA.25,167

Progress in such observational clinical studies of
hemodynamic factors has been complemented by pro-
gress in the use of image-based models to forge a more
direct link between the biomechanics and biological
mechanisms. Friedman and colleagues pioneered ana-
tomically-realistic CFD models of porcine iliac arteries
to guide the study of the cellular and genetic responses
underlying shear-induced endothelial cell dysfunc-
tion.42,57,58,83 A recent serial IVUS-based CFD study of
cholesterol-fed swine demonstrated a clear association
between the type of plaque and the baseline WSS,22

consistent with the findings of Cheng et al.24 from their
CFD-inspired perivascular cuff studies ofmouse carotid
arteries. For obvious reasons, much recent attention has
focused on mouse models of atherosclerosis. Despite
appreciable differences in scaling of WSS from mice to
men,23,51,157 Suo et al.141 observed an association
between relatively lowWSS levels and the expression of
various adhesion molecules on the inner wall of the

mouse aortic arch. On the other hand, Feintuch et al.31

noted reductions in the extremes of WSS at the aortic
arch of mice vs. humans that appears to be at odds with
the observed patterns of disease in these two species.
Finally, recent rabbit and canine studies have high-
lighted the role of hemodynamic forces in, respectively,
the expression of biomarkers associated with vascular
remodeling in aneurysms73 and ultrastructural changes
at the apices of arterial bifurcations that may precede
aneurysm formation.99

Characterization of Hemodynamics for Treatment
Planning and Device Design

Since our last review, significant progress has been
made in the application of image-based modeling
techniques to patient-specific planning of interventions
for cardiovascular disease and device design and
evaluation. Wilson et al.161 described the development
of a new software system for image-based modeling
and cardiovascular surgery planning, and demon-
strated its application to plan aortofemoral bypass
grafting in a patient with lower extremity occlusive
disease. Hassan et al.54 used image-based modeling
techniques to simulate and compare the consequences
of left and right vertebral artery occlusion in a patient
with a giant vertebrobasilar aneurysm. Acevedo-Bol-
ton et al.1 created an image-based model from MRA
data of a patient with an inoperable basilar artery
aneurysm. PC-MRI was used to obtain input flow
conditions and computational fluid dynamics tech-
niques were used to compute velocity and WSS fields in
cases where either the left or right vertebral artery was
occluded. These authors noted that changing vertebral
flow would alter regions of low WSS in the aneurysm
and potentially reduce areas of flow stagnation that
might promote further growth. More recently, Rayz
et al.116 performed a study on the effect of vertebral
artery flow in four patients with basilar artery aneu-
rysms. Computed flow fields were found to agree well
with measurements made using PC-MRI. Subse-
quently, these authors reported good correspondence
between regions of slow flow predicted by CFD at
baseline and the deposition of thrombus observed at
follow-up of three basilar aneurysm cases.117

In the last several years, a few groups have started
to apply image-based modeling techniques to the
assessment of surgical procedures for patients with
congenital heart diseases. Perhaps the most studied
procedure is the total cavopulmonary connection or
extra-cardiac Fontan surgery, with a rich history of the
application of computational15,28,101–103 and experi-
mental methods26,126,168 to examine hemodynamic
conditions in alternate surgical options. Whereas much
of the prior computational analysis was performed
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with idealized models, there is a trend toward the use
of image-based models and patient-specific planning.
Yoganathan and colleagues developed image-based
modeling tools specifically for the Fontan proce-
dure.27,110,160 Marsden et al. used image-based mod-
eling techniques to investigate the effects of exercise in
Fontan patients97 and design a new surgical variant of
the total cavopulmonary connection.95

Prior to 2005, simulations of blood flow in cardio-
vascular devices were principally in idealized device
and arterial models. Nevertheless, considerable insight
was gained studying flow through stents in occlusive81

and aneurysmal140 disease and computing fluid forces
in stent grafts.78,91 In the last four years, image-based
modeling techniques have started to be used to evalu-
ate endovascular devices in more realistic models of the
circulation. Two areas in particular have received the
most attention: stenting and coiling cerebral aneurysm,
and stent-grafting of abdominal and thoracic aortic
aneurysms.

With regard to stenting and coiling of cerebrovas-
cular aneurysms, a number of groups have made
remarkable progress in developing image-based mod-
eling techniques. Notable work is that of Cebral and
colleagues5 with adaptive embedded unstructured grids
and Ventikos and colleagues74 with a porous media
approach. As a testament to progress in applying
image-based modeling techniques in modeling blood
flow through cerebrovascular stents, a ‘‘Virtual Intra-
cranial Stenting Challenge’’ was held in 2007.114 Six
research groups solved a common problem and com-
pared their results including velocity and WSS fields.

Image-based modeling techniques hold great
promise for the design and evaluation of aortic stent
grafts.170 Howell et al.63 used image-based modeling
techniques to compute pressure and shear forces in
models created from computed tomography data in 4
patients who had stent grafts to treat their abdominal
aortic aneurysms. More recently, Figueroa et al. used
image-based modeling techniques to demonstrate that,
because all abdominal and thoracic aortic aneurysms
are asymmetric and non-planar and many are tortu-
ous, the dominant forces causing stent graft migration
act in the lateral not longitudinal directions.34,35 These
results provide an explanation for the observed lateral
movement of stent grafts into the aneurysm sac in
some patients.115

METHODS OF IMAGE-BASED MODELING

Image-Based Geometric Modeling

The first and arguably the most important step in
the image-based modeling process is extraction of the

lumen boundary from images of the vascular anatomy.
Much research over the past decade has focused on
this process, with early studies relying on manual or
computer-assisted segmentation of individual image
slices, coupled to any number of 3D reconstruction
techniques.134,156 Since our last review, improvements
in the spatial resolution and quality of medical images,
coupled with faster central and graphics processing
units, have made it much easier to perform 3D vessel
extractions interactively. A favored approach is
the level set method, which balances image- and
shape-based forces to define the lumen boundary
as an implicit function, which can subsequently be
discretized.2,9

For volumetric images having well-defined lumen-
wall boundaries, such as those obtained from CT or
contrast-enhanced MRA, 3D segmentations are pre-
ferred for their convenience, speed and robustness.10

However, the resulting 3D surfaces are difficult to edit,
so 2D segmentation is the preferred option for seg-
mentation of suboptimal images or low contrast
structures like vessel walls, thrombus or plaque com-
ponents.156 This is especially true for IVUS images,
which are acquired on a series of non-parallel planes
following the vessel axis.130 For non-branching seg-
ments, it is straightforward to loft the series of lumen
and/or wall ‘‘rings’’ together to form a surface or even
a volumetric mesh. Branches present challenges, al-
though not insurmountable ones.45

Perhaps the most significant development in image-
based geometric modeling since our last review is
the availability of open-source toolkits, both general
to image visualization and processing (vtk67 and
itk64) and specific to vascular modeling (vmtk2,66 and
simtk65,123). These are making it much easier to devote
research efforts to applications rather than tool
development, and they facilitate the standardization
of vascular model construction and analysis in a way
that may promote the sharing of data.

In contrast to surface definition, generation of high
quality volumetric meshes from complex surface
models remains largely the purview of commercial
mesh generators, although there are open-source
efforts aimed at democratizing this process. For the
most part, volumetric meshes for vascular models still
tend to be uniformly resolved or only grossly adapted
to the physical length scales of the geometry, with the
result that most meshes are over- or under-resolved
relative to the requirements of the solution. In light of
the need (or at least the desire) to resolve local wall vs.
bulk flow quantities, adaptive mesh generation tech-
niques are being pursued. Prakash and Ethier
described an adaptive meshing strategy based on
uniform refinement to obtain acceptable predictions
for the WSS.112 Recently, Antiga and colleagues
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developed an open-source adaptive solution strategy
for image-based modeling of blood flow.12

Simulation of blood flow through medical devices
with multi-scale geometric features (e.g. stents or coils)
can pose considerable challenges for mesh generators,
even ones with adaptive meshing capabilities.140 Cebral
and colleagues developed a hybrid approach where the
interior of the vessel is discretized with conforming
meshes and an adaptive mesh embedding technique is
used for the endovascular devices.20,92

Since arterial models often have long tubular sec-
tions, and blood flow velocity gradients are typically
much greater in the radial than the longitudinal
directions, adaptive meshing strategies that can gen-
erate anisotropic and boundary layer elements are of-
ten desirable. Shephard and colleagues developed
novel methods for generating finite element meshes of
cardiovascular models including anisotropic adaptiv-
ity108,122 and boundary layer meshing.120,121 For these
methods, error estimators linked to the Hessian of the
flow speed are used to obtain anisotropic size infor-
mation (in terms of a metric tensor size field). A
solution obtained on a preliminary mesh provides an
indication of the best alignment for the element and
the size of the element in all three directions relative to
that alignment. Anisotropic adaptivity and boundary
layer meshing techniques can yield mesh-independent
solutions for image-based models of blood flow with
considerably fewer elements compared to isotropic
adaptive mesh refinement methods.

Boundary Conditions

Invariably for image-based models, the domain of
interest is truncated and thus taken out of the context
of the entire circulatory system. For rigid wall studies,
this necessitates the prescription of inflow and outflow
boundary conditions. Usually the velocity profile is
explicitly prescribed at the inlet, often with a presumed
shape (e.g., plug-shaped for the ascending aorta, fully-
developed for the carotid bifurcation), but sometimes
based on the measured time-varying velocity profiles.
There is ongoing debate about whether the fully-
developed inflow assumption is reasonable in light of
the fact the upstream segments that have been dis-
carded, and which are only nominally straight, may
harbor decidedly undeveloped velocity profiles.40,155

Nevertheless, it would appear that ‘‘memory’’ of the
inlet velocity profile may be effectively lost by the time
it confronts the overwhelming influence of the complex
downstream domains-of-interest, provided they are
truncated sufficiently far upstream; however, this cri-
terion remains vague and problem-specific.16,107

At their simplest, outflow conditions can be based
on the dimensions of the outflow tracts under the

assumptions of mass conservation and any number of
proposed scaling laws.75 (The same scaling laws may
also reasonably be used to infer individual inflow
conditions via scaling of a canonical flow waveform
shape.85) Imposition of individual inflow and outflow
rates based on PC-MRI or US measurements may be
preferred; however, for rigid-wall studies, possible
phase shifts and attenuation of outflow vs. inflow rates,
being typically measured some distance apart, must be
corrected.137 While in principle flow waveforms could
be applied, uncorrected, in distensible models, in
practice the distensible model will invariably have
different properties from the true in vivo values, and
imposition of flow waveforms becomes problematic.
Rather, data on flow waveform attenuations or phase
shifts may be most useful for inferring the bulk com-
pliance of the vessels and assigning properties for
deformable vessel walls. US and MRI may also be used
to provide direct measurements of the time-varying
lumen diameter or area, which can be scaled to infer
the time-varying pressure waveform.153

In 2005, the vast majority of 3D simulations of
blood flow used prescribed inlet velocity profiles and a
combination of prescribed outlet velocity profiles and
zero normal traction. This approach was adequate for
many of the simulations being performed at that time,
since they utilized measured or prescribed flow distri-
butions, ignored vessel compliance, and had the goal of
computing velocity fields and WSS. Yet, for applica-
tions where flow and pressure waveforms were not
known a priori, e.g. predicting outcomes of interven-
tions, the limitations of the available boundary con-
ditions were clear. With the advent of methods for
including vessel compliance, and an increased empha-
sis on generating more extensive vascular models and
predictive applications, the need for more realistic
boundary conditions became acute.

In the last four years, considerable progress has
been made in developing multiscale and multidomain
models whereby flow rate and pressure on an outflow
(or inflow) of the image-based, 3D numerical domain is
coupled to the inflow (our outflow) of a reduced-order
model, i.e. a one-dimensional network or zero-dimen-
sional (lumped) model.11,82,100,154 Both explicit (stag-
gered) and implicit (fully-coupled) approaches to link
the image-based 3D models and reduced-order one-
dimensional or zero-dimensional models have been
utilized. The latter implicit-coupling approach has the
advantages of providing a stable and efficient formu-
lation, but requires modifications to the governing
equations at the variational level.154 Methods relying
on explicit, staggered data exchange between 3D
image-based models and reduced-order models are
generally less robust as compared to implicit fully-
coupled methods, but can be used to couple disparate
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codes together and do not require reformulation of
the numerical method for the 3D computational
algorithms.82,100 In either approach, the addition of a
reduced-order model for the downstream or upstream
domains necessitates parameter specification for these
models. Branching topology, length, diameter and
material properties of vessel segments need to be
assigned for one-dimensional network models and are
typically generated using fractal or morphometry-
based methods.109,131,133 For lumped-parameter mod-
els, appropriate values of resistance, capacitance,
and inductance parameters and elastance functions
(for lumped heart models) are assigned to achieve the
desired hemodynamic characteristics of the upstream
or downstream domain. Numerical optimization
methods can be employed to tune the parameter values
of the reduced-order models to match measured flow
distribution or pressure values in the patient-specific
model.131,132

Fluid–Structure Interactions

Prior to 2005, with the notable exception of the
work of Perktold and colleagues,59,90,111,113 nearly all
blood flow simulations were conducted in rigid-walled
models. Of the few fluid–structure interaction simula-
tions being performed, the lack of realistic boundary
conditions required changes in vessel properties to
permit deformation about a constant or zero pressure
state, and precluded computation of realistic pressure
and flow wave propagation. In the last four years,
there have been a number of significant advances in
simulation of the fluid–structure interactions between
the flowing blood and vessel wall. Traditional fluid–
structure interaction techniques based on the arbitrary
Lagrangian–Eulerian (ALE) method were improved to
meet the unique challenges inherent in modeling blood
flow in arteries, including the ‘‘added mass’’ effect that
causes instabilities for blood flow fluid–structure
interaction problems when loosely coupled time-step-
ping algorithms are employed.17,41 In addition, new,
non-ALE methods were introduced in this period to
simulate blood flow and vessel wall dynamics in pa-
tient-specific models.

A number of groups have successfully solved pa-
tient-specific problems using ALE methods including
large fluid motion and nonlinear continuum or shell
representations of the vessel wall. Gerbeau and col-
leagues developed a robust partitioned, strongly-cou-
pled ALE method to address the added mass effect and
applied it to solve for blood flow and vessel wall
dynamics in patient-specific models.32,44 Wolters et al.
described a patient-specific simulation of blood flow in
an AAA model using an ALE-based approach.162

Torii and colleagues utilized a stabilized space-time

fluid structure interaction finite element method to
study blood flow in image-based models of cerebral
aneurysms.149,151 Hughes and colleagues used new
isogeometric non-uniform rational B-spline (NURBS)-
based ALE methods to solve patient-specific fluid–
structure interaction blood flow problems.8

Figueroa et al. described an alternative to ALE,
the Coupled Momentum Method, for solving highly
complex patient-specific, 3D blood flow and vessel
wall dynamics problems under the simplifying
assumption of small deformations and thin-walled
vessels.36 This method, inspired by J.R. Womersley’s
analytical solution for pulsatile flow in a semi-infinite
circular elastic tube,164 embeds the elastodynamics
problem for the deformation of the vessel wall within
the variational equation of the fluid dynamics prob-
lem. Specifically, the lateral wall of the fluid domain
is assigned an unknown traction boundary condition,
which is then related to a fictitious body force term in
the elastodynamics variational equation. Using a fixed
fluid mesh, enforcing the condition that degrees-of-
freedom of the fluid and solid domains are identical
at the interface, and employing a linear membrane
model for the vessel wall results in a robust scheme
with minimal computational cost beyond that for a
rigid wall.

Extracting Hemodynamic Parameters

A central challenge of image-based modeling is
making sense of the enormous amount of data that
can—and could—be extracted. Most studies have fo-
cused on surface-based quantities, which are thought
to be most closely linked to the underlying pathophy-
siologies. Cycle-averaged WSS magnitude and oscilla-
tory shear index remain the most commonly reported
hemodynamic wall parameters. Various WSS-gradi-
ent-related parameters have been proposed over the
years,77 most recently the gradient oscillatory number
ostensibly linked to aneurysm initiation.127 Attention
has also recently focused on the harmonic content of
the time-varying WSS57 and its relationship to the
responsiveness of endothelial cells.56 Nevertheless,
sensitivity of the more sophisticated parameters to
model uncertainties50,150 and, especially in light of this,
potential redundancies among them,86 should not be
overlooked.

Traditionally, hemodynamic wall parameters have
been presented as spatial maps or trends at a particular
spatial location. As image-based modeling has moved
from individual to multiple cases, several groups have
encouraged a more statistical treatment of these
quantities. One approach, followed by Friedman’s
group in their studies of porcine iliac arteries, is to map
each vessel onto a standardized template,58 reminiscent
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of the cutting and pinning of vascular specimens,
which facilitates the averaging of hemodynamic data
across cases. Similarly, the tubular nature of coronary
artery segments affords simple mapping and ‘‘geome-
try-guided’’ averaging of data between or within
cases.159 Such template-based mapping may be ex-
tended to bifurcations and other complex vascular
configurations via the decomposition of these vessels
into their component branches.4

Alternatively, and also as a consequence of template-
based mapping, one may consider the histogram of a
particular hemodynamic quantity as a means of con-
verting continuous spatial distributions into categorical
ones. This approach was used by Stone et al.138 to
demonstrate an association between regions exposed to
low shear at baseline and wall remodeling at six-month
follow-up, and byFriedman et al.42 to anticipate regions
of porcine iliac arteries consistently exposed to low,
medium or high shear. More recently, Lee et al.85 pro-
posed the quantification of an individual vessel’s ‘‘bur-
den’’ of disturbed flow as its surface area exposed to a
given hemodynamic parameter beyond a threshold
value objectively defined from the statistics of the group.
More generally, surface-area-based histograms may
prove useful for classifying vessels according to their
overall hemodynamic characteristics.158

Aside from surface-related quantities, velocity fields
or other volumetric parameters also have much to tell.
Velocity isocontours are ideal for visualizing or
quantifying high-speed jets or regions of slowly recir-
culating flow in aneurysms,18,117 and retrograde flow at
bifurcations.155 Flow helicity may also prove useful,106

especially in light of the spiral course of early athero-
sclerotic lesions.139 Simulated dye visualizations are
attractive for visualizing the complexities of pulsatile
flows76 but also for facilitating indirect comparisons
against in vivo imaging.21,39

Verification and Validation

In our 2005 review paper we noted the importance
of verification of computational methods and valida-
tion of mathematical models—solving the equations
right vs. solving the right equations7,118—and issued a
recommendation specifically calling for more work in
this area. Verification has received very little attention
thus far and it is unclear how many numerical solu-
tions are actually compared against analytical solu-
tions such as Womersley’s solution for pulsatile flow in
rigid vessels.163 There are no published reports com-
paring fluid–structure interaction solutions against
analytical solutions, such as Womersley’s solution for
pulsatile flow in elastic vessels.164

Since 2005 there have been new experimental vali-
dation studies, but most of them have been using

in vitro models and methods. Ku et al. reported an
excellent comparison between predicted velocity
patterns and experimental data obtained using cine
PC-MRI in an in vitro model of a restriction in a main
vessel and a bypass around it.80 Hoi et al. developed a
validation study of CFD methods with particle-image
velocimetry data in an in vitro model of a cerebral
aneurysm.60 Ford et al. compared CFD velocity pro-
files with particle-image velocimetry data in physical
models fabricated to match image data sets of a patient
with a giant internal carotid artery aneurysm and a
basilar tip aneurysm.38 They demonstrated a good
agreement between computed and measured velocities
including the amplitude and spatial distribution of
cycle-to-cycle variations observed despite the imposi-
tion of periodic boundary conditions. Good agreement
was also reported for both time-averaged and fluctu-
ating velocity components measured by laser Doppler
anemometry vs. direct numerical simulations of
transitional flow in a realistic arteriovenous graft
geometry.87

Validation of numerical methods is considerably
more challenging in vivo, where experiments are diffi-
cult to control and measurement data are challenging
to acquire. Recently, Boussel et al. performed a com-
parison of CFD results and in vivo MRI measurements
of flow in cerebral aneurysms.13 Although initial
results are encouraging, in vivo experimental validation
studies are preliminary. In addition, it is likely that
prediction of flow distribution in multi-branched
models, in vivo flow-velocity profiles, and pressure
fields will present considerable challenges. Finally, as
simulations of unstable or turbulent flows begin to
encounter flow features having length scales within an
order of magnitude of red blood cells, it will be critical
to validate, in vivo, the predictions of models that
invariably treat blood as a homogeneous fluid.3

FUTURE DIRECTIONS

Strengths and Weaknesses

As evidenced by our survey of recent progress,
image-based modeling has matured to the point where
many groups are now using these techniques, and
findings are now routinely published in the clinical and
biological research literature. The availability of com-
mercial software and open-source toolkits allows even
novices to solve problems that, four years ago, would
have been the domain of only a few specialized groups.
Advances in computational methods and comput-
ing hardware are also making it possible to solve
increasingly more challenging problems, notably
those involving flow instabilities and/or turbulence
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associated with a variety of vascular pathologies.38,84,89

Similarly, it is now possible to carry out realistic in
silico testing of devices or vascular interventions in a
way that was not possible four years ago.

A downside to the relative ease with which image-
based modeling can now be performed is the real
potential for uncritical application of these sophisti-
cated technologies. For example, Reynolds-averaged
(two-equation) turbulence models, commonly avail-
able in most commercial CFD solvers, continue to be
applied despite strong evidence that they are unsuitable
for pulsatile, relaminarizing flows of interest in car-
diovascular research.119 Many papers can also be
found that purport to carry out mesh refinement
analyses, when in fact the range of spatial resolutions
considered is too narrow to draw reliable conclusions.
In this regard it is important that clinical and biology
research journals solicit expert technical reviews in
much the same way that many now insist on expert
review of the statistics.

These are reflections of a broader weakness of
image-based modeling: the often-pristine appearance
of these presented results belies the uncertainties or
inaccuracies inherent in the model construction and
physical approximations. As noted earlier, there have
been some attempts to quantify these implicit error
bars, and anyway it seems likely that the gross features
predicted by these models are faithful representations
of the in vivo hemodynamics, at least in the context of
normal physiological variability. Still, as is now being
done in the medical imaging community,93 some at-
tempt to visualize and confront these uncertainties is
warranted.

While progress has been made in developing more
realistic boundary conditions for image-based model-
ing that enable quantification of pressure fields and
prediction, not prescription, of flow distribution, these
techniques are not universally employed in cases where
they should be considered mandatory, namely model-
ing fluid–structure interactions and surgical planning.
There is a disturbing trend of outflow pressure wave-
forms being prescribed for fluid–structure interaction
simulations despite the fact that, even if such pressures
could be measured, these waveforms would be
incompatible with the physics assumed in the compu-
tational domain. Softer, more natural boundary con-
ditions relating pressure and flow waveforms enable
the researcher to employ a boundary condition that
models the effect of the upstream or downstream do-
main, and is minimally influenced by flow and pressure
in the numerical domain.

Arguably, we as a community have become too
focused on the role of WSS in vascular pathophysiol-
ogy. In many cases, we neglect the deformation of the
vessel wall and argue that wall motion does not affect

the velocity and shear stress fields and hence can be
ignored. In some vascular beds, it may indeed be true
that wall motion may not significantly affect velocity
fields, but there are other reasons for considering it.
Vascular diseases are diseases of the vessel wall, and
internal tissue-level stresses affect vascular biologic
phenomena in many cases as much or more than WSS.
A prime example is in the initiation, growth and pro-
gression of intracranial and aortic aneurysms.69 Within
the wall, any number of stress- or strain-based indices
can be derived, while interactions between structural
and fluid mechanical stresses may also warrant con-
sideration.152 Realistic computation of pressure fields
is a prerequisite for any consideration of wall stress. In
some cases, this pressure field may be used for
decoupled structural analysis. In other cases, fluid–
structure coupling will be mandatory. Furthermore, we
need to look away from the wall, back into the
bloodstream itself, to understand vascular pathophys-
iology. For example, techniques to track particles142

and describe coherent features of flow separation and
stagnation125 should be exploited and extended.

Finally, our simulations are, for all intents and
purposes, based on Mechanical, not Biomechanical
models. Namely, the only biology they incorporate is
that of the overall system physiology. Once again, the
vascular system is governed in health and disease by a
complex interplay between biological, chemical and
physical factors. There is a need to enhance the bio-
logical relevance of simulations and couple numerical
analyses with mass transport,30 growth and remodel-
ing68 and systems biology70 methods to test mecha-
nistic hypotheses related to vascular adaptation,
atherosclerosis initiation, progression and plaque
rupture, and aneurysm initiation, progression and
rupture.

Opportunities and Threats

Despite learning much about the complexity of
blood flow in realistic vascular geometries, image-
based models, and knowledge derived from them, have
resisted translation to the clinic. The reasons for this
are twofold. First, the process of creating a computa-
tional model from medical images remains arduous, at
least in comparison to diagnostic imaging acquisitions.
Second, the dense CFD datasets are difficult to distill
into simple, clinically-relevant criteria. This sets up a
vicious cycle, whereby the unproven utility of hemo-
dynamic information makes it difficult to rationalize
the large trials required to prove their utility.

A promising trend, and one that opens up signifi-
cant opportunities for image-based modeling to prove
itself, is that of identifying broad hemodynamic
‘‘phenotypes’’ into which cases can be grouped.19
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Taking this one step further, and in recognition of the
fact that local hemodynamics are driven largely by the
shape of the vessel, the groups of Steinman and Antiga
in particular have focused on the identification of
geometric factors that might serve as robust surrogate
markers of the ‘‘burden’’ of disturbed flow.37,85 Such
attempts to abstract image-based models are consistent
with the recognition that, as noted earlier, they can be
relied upon in a qualitative, but not necessarily quan-
titative sense. It is also consistent with a clinical
mindset that must balance the desire for sensitivity and
specificity with practicalities of obtaining it.

By way of example, consider that, from an engi-
neering standpoint, geometric factors like stenosis
severity and aneurysm size are crude surrogate markers
of the imbalance between biomechanical stress and
strength, which is what ultimately determines the
rupture of a plaque or aneurysm. Nonetheless, they are
widely used in the clinic, not owing to ignorance of
what precipitates most heart attacks and strokes, but
because they have an intuitive connection to the dis-
ease; they are relatively straightforward to measure;
and their use is supported by large, evidence-based
trials. The wealth of anatomic imaging data coming
from cross-sectional or prospective imaging studies
offers a powerful opportunity for image-based model-
ing to identify hemodynamic or geometric phenotypes,
and test them for associations with outcome, with
samples sizes that would be difficult to justify other-
wise.

Having said this, we are in no way diminishing the
potential importance of detailed hemodynamic studies,
or the clinical or biological impact of hemodynamic
factors that cannot be distilled into simple categorical
quantities. In this context, however, medical imaging
poses a significant ‘‘threat’’. Within the past few years,
3D cine phase contrast (also called 4D) MRI veloci-
metry94 has seen rapid improvements in scan time and
image quality, to the point where it is now being
applied to visualize and quantify flow patterns in large
arteries that were previously the sole domain of image-
based modeling.53,61,62,98,166 It is now feasible to derive
wall shear stresses and flow instabilities in vivo,29,43

although not without appreciable inaccuracies or
uncertainties.13 The speed and/or quality of these
acquisitions are poised to improve dramatically within
the next few years, given exciting developments in the
area of highly undersampled projection techniques.105

In short, and in light of its own sources of error and
uncertainty noted above, image-based modeling may
soon lose the ‘‘competitive advantage’’ for visualiza-
tion and quantification of local hemodynamics. On the
other hand, direct imaging of in vivo hemodynamics
offers a path of least resistance for translating the
knowledge and lessons learned from image-based

models in a way that might otherwise be stalled by the
significant technical and regulatory hurdles to bringing
complex engineering models in a clinical setting.

Patient-specific planning of interventions for car-
diovascular disease and the design and evaluation of
medical devices are applications where image-based
modeling has significant advantages over medical
imaging methods. Indeed, no matter how advanced
medical imaging methods become, they will never be
able to predict the future of an intervention or the fate
of an implanted medical device. Opportunities related
to the development and application of image-based
modeling methods for patient-specific treatment plan-
ning are numerous. Many are clear now, but others
will invariably emerge in the future.

With regard to the development of new methodol-
ogies, there is a need for further research into the
development of organ-specific outflow boundary con-
ditions, formal and informal optimization methods for
tuning boundary conditions to match directly mea-
sured (e.g. blood pressure and velocity measurements),
indirectly measured (e.g. tissue and organ perfusion
data) or prescribed (e.g. scaling laws or literature) data.
There is a need to model acute changes in physiologic
parameters that might arise immediately after an
intervention as well as chronic changes that might
occur. Feedback control systems could be used for the
former and fluid–solid-growth33 methods for the latter.
Image-based methods could be extended to incorpo-
rate more realistic tissue properties and external tissue
support extracted from IVUS, 4DMRI or cardiac-
gated CT imaging using inverse methods. Finally,
image-based modeling techniques can and should be
coupled to formal optimization methods for surgical
planning applications.96

New applications of patient-specific planning of
cardiovascular interventions on the horizon include
those related to diagnosing and treating coronary,
carotid, renal, and peripheral arterial disease. Further
advances are also expected in the existing areas of pa-
tient-specific planning for treating congenital heart
disease and repairing aneurysms. For patient-specific
treatment planning applications, there is a pressing
need for retrospective and prospective studies to eval-
uate predictions against measured data and ultimately
demonstrate improved clinical outcomes. Without such
studies, the clinical impact of these tools will be
diminished. Finally, there are opportunities for further
application of image-based modeling to evaluate the
safety and efficacy of cardiovascular devices. Image-
based modeling may be particularly useful in
understanding reasons why devices fail in some patients
but not in others, for designing devices for less prevalent
diseases or particularly vulnerable patients (e.g. pedi-
atric), and for understanding low event-rate failures.
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CONCLUSION

In its first decade, image-based modeling saw sig-
nificant technical developments that now enable the
study of hemodynamic factors in a wide variety of
congenital and acquired vascular pathologies, and
application to planning patient-specific interventions
and designing and evaluating endovascular devices.
With a growing appreciation for their relative strengths
and weaknesses, we can anticipate a simpler and more
clinically-oriented approach to the use of image-based
models for blood flow and vessel dynamics in the next
few years. This is not to discourage the development of
ever more sophisticated biomedical engineering mod-
eling technologies, especially as they relate to provid-
ing data on pressure fields, blood-wall interactions,
and acute and chronic adaptive and maladaptive
changes. In time much will be learned from the fruits of
these labors, especially as they couple to emerging
models of the vascular biology. What concerns us is
that, like the cynical joke about fusion energy, they will
always seem to be ‘‘twenty years away’’. In an effort to
forestall this, we encourage using what we have avail-
able right now, crude or not, to provide both com-
pelling evidence and the tools necessary to demonstrate
(or, if need be, circumscribe) the practical utility of
local hemodynamic information in the management
and prevention of cardiovascular diseases. If this
connection between the scientists and engineers devel-
oping and applying image-based modeling tools and
the scientists and clinicians focused on understanding
and treating vascular disease can be further strength-
ened, the field of image-based modeling of blood flow
and vessel wall dynamics will have a bright future and
we will expect rapid growth in the years to come.
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