
Available online at www.sciencedirect.com
www.elsevier.com/locate/clinbiomech

Clinical Biomechanics 23 (2008) S130–S136
Review

Medical application oriented blood flow simulation q

Aike Qiao *, Youjun Liu

College of Life Science and Bioengineering, Beijing University of Technology, Beijing 100022, China

Received 25 April 2007; accepted 24 September 2007
Abstract

In order to show the application of computational fluid dynamics in biomedical engineering, some numerical simulations of blood
flow in arteries, such as hemodynamics of bypass graft for stenosed arteries, hemodynamics of stented aneurysm at the aortic arch, hemo-
dynamics of bypass treatment for DeBakey III aortic dissection, and influence of blood flow on the thermal characteristics of microwave
ablation, which were performed by the authors, were reviewed. These simulations can be a powerful tool for the computer assisted sur-
gery in medical application.
� 2007 Elsevier Ltd. All rights reserved.
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0. Introduction

The simulation of blood flow is of great importance for
understanding the function of the cardiovascular system
under normal and abnormal conditions, designing cardio-
vascular devices, and diagnosing and treating disease. It
is helpful and economical that the physician can utilize
computational tools to construct and evaluate a combined
anatomic/physiologic model to predict the outcome of
alternative treatment plans for an individual patient. Com-
puter assisted surgery has become a powerful assistant for
the modern medical application.

In the past ten years, we have performed a series of
numerical simulations of physiological blood flow in arter-
ies using the computational fluid dynamics (CFD) method
in order to investigate the hemodynamic mechanisms in the
treatment of some diseases in human tissues and organs.
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1. Hemodynamics simulation of bypass graft for stenosed

arteries

The bypass graft yields excellent results and remains the
modern standard of care for treatment of stenosed arteries
in the cardiovascular system. It is convinced that geometry
configuration of anastomosis has profound influences on
the hemodynamics, such as flow patterns, pressure distri-
bution and wall shear stress (WSS), which are correlated
with postoperative occlusion pathogenesis of bypass graft
(Honda et al., 2001; Nagel et al., 1999; White et al.,
2001). It has been also suggested that high wall shear stress
gradient (WSSG) and long residence times might be
responsible for the localization of anastomotic intimal
hyperplasia (IH) (Lei et al., 1997).

The conventional ‘‘1-way’’ bypass graft inevitably cre-
ates disturbed flow at the anastomosis because of its intrin-
sic asymmetric geometric characteristics. In particular,
blood flow from the graft will strongly strike the floor,
resulting in flow stagnation and reversed flow. Such flow
behavior is unphysiological and can result in non-uniform
and violent hemodynamic changes in the bypass graft, and
further bring about the possibility of IH and restenosis. In
order to improve the hemodynamics induced by the asym-
metric geometry of the 1-way bypass graft and increase the
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Fig. 1. Geometric model of 2-way bypass graft.

Fig. 2. Comparison of WSSG distribution in optimization cases. c is the
graft-host diameter ratio (0.5 6 c 6 2.0), b the junction angle
(20� 6 b 6 45�), and X the location along the floor of the distal
anastomosis.
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treatment effectiveness of bypass graft, we proposed a
novel configuration for bypass graft employing a symmet-
rically implanted 2-way bypass graft (Fig. 1). The temporal
and spatial distributions of hemodynamics, such as flow
patterns and WSS in the vicinity of the distal anastomoses,
were simulated and analyzed (Qiao et al., 2004, 2005b;
Qiao and Matsuzawa, 2007). Simulation results showed
that the 2-way model possessed favorable hemodynamics
with uniform longitudinal flow patterns and WSS distribu-
tions, which could decrease the probability of restenosis
and improve the effect of the surgical treatment.

Some researchers have studied the relationship between
the junction angle and the local hemodynamics of anasto-
mosis (Lei et al., 1997; Perktold et al., 1994). Large junc-
tion angles can produce large radial velocities in the
cross-section, which increase the secondary flow and
decrease the main flow, prolonging the residence times of
blood elements in the vicinity of anastomosis and further
Fig. 3. Geometric model of
bringing about restenosis (Cole et al., 2002). Inzoli et al.
and Perktold et al. found that a smaller junction angle
has more advantages than a larger one (Inzoli et al.,
1996; Perktold et al., 1994). We have studied the hemody-
namics of 1-way and 2-way femoral bypass grafts with var-
ious junction angles (u = 20�, u = 30� and u = 45�) and
graft diameters (d = 0.4, 0.6 and 0.8 cm) (Qiao and Liu,
2006a, 2007b; Qiao et al., 2006). The simulation results
are coincident with those of Inzoli et al. and Perktold et al.

Large diameter graft can produce relatively large longi-
tudinal velocity, uniform WSS and small WSSG in the host
artery, which has positive effects for improving the hemo-
dynamics of bypassing surgery, decreasing the probability
of the initiation and development of postoperative IH
and restenosis, and increasing the long-term patency rates
(Qiao et al., 2007). Based on the hypothesis that non-uni-
form hemodynamics may trigger abnormal biological pro-
cesses leading to rapid restenosis and hence early graft
failure, Kleinstreuer et al. and Lei et al. were convinced
that postoperative disease might be significantly mitigated
by finding graft-artery bypass configurations in which the
WSSG is approximately zero, thus achieving almost uni-
form hemodynamics (Lei et al., 1997; Kleinstreuer et al.,
1996). They optimized the graft-artery bypass configura-
tions with computer aided design techniques to ameliorate
the hemodynamics (Lei et al., 1997). Based on some con-
structed mathematics models, we have performed the sim-
ulation of optimization of CABG hemodynamics. In order
to obtain an optimum graft-host diameter ratio and junc-
tion angle, the response surface methodology was applied
to minimize the WSSG. The comparison of WSSG distri-
bution along the floor of the distal anastomosis in different
optimization cases was shown in Fig. 2 (Ma et al., 2007).
The result indicated that adopting the graft-host diameter
ratio as large as possible and junction angle as small as pos-
sible with the help of clinic experiences is advisable in
bypass graft surgery.

The ‘‘sharp’’ edges and corners along the suture-line
cause stress concentrations and large WSSG. These stress
raisers can be eliminated or reduced by employing stream-
lining the models (Anayiotos et al., 2002).We proposed an
end-to-end (ETE) conjunction (Fig. 3) at the distal anasto-
mosis to obtain a streamlined configuration for the bypass
graft (Qiao and Matsuzawa, 2004), and performed the
numerical simulation. The simulation results indicated that
the ETE model is featured with large longitudinal velocity
and small secondary flow, and WSSs at the distal anasto-
mosis are uniform and WSSGs are somewhat small. Thus,
end-to-end bypass graft.
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the ETE anastomosis could consequently improve the flow
conditions, decrease the probability of IH and restenosis
and might increase the patency rates of bypassing surgery.

Various configurations, such as patched, cuffed, and
side-to-side anastomosis are also under consideration in
the numerical simulation and clinical application (Cole
et al., 2002; Longest et al., 2003; Bonert et al., 2002;
Sankaranarayanan et al., 2006). Investigations of improved
anastomosis configurations are still ongoing.
2. Hemodynamics simulation of stented aneurysm at the

aortic arch

Endovascular stent is commonly used to bridge the
aneurysmal orifice since the first trial of Parodi (1995).
Despite of the expansive investigation in the endovascular
stent for aneurysms, studies of hemodynamics simulation
of stented aneurysm at the aortic arch with a localized out-
pouching (bleb) on top of the dome, at which point aneu-
rysms frequently rupture, are relatively rare. We have
studied the hemodynamics in fully stented aortic arch
aneurysms harboring a bleb on the dome (Fig. 4a) (Qiao
et al., 2005a). The simulation results showed that the
intra-aneurysmal flow in the stented aneurysm was signifi-
cantly attenuated, and the pressure and WSSs were
decreased. Flow activity inside the stented aneurysm model
is significantly diminished, which agree very well with the
studies of Aenis et al. (1997), Lieber et al. (2002) and Liou
and Liou (2004). A high pressure zone at the dome of the
aneurysm prior to stenting decreases after stent implanta-
tion, this phenomena in our simulation also accords with
the results of Aenis et al. (1997) and Liou and Liou
(2004). The magnitude and pulsatility of the WSSs along
the aneurysmal wall were reduced by stenting in our study,
specifically in the bleb region. Our results are coincident
with those of Shojima et al. (2004). The hemodynamic
changes that were observed in our study can help to explain
the efficacy of in vivo thrombus formation caused by stent-
ing (Rhee et al., 2002). Considering the widely convinced
therapeutic mechanism of endovascular stents, we believe
Fig. 4. Geometric models of the stented aortic arch aneurysm harb
that the stent-induced sluggish flow activity, low pressure,
low WSS and hence embolization in the aortic arch aneu-
rysmal sacs can facilitate the occlusion of aneurysms. The
hemodynamic characteristics allows us to conclude that
we can treat aortic arch aneurysm with bare wire-mesh
endovasucular stents.

We found that the stent filaments may cover the orifice
of the arterial branches and impede their perfusion. One
alternative is to fenestrate the stent filaments at the
branches, however it is difficult to correctly position the
stent which has sensitive effect on the flow reduction mech-
anism (Hirabayashi et al., 2003). So we proposed to partly
bridge the aneurysmal orifice so as to prevent the branch
arteries from being blocked (Fig. 4b). Simulation studies
demonstrated that partly stented aneurysm exhibits favor-
able hemodynamics for thrombus formation (Qiao and
Liu, 2006b, 2007a). Flow activity inside the partly stented
aneurysm model is significantly diminished. Of course, lar-
ger cohort of animal experiments and longer follow-up
clinical trials are necessary to confirm our findings and
determine the long-term effectiveness of partly bridged
endovascular stent therapy.

The shape of the stent (e.g., helix-versus mesh-shaped
stents) (Liou et al., 2004), the size of the orifice, the poros-
ity of a stent (Rhee et al., 2002) and the stent filament size
(Lieber et al., 2002; Bando and Berger, 2003) are important
factors that influence the treatment effectiveness of stented
aneurysms. The hemodynamics simulations concerning the
optimization of all these factors are still open to question.
Other prospective approaches, such as stent-graft (Chuter
et al., 2003) (covered stent, coated by porous polyurethane)
(Ruiz et al., 1995), coiling (Asakura et al., 2003), and multi-
ple overlapping stents (Doerfler et al., 2004), are emerging
as therapeutic alternatives to surgery for the treatment of
aneurysms, and are under way for clinical trial.

With regard to the fact that covered stent grafts may
block flow into aortic side branches and result in degener-
ation and restenosis of the parent vessel, we propose locally
patched and/or fenestrated stent-graft for the treatment of
aortic aneurysms with side branches. This tentative plan is
still under studies in our research work.
oring a bleb on its dome. (a) Fully stented. (b) Partly stented.



Fig. 6. Simulation of temperature distribution in the vicinity of arterial
bifurcation.
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3. Hemodynamics simulation of bypass treatment for

DeBakey III aortic dissection

Aortic dissection is one of the usually happened fateful
diseases among the aortic pathological changes. Hemody-
namics also play an important role in this dissecting dis-
ease. Angouras et al. analyzed the influence of blood flow
on the aortic wall stresses and the aortic dissection by per-
forming animal experiments (Angouras et al., 2000). Chang
et al. measured the blood flow patterns in the true and false
lumens of dissection using magnetic resonance device
(Chang et al., 1991). Giannakoulas et al. analyzed the wall
stress and deformation under different blood pressures
using finite element method (Giannakoulas et al., 2005).
Zannoli et al. experimentally studied the mechanical fac-
tors influencing the treatment of aortic dissection (Zannoli
et al., 2006). Although many literatures reported various
studies on aortic dissection, few are related with clinical
surgery mechanisms of aortic dissection. Different thera-
peutic treatment should be employed to different aortic dis-
section type. In 1979, Carpentier developed for the first
time the thromboexclusion approach to treat DeBakey
III aortic dissection (Carpentier et al., 1981). Clinical trails
found that bypass graft alone can also achieve great effects
in this surgery. However, this surgical therapy is not widely
popularized because the fundamental mechanisms in it
have not been well understood yet. To the best of our
knowledge, up to now no one has ever studied by means
of numerical simulation the hemodynamics of bypass graft
treatment for aortic dissection.

We numerically simulated the hemodynamics of bypass
graft treatment for DeBakey III aortic dissection using
CFD method to assess the hemodynamics feasibility of this
Fig. 5. Flow patterns in the non-bypassed and bypassed m
therapy (Qiao, 2007). The result illustrated that the pressure
and blood flow activities in the false lumen decreased after
the bypass graft operation (Fig. 5), which is profitable for
alleviating the propagation of aortic dissection and promot-
ing the thromboexclusion of dissecting sac. Bypass graft can
be feasible alternative, and this procedure can provide valu-
able surgical planning for the clinical application.

The bypass graft treatment for DeBakey III aortic dis-
section attributes outstanding advantages compared with
conventional endovascular stent-grafting procedures in
such aspects as short operation time, low cost, little inva-
odels. (a) Non-bypassed model. (b) Bypassed model.



Fig. 7. Positions of antenna and temperature contours at different times.
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sion and simplicity of operation, etc. (Qiao et al., 2007).
This therapy can be widely extended to medium and small
hospitals. Thus, it is a promising clinical procedure for the
treatment of DeBakey III aortic dissection. However, con-
tinuous close follow-up examination is mandatory and
long-term results have to be awaited to evaluate the actual
effectiveness of this therapy.
4. Influence of blood flow on the thermal characteristics of

microwave ablation

A major problem in the quality assurance of thermal
ablations is temperature distribution control, in which the
impact of blood flow, especially flow in large arterial ves-
sels, has to be accounted for because cold blood enters
the locally heated volume, applies cooling, removes heat
and by doing so can severely affect the temperature distri-
bution (Lagendijk, 1982).

The temperature distribution in liver-like material
heated by microwaves was simulated using the finite
element method in order to reveal the detailed thermal
characteristics of microwave ablation in the vicinity of an
arterial bifurcation (Fig. 6) (Liu et al., 2006). Coupled fluid
flow and solid heat transfer were taken into consideration,
and the analysis was three-dimensional. It was found that
interaction between the recirculation flow in the bifurcation
and the heat transfer in the surrounding tissue makes the
temperature distribution near the bifurcation complicated.
Most importantly, after a period of continuous heating
with constant microwave output power, the maximum tem-
peratures caused by the ablation do not always increase
with the distance between the antenna and the bifurcation.
It can be concluded that inadequate ablations can be the
result of not only a close proximity between the antenna
and the blood vessel, but also a complicated blood flow
in large vessels whose structure causes recirculation flow.

We have also performed some experimental studies.
Microwave ablation therapy using a water-cooled antenna
was studied experimentally in a muscle-equivalent phan-
tom. The development of the heating pattern induced by
the microwave antenna was determined from the thermo-
couple-measured temperature field, and the influence of
the cooling water flow within the antenna on temperature
distribution and heating pattern was investigated. The
results showed that the shape of the heating pattern was
pear-like, and the enlarging rate of the heating pattern
decreased with heating time (Liu et al., 2007). The influ-
ences of flow rate in an arterial bifurcation and the distance
between the vessel and the microwave antenna on the tem-
perature distribution were experimentally studied (Fig. 7)
(Li et al., submitted for publication). The higher was the
blood velocity, the smaller was the heating pattern. There
was a recirculation zone in the daughter branching vessel
immediately after the bifurcation which actually acted as
a thermal insulating layer between the tissue and the blood.
The results of experiment and numerical simulation attri-
bute satisfactory qualitative consistency.

Studying the bio-heat transformation near an arterial
bifurcation can provide a basis for understanding the
impact of complicated vasculature on thermal ablation,
and a helpful guidance for clinical operation.
5. Summary

CFD has been convinced as a valuable approach to the
numerical simulation study of blood flow in arteries
because of its capability of obtaining quantitative hemody-
namics parameters. The individual variability and inher-
ent complexity of human biological systems is such that
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idealized modeling, diagnostic imaging and empirical data
alone are insufficient to predict the outcome of a given
treatment for an individual patient. With the development
of modern angiographic techniques, such as magnetic reso-
nance imaging, it is now possible to quantify blood flow in
anatomically and physiologically real patient-specific mod-
els, which enables an entirely new application of biome-
chanics, namely predicting changes in blood flow
resulting from possible therapeutic interventions for indi-
vidual patients (Taylor et al., 1999). Medical application
oriented blood flow simulation enables physicians, medical
device manufacturers, and pharmaceutical and biotechnol-
ogy manufacturers to get insight into pre- and post-opera-
tion. Many more applications of blood flow simulation will
undoubtedly be conceived and will shape our research field
in the years to come (Steinman and Taylor, 2005).
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