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Abstract: It has been recognized that fluidstructure interactions (FSI) play an important role
in cardiovascular disease initiation and development. However, in vivo MRI multi-component
FSI models for human carotid atherosclerotic
plaques with bifurcation and quantitative comparisons of FSI models with fluid-only or structureonly models are currently lacking in the literature. A 3D non-Newtonian multi-component FSI
model based on in vivo/ex vivo MRI images for
human atherosclerotic plaques was introduced to
investigate flow and plaque stress/strain behaviors
which may be related to plaque progression and
rupture. Both artery wall and plaque components
were assumed to be hyperelastic, isotropic, incompressible and homogeneous. Blood flow was
assumed to be laminar, non-Newtonian, viscous
and incompressible. In vivo/ex vivo MRI images were acquired using histologically-validated
multi-spectral MRI protocols. The 3D FSI models were solved and results were compared with
those from a Newtonian FSI model and wallonly/fluid-only models. A 145% difference in
maximum principal stresses (Stress-P1 ) between
the FSI and wall-only models and 40% difference
in flow maximum shear stress (MSS) between
the FSI and fluid-only models were found at the
throat of the plaque using a severe plaque sample (70% severity by diameter). Flow maximum
shear stress (MSS) from the rigid wall model is
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much higher (20-40% in maximum MSS values,
100-150% in stagnation region) than those from
FSI models.
Keyword: Finite element method, artery, blood
flow, fluid-structure interaction, atherosclerosis.

1 Introduction
There has been considerable interdisciplinary effort combining medical image technology and
image-based computational modeling to perform
mechanical analysis for atherosclerotic plaques
and identify critical mechanical conditions related
to plaque rupture which often leads to critical
events such as stroke and heart attack [Finol, Keyhani, and Amon (2003); Friedman and Giddens
(2005); Scotti et al. (2005); Yuan, Mitsumori,
Beach, and Maravilla (2001a)]. Computational
modeling for engineering applications with meshless and finite element methods have made considerable advances in recent years [Atluri (2004,
2005); Atluri, Yagawa, and Cruse (1995); Bathe
(1996, 2002); Shu, Ding, and Yeo (2005)]. A
series of meshless local Petrov-Galerkin (MLPG)
methods were introduced to solved 3-dimensional
elasto-static and dynamical problems [Han and
Atluti (2004a, 2004b)] and nonlinear problems
with large deformation and rotations [Han, Rajendran and Atluri (2004)]. A “mixed” approach
was introduced to improve the MLPG method using finite volume method [Atluri, Han and Rajendran (2004)] and finite difference method [Atluri,
Liu, and Han, (2006a, 2006b)]. Numerical methods were also developed to solve problems with
free and moving boundaries [Zohouri, Pirooz,
and Esmaeily (2005); Mai-Duy and Tran-Cong,
(2004)]. While it has been recognized that fluid-
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structure interactions (FSI) play an important role
in blood flow in arteries, MRI-based models for
atherosclerotic plaques have been limited mainly
to 2D or 3D structure-only / 3D fluid-only models with a few exceptions due to the complexity
of the problem [Li et al. (2006); Cheng et al.
(1993); Tang et al. (2004)]. An iterative method
solving problems with fluid-structure interactions
was introduced by Rugonyi and Bathe [Rugonyi
and Bathe (2001)]. A meshless spatial coupling
scheme for large-scale fluid-structure-interaction
problems was introduced by [Ahrem, Beckert and
Wendland, (2006)]. More complete reviews can
be found from [Tang, (2006); Tang, Yang, and
Yuan (2006)].
In this paper, non-Newtonian 3D multicomponent FSI models based on in vivo /
ex vivo MR images of human atherosclerotic
plaques with bifurcation were introduced to
investigate both flow and structure stress/strain
behaviors and seek critical information which
may be related to plaque progression and rupture.
To our knowledge, this will be the first 3D in vivo
MRI-based modeling paper for carotid plaque
with bifurcation and fluid-structure interactions.
Our special aims are: a) quantify differences
between 3D structure-only, fluid-only and FSI
models; b) quantify differences between Newtonian and non-Newtonian models based on in vivo
MRI patient-specific data. Both flow and structure stress/strain behaviors will be investigated
because while low flow shear stress may be more
relevant in the plaque initiation and progression
process [Ku, Giddens, Zarins, and Glagov
(1985); Giddens, Zarins, and Glagov, (1993);
Friedman, Bargeron, Deters, Hutchins, and Mark
(1987)], high flow shear stress and structure
stress/strain distributions may be more closely
related to plaque rupture risk analysis. The in
vivo MRI-based model together with the flow
and stress/strain behaviors in the plaque obtained
from the model will serve as starting points and
necessary preparations for patient-specific plaque
progression and assessment investigations.
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2 Models and methods
This interdisciplinary MRI-based modeling
project was a collaborative effort from the MRI
team led by Dr. Yuan and computational modeling team led by Dr. Tang, both with extensive
publications giving details of their methods and
model development approaches. Some details of
the MRI data acquisition and model construction
processes are given below.
2.1 In vivo/Ex vivo MRI data acquisition and
3D geometry re-construction
In vivo MRI images of human carotid atherosclerotic plaques were provided by Dr. Yuan and his
group at University of Washington (UW) using
protocol approved by University of Washington
Institutional Review Board with informed consent
obtained. MRI scans were conducted on a GE
SIGNA 1.5T whole body scanner using the protocol outline in Yuan and Kerwin [Yuan and Kerwin
(2004)]. Multi-contrast images (T1, CTE1, TOF,
and PD) of carotid atherosclerosis were generated
to characterize plaque tissue composition, luminal and vessel wall morphology [Cai, Hatsukami,
Ferguson, Small, Polissar, and Yuan, (2002);
Yuan et al, (2001a, 2001b)]. A computer package
CASCADE (Computer-Aided System for Cardiovascular Disease Evaluation) developed by the
Vascular Imaging Laboratory (VIL) at the University of Washington (UW) was used to perform image analysis and segmentation [Kerwin, Hooker,
Spilker, Vicini, Ferguson, Hatsukami, and Yuan,
(2003)]. CASCADE analysis tools have been validated by histological studies and are able to accurately identify specific plaque features, including the lumen, wall boundary, lipid rich necrotic
core, calcifications, and other components. Fig.
1 gives multiple contrast weighting MR images
with contours generated by CASCADE. Ex vivo
MRI data of human atherosclerotic plaques were
provided by Dr. Woodard and Dr. Zheng’s group
using protocol approved by Washington University Institutional Review Board with informed
consent obtained. Segmentation was done by a
self-developed software package Atherosclerotic
Plaque Imaging Analysis (APIA) written in Matlab (MathWorks, MATLAB, Natick, MA) and
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also validated by histological analysis.

a human carotid plaque sample, the segmented
component contour plots, the re-constructed 3D
geometry, and two additional human atherosclerotic plaque samples re-constructed from ex vivo
MR images. Some smoothing was applied to correct numerical and MRI artefacts.
2.2 The solid and fluid models

Figure 1: The CASCADE interface permits multiple contrast weighting display, interactive delineation of plaque features, and concise reporting
of quantitative lesion indexes among other functions. Contour plots of plaque components shown
were generated by CASCADE and digitized for
3D geometry reconstruction. Five different contrast weighting are shown. The lower right figure is the segmented plaque with different plaque
components identified.

Both the artery wall and the components in the
plaque were assumed to be hyperelastic, isotropic,
incompressible and homogeneous. For the fluid
model, the flow was assumed to be laminar, viscous and incompressible. Both Newtonian and
non-Newtonian fluids are considered. The incompressible Navier-Stokes equations with arbitrary Lagrangian-Eulerian (ALE) formulation
were used as the governing equations which are
suitable for problems with fluid-structure interactions and frequent mesh adjustments. Flow velocity at the flow-vessel interface was set to zero for
steady flow and set to move with vessel wall (noslip condition) for unsteady flow. Putting these
together, we have [Bathe (1996, 2002); Tang et
al. (2004)]:

ρ (∂ u/∂ t + ((u − ug ) · ∇) u) = −∇p + μ ∇2 u, (1)
∇ · u = 0,

3D geometry reconstruction and mesh generation were done under ADINA environment. ADINA (ADINA R & D, Inc., Watertown, MA)
is a commercial finite element package which
has been validated by many real-life applications
and has been used by the authors in several investigations with experimental validations [Bathe
(2002); Tang et al., (2004, 2005a, 2005b)]. All
segmented 2D slices were read into ADINA input file, pixel by pixel. For in vivo data, the geometry was reduced by 10% before the data is
read into ADINA so that the actual in vivo shape
could be recovered with initial stress/strain conditions when initial axial pre-stretch and pressurization were applied. The reduction rate was numerically determined for an optimal match with in vivo
shape after pressurization. 3D surfaces, volumes
and computational meshes were made under ADINA computing environment. Fig. 2 shows 4 MRI
slices (T1W, selected from set of 24 slices) from

u|Γ = ∂ x/∂ t,
p|inlet = pin (t),

ρ vi,tt = σi j, j ,

(2)

∂ u/∂ n|inlet, outlet = 0,

(3)

p|outlet = pout (t),

(4)

i, j = 1, 2, 3;

εi j = (vi, j + v j,i )/2,

sum over j,

i, j = 1, 2, 3

(5)
(6)

σi j · n j |out_wall = 0,

(7)

σirj · n j |Γi = σisj · n j |Γi , vr |Γi = vs |Γi ,

n
μ = μ∞ + (μ0 − μ∞ ) 1 + AD2 ,

(8)
(9)

where u and p are velocity and pressure, ug is
mesh velocity, Γ is vessel inner boundary, f·, j
stands for derivative of f with respect to the jth
variable, σ is stress tensor (superscripts indicate
different materials), ε is strain tensor, v is solid
displacement vector, Γi stands for all the interfaces, μ is the fluid viscosity, D is the effective
deformation rate given by [Bathe (2002)],


1
1 ∂ Vi ∂ V j
+
,
(10)
D = (ei j , ei j ) 2 , ei j =
2 ∂ x j ∂ xi
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and A, n, μ0 and μ∞ are constants chosen to fit experimental data [Fung (1993)]. The 3D nonlinear
modified Mooney-Rivlin (M-R) model was used
to describe the material properties of the vessel
wall and plaque components [Huang et al. (2001);
Tang et al. (2004)]. The strain energy function for
M-R model is given by (continued after Fig. 2),
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(a)

(b)

Lumen

W = c1 (I1 − 3) + c2 (I2 − 3)
+ D1 [exp(D2 (I1 − 3)) − 1] , (11)

1 2
I1 −Ci j Ci j ,
(12)
2
where I1 and I2 are the first and second strain invariants, C = [Ci j ] = XT X is the right CauchyGreen deformation tensor, X = [Xi j ] = [∂ xi /∂ a j ],
(xi ) is current position, (ai ) is original position
[Bathe (1996, 2002)], ci and Di are material
parameters chosen to match experimental measurements [Humphrey (2002); Kobayashi et al.
(2003)]. The viscosity curve fitting experimental data and stress-stretch curves from the M-R
model are given by Fig. 3 [Fung (1993); Johnston et al. (2004); Karner et al. (1999)]. Pressure
conditions used in our simulations for the baseline model and the flow rates obtained from the
FSI model are given by Fig. 4 [Ku et al. (1985);
Karner et al. (1999)].

I1 = ∑ Cii ,

I2 =

2.3 Solution methods
The fully coupled FSI models were solved by
ADINA. ADINA uses unstructured finite element
methods for both fluid and solid models. Nonlinear incremental iterative procedures are used to
handle fluid-structure interactions. The governing finite element equations for both the solid and
fluid models were solved by Newton-Raphson iteration method. Proper mesh was chosen to fit
the shape of each component, the vessel, and the
fluid domain. Finer mesh was used for thin plaque
cap and components with sharp angles to get better resolution and handle high stress concentration behaviours. The artery was stretched axially
and pressurized gradually to specified conditions.
Mesh analysis was performed until differences
between solutions from two consecutive meshes

1.06 cm

(c)

Lipid
ECA

ICA

Lumen

Lipid

(d) Plaque #2
Lipid cores

Lumen
(e) Plaque #3

Lipid Core

Ca

Lumen

Figure 2: In vivo 3D MRI images of a human
carotid plaque and 3D reconstruction. (a) 4 MRI
(T1W) slices (S2-S5) selected from a 24-slice set
(S0-S23), slice spacing: 0.5mm. Each image
shown here is cut from the whole-neck image;
(b) segmented contour plots using CASCADE
showing plaque components; (c) 3D geometry reconstructed from in vivo images; (d)-(e) two more
plaque samples reconstructed from ex vivo MR
images.
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(a) Stress-Stretch Curves from M-R Models

(a) Prescribed Pressure Conditions
Pin (70-110)
Pout_ICA (69.94-109.165)

Pout_ECA
(69.88-108.738)

(b) Flow Rates Obtained from the FSI Model

(b) Blood Viscosity Plots from the Models
• Our model (red)
marching experimental
data (blue) by Fung
(1993).
• Model used by Johnston
et al (2004)
• Model used by Karner et
al. (1999).

Figure 3: (a) Stress-stretch curves derived from
the modified Mooney-Rivlin models for fibrous
tissue (vessel), lipid pool, and calcifications.
Parameter values: Fibrous tissue, c1 =368000,
c2 =0, D1 =144000, D2 =2.0; Necrotic lipid pool:
c1 =20000, c2 =0, D1 =20000, D2 =1.5; Calcification: c1 =3680000, c2 =0, D1 =1440000, D2 =2.0.
Unit: dyn/cm2 . (b) Blood viscosity curve compared with experimental data and models used
by other authors. Parameter values: our model,
μ0 =2.3, μ∞ =0.0345, λ =28.28, a=-0.355, b=2;
model by Johnston et al., μ0 =0.56, μ∞ =0.0345,
λ =3.313, a=-0.3216, b=2; model by Johnston et
al., μ0 =0.1315, μ∞ =0.03, λ =0.5, a=-0.3, b=1.7.

Figure 4: Prescribed upstream and downstream
pressure conditions and the corresponding flow
rates obtained from the FSI model. Flow rates
are different at the inlet and outlet due to vessel
deformation.

were negligible (less than 1% in L2 -norm). Three
cardiac cycles were needed to obtain periodic solutions. More details of the computational models
and solution methods can be found from Tang et
al. (2004) and Bathe (1996, 2002).
3 Results
Simulations were conducted using different models to investigate the effects of non-Newtonian
and FSI models on flow and wall stress/strain be-
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haviors, with special attention paid to flow wall
shear stress variations. Four models were considered: Model 1, non-Newtonian fluid with FSI
(baseline model); Model 2, Newtonian fluid with
FSI; Model 3, Newtonian fluid-only rigid wall
model; Model 4, wall-only model (no flow). Pressure conditions, material properties and plaque
morphology (plaque cap thickness, stenosis severity and plaque components) may be varied to
observe the corresponding changes of flow and
stress/strain behaviors.
3.1 Overview of flow velocity, pressure, shear
stress, and structure stress/strain distributions
Figures 5-6 present some basic results obtained
from Plaque #1 reconstructed from in vivo MRI
images (see Fig. 2(c)). Viscosity for the Newtonian fluid was set to be 0.0345 Poise. Due to
the complexity of 3D solutions, two sagittal cut
surfaces showing the bifurcation (L-cut) and a Ycut surface (setting y=constant) showing the lipid
core were selected to present the results. Peak velocity was found in the vessel narrowing caused
by the plaque (Fig. 5(a)). Minimum pressure occurred at the plaque stenosis throat (Fig. 5(b)).
In this paper, flow maximum-shear-stress (MSS)
is used to investigate flow shear stress behaviors.
MSS is defined as [Fung (1994); Bathe (2002)]:

τmss = (σ1 − σ3 )/2,

(13)

5(d) shows viscosity distribution in the fluid, with
maximum and minimum occurring where minimum and maximum MSS were found. Maximum
viscosity is about 300% of the minimum viscosity
found at the maximum MSS location.

(a) Velocity
Vmax=48cm/s

(b) Pressure

Min=108.6mmHg

Max=110mmHg

(c) MSS
Max=86.9 dyn/cm2
Min=0.305 dyn/cm2

(d) Viscosity
Max=0.10 Poise

Min=0.035 Poise

where σ1 and σ3 are the flow maximum and minimum principal stresses respectively. For flow
shear stress along an axisymmetric tube wall, τmss
reduces to the regular definition (Fung, 1994),

τ = μ∂ u/∂ r,

(14)

where u is the axial component of the velocity and
the radial component of the velocity is zero. Eq.
(13) defines MSS in a 3D setting and is more suitable for our purpose due to complexity of plaque
geometries. Fig. 5(c) gives an MSS band plot
for the base model. MSS maximum was observed
in the internal carotid artery (ICA) on the proximal side of the plaque. MSS is higher where
the vessel is narrower. Minimum MSS is found
near the centerline of the vessel as expected. Fig.

Max

(Universal Scale)

Figure 5: Overview of flow characteristics from
the non-Newtonian FSI model showing flow velocity, pressure, maximum shear stress, and blood
viscosity distributions corresponding to maximum inlet pressure.

Fig. 6 shows flow and stress/strain characteristics on a Y-cut surface. A flow re-circulation region distal to the stenosis is clearly seen. To better
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(a) Velocity, Y-cut

(a) Non-Newtonian, FSI, Pmin
1.07 2.13

0.0

Vmax=48.0 cm/s

Max=18.52
Min= - 1.63
14.93

16
(b) Axial velocity W-band plot

(b) Newtonian, FSI, Pmin

Wmin=-4.27 cm/s

0.0

1.07 2.13

Max=19.17
Min= - 2.40
(c) Stress-P1

14.93

16
Lipid pool

(c) Newtonian, Rigid wall, Pmax
0.0

Max=135KPa

Max=18.74
Min=1.4 KPa

Min= - 1.96

16

(d) Strain-P1

Max

Max=0.24

1.07 2.13

Min=0.057

Figure 6: Overview of flow variables and
stress/strain distributions on a Y-cut surface which
has a better view of the location of the lipid pool
and the solution behaviors.

14.93

(Universal Scale)

Figure 7: Comparison of flow velocity (longitudinal or w-component) from three models: Model 1,
non-Newtonian fluid with FSI (baseline model);
Model 2, Newtonian fluid with FSI; Model 3,
Newtonian flow-only rigid wall model. Differences in maximum velocity values are small.
Flow stagnation regions with different sizes were
observed from all three models.

3.2 Flow velocity comparisons
quantify this region, a band plot of the axial velocity (velocity component in z-direction) is given by
Fig. 6(b). Band plot will be used again to compare
the differences of the cases considered. Figigues
6(c)-(d) give maximum principal stress and strain
distributions (Stress-P1 and Strain-P1 ) on the Ycut surface showing their maximum values at a
healthy site where vessel curvature is large. Because this plaque sample has a thick plaque cap,
the plaque is stable. No critical stress/strain
conditions were observed. More details about
stress/strain analysis with cap thickness variations
can be found from Tang et al. (2004; 2005b).

Fig. 7 gives band plots of axial velocity (wcomponent) which is a simple way to identify
flow stagnation and re-circulation regions. Plots
for Cases 1-3 with minimum pressure conditions
are given to observe flow pattern differences with
special attention paid to flow re-circulations. Our
results indicated that lower pressure condition
corresponds to large flow stagnation regions. The
stagnation region (marked by w=0 contour) from
the Newtonian flow model is considerably larger
that from the non-Newtonian model as shown by
Figures 7(a) and 7(b). The rigid-wall model has
a narrower lumen because it did not have vessel
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stretch and expansion. However, the velocity pattern is similar to those from FSI models. Maximum w-velocity from the non-Newtonian model
(Model 1) is 3.5% lower than that from the Newtonian model (Model 2), and is about the same
as that from the rigid-wall model (Model 3). Fig.
8 shows that flow rates from FSI models (Models 1 & 2) are about 35% higher than that from
the rigid wall model. Flow rate from the nonNewtonian model is about 2% lower than that
from the Newtonian model (Model 2) because of
the non-Newtonian viscosity effect.

CMES, vol.19, no.3, pp.233-245, 2007
(a) MSS from Non-Newtonian FSI Model under, Pmax
1.0
Max=62.9
Up Curve
Lower Curve

Tracking Site 2

Tracking Site 1

Min=0.51

(b) MSS tracked at Tracking site 1
Green: Rigid
wall, flow only

Red/Blue: FSI, Newtonian
and Non-Newtonian

(c) MSS tracked at Tracking site 2
Green: Rigid
wall, flow only
Red: FSI, NonNewtonian
Blue: FSI,
Newtonian

Figure 8: Comparison of flow rates obtained from
three models. Flow rate from the Non-Newtonian
FSI model is lower because of the higher viscosity. The rigid wall model gives lower flow rate
because of its narrower lumen.

3.3 Shear stress behaviors
As shear stress is the most closely examined flow
variable, Fig. 9 presents MSS band plots (Fig.
9(a)) and MSS tracked at two locations over one
cardiac cycle (Figures 9(b)-(c)) where maximum
and minimum MSS were found on the Y-cut
surface. Results from the Newtonian and nonNewtonian FSI models and the rigid wall model
are compared. Fig. 9 (a) shows that small geometrical unevenness (e.g., the small waviness along

Figure 9: (a) MSS distributions from the nonNewtonian FSI model corresponding to maximum upstream pressure conditions; (b)-(c). MSS
from Models 1-3 tracked at two sites (tracking
site 1 corresponds to maximum MSS site; tracking site 2 corresponds to flow-stagnation region)
over a cardiac cycle showing rigid-wall model has
higher MSS (more than 100%) than that from FSI
models and that non-Newtonian FSI model has
higher MSS at Site 2 compared to MSS from the
Newtonian FSI model.

the lower boundary of the Y-cut) causes large
MSS variations. Maximum MSS values from the
Newtonian and non-Newtonian FSI models are
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almost the same as seen from Figures 9(b)-(c),
with non-Newtonian model giving higher MSS
values. The differences of MSS values from the
three models tracked at Site 2 are more noticeable
(Fig. 9(c)). MSS from the non-Newtonian model
is about 40% higher at the minimum MSS location during diastole. The MSS from the rigid wall
model is much higher (100-150%, while the absolute difference is only about 2-4 dyn/cm2 ) than
those from FSI models due to narrower lumen.
Low flow shear stress is known to be related to
atherosclerotic plaque initiation and progression
[Ku et al. (1985); Friedman et al. (1987)]. The
biological significance of these differences is to
be revealed and quantified from experimental and
clinical investigations.
Simulations were also conducted using other two
plaque samples (Plaques #2 & #3 as given in Fig.
2). Our results confirmed that Newtonian and
non-Newtonian models for blood flow in large arteries do not lead to considerable differences. Differences for flow velocity and shear stresses were
all within 5% range.
3.4 Plaque with more severe stenosis and
larger pressure drop
Blood pressure is the driving force for blood flow
in arteries. For the three plaque samples given
in Fig. 2 and the simulations conducted up to
now, vessel lumen reductions were all gradual and
pressure drop was small (less than 1 mmHg). Because the pressure fields are almost uniform in
the three plaques considered, wall stresses obtained from the FSI models and the wall-only
models were almost the same (figures not shown).
However, for plaques with more severe stenosis
and larger pressure drop, the situation is different. A modified carotid plaque with 70% stenosis severity (by diameter) was used to investigate
the model differences (Fig. 10). For Models 1-3
(defined at the beginning of Section 3), the pressure given in Fig. 3 was used as the inlet pressure, and the outlet pressure was set at 40 mmHg
which is still within physiological range [Tang et
al. (2001)]. For Model 4 (the wall-only no flow
model), the lumen pressure was set the same as
the inlet pressure from Models 1-3. Fig. 10 gives

241

Stress-P1 from Models 1,2,4 and MSS from Models 1-3 tracked at the stenosis throat over a cardiac
cycle. Stress-P1 from the wall-only model at the
tracking point (TP) is 145% higher than that from
the FSI models. MSS at TP from the fluid-only
rigid-wall model is about 40% higher than that
from the FSI models. Differences between the
Newtonian and non-Newtonian FSI models are so
small that those curves are totally overlapped in
Figures 10 (b)-(c).
4 Discussion
4.1 FSI models compared with wall-only and
fluid-only models, fluid and structural
stresses
We believe this is the first time in vivo MRI multicomponent FSI models with bifurcation was introduced for patient-specific carotid atherosclerotic plaques and model comparison was made
using those models. It has been gradually recognized that fluid-structure interactions play an
important role in many biological processes and
should be included in computational models for
more accurate mechanical analysis and predictions [Tang et al. (2005a)]. However, it is less
clear that the FSI impact is closely linked to
plaque structure and pressure conditions for the
specific model considered. For example, the wall
stress distributions in the three plaque samples
(Fig. 2) from the FSI models and wall-only model
are almost the same because the pressure distributions obtained from the FSI models are almost
uniform and do not differ much from the uniform lumen pressure specified in the wall-only
model. Compared to pressure, flow shear stress
is several order of magnitude lower (1 mmHg =
1332 dyn/cm2 ) and its contribution to wall stress
distribution could be ignored unless flow shear
stress on lumen surface becomes important (damage to endothelium, rupture of very thin cap, etc.).
Larger differences in Stress-P1 and MSS from different models were found from a modified plaque
sample with severe stenosis and large pressure
drop conditions. Our results indicate that wallonly and fluid-only models may be adequate for
normal or mild/moderately diseased arteries when
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(a) Modified Plaque. Severity 70% by Diameter
Lipid Cores
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properly used. FSI models should be used for
severely stenosed arteries.
4.2 Controlling factors and effect of the nonNewtonian model

Lumen

Tracking Point

(b) Stress-P1 at Tracking Point
Wall-only
Model

Newtonian and
non-Newtonian
FSI models

(c) MSS at Tracking Point
Flow-only
Model

In our previous papers, controlling factors in
computational FSI models affecting mechanical
forces (both fluid and structure) in atherosclerotic plaques were classified into three groups:
a) plaque morphology and structure; b) material
properties of the vessel and plaque components;
c) flow forces (pressure). The non-Newtonian FSI
bifurcation model is adding in vivo vessel bifurcation and blood viscosity to the list. In vivo MRIbased models are much closer to clinical applications because vessel geometry based on ex vivo
MRI data may be considerably different from its
original in vivo morphology. Our results indicated
that MSS differences between the Newtonian and
non-Newtonian models are almost negligible for
the plaque samples considered other than when
MSS values become very low (< 10 dyn/cm2 ).
Even though MSS differences from these models
are small in the flow re-circulation region, their
relative differences are not so small and the biological and clinical significance of those differences for plaque progression is to be revealed and
quantified from experimental and clinical investigations.
5 Conclusion

Newtonian and
non-Newtonian
FSI models

Figure 10: Results from a severely stenosed
plaque (modified from Plaque #2) demonstrate
that plaque morphology and pressure drop conditions have considerable effects on flow and wall
stress/strain behaviors. (a) Modified plaque with
stenosis severity 70% by diameter; (b) Stress-P1
at the tracking point (throat of the plaque) from
the non-Newtonian FSI model is about 145%
higher than that from the wall-only model; (c)
MSS at the tracking point from the flow-only
model is about 40% higher than that from the nonNewtonian FSI model. MSS from Newtonian FSI
model almost overlaps the non-Newtonian curve.

A 3D non-Newtonian multi-component FSI
model based on in vivo MRI images for human atherosclerotic plaques with bifurcation
was introduced to investigate flow and plaque
stress/strain behaviors which may be related to
plaque progression and rupture. Solution differences between Newtonian and non-Newtonian
FSI models, wall-only (no flow) and fluid-only
(rigid wall) models were quantified using human
atherosclerotic plaque geometries re-constructed
from in vivo / ex vivo MR images. Our results indicate that solution differences between
the FSI models and wall-only/fluid-only models
are closely linked to plaque morphology and pressure drop conditions. For a plaque sample with
70% stenosis, a 145% difference in Stress-P1 val-
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ues between the FSI and wall-only models and
40% difference in MSS values between the FSI
and fluid-only models were found at the throat of
the plaque. MSS values from the rigid wall model
could be much higher (100-150% for plaque #1)
than those from FSI models due to narrower lumen. Effects of model difference, plaque morphology, fluid-structure interactions, and blood
pressure conditions on computational predictions
for flow and stress/strain behaviors are far more
noticeable for advanced atherosclerotic plaques
compared to healthy or mildly/moderately diseased arteries.
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