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Abstract
Background—Heart attack and stroke are often caused by atherosclerotic plaque rupture which
happens without warning most of the time. MRI-based atherosclerotic plaque models with fluid-
structure interactions (FSI) have been introduced to perform flow and stress/strain analysis and
identify possible mechanical and morphological indices for accurate plaque vulnerability assessment.
For coronary arteries, cyclic bending associated with heart motion and anisotropy of the vessel walls
may have significant influence on flow and stress/strain distributions in the plaque. FSI models with
cyclic bending and anisotropic vessel properties for coronary plaques are lacking in the current
literature.

Method of Approach—In this paper, cyclic bending and anisotropic vessel properties were added
to 3D FSI coronary plaque models so that the models would be more realistic for more accurate
computational flow and stress/strain predictions. Six computational models using one ex vivo MRI
human coronary plaque specimen data were constructed to assess the effects of cyclic bending,
anisotropic vessel properties, pulsating pressure, plaque structure, and axial stretch on plaque stress/
strain distributions.

Results—Our results indicate that cyclic bending and anisotropic properties may cause 50%–800%
increase in maximum principal stress (Stress-P1) values at selected locations. The stress increase
varies with location and is higher when bending is coupled with axial stretch, non-smooth plaque
structure, and resonant pressure conditions (zero phase angle shift). Effects of cyclic bending on flow
behaviors are more modest (9.8% decrease in maximum velocity, 2.5% decrease in flow rate, 15%
increase in maximum flow shear stress).

Conclusions—Inclusion of cyclic bending, anisotropic vessel material properties, accurate plaque
structure, and axial stretch in computational FSI models should lead to considerable improvement
of accuracy of computational stress/strain predictions for coronary plaque vulnerability assessment.
Further studies incorporating additional mechanical property data and in vivo MRI data are needed
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to obtain more complete and accurate knowledge about flow and stress/strain behaviors in coronary
plaques and to identify critical indicators for better plaque assessment and possible rupture
predictions.

Keywords
Coronary artery; cardiovascular; cyclic bending; fluid-structure interaction; blood flow;
atherosclerotic plaque rupture

1. Introduction
Assessing atherosclerotic plaque vulnerability is important because many cardiovascular
clinical events such as heart attack and stroke are caused by plaque rupture which often happens
without any warning signal [1–6. “Every year, nearly half of heart attack victims (over 650,000
only in the United States) are unaware of their vulnerability to a near future heart attack until
it happens. And more than 220,000 of them die within an hour. Essentially, they each are a
walking time bomb and completely unaware.” said Dr. Morteza Naghavi, chairman of the
SHAPE (Screening for Heart Attack Prevention and Education) Task Force who founded the
Association for Eradication of Heart Attack (AEHA) [7].

Plaque rupture is believed to be related to plaque morphology, mechanical forces, vessel
remodeling, blood conditions (cholesterol, sugar, etc.), chemical environment, and lumen
surface conditions (inflammation) [2–3,8–13]. However, mechanisms causing plaque rupture
are not fully understood [5–6,12–15]. Some studies indicated that the following factors appear
to be closely associated with plaque ruptures [2,8–9,11,16]: a) a large atheromatous lipid-rich
core; b) a thin fibrous cap; c) weakening of the plaque cap, superficial plaque inflammation,
and erosion. MRI techniques have been developed to non-invasively quantify plaque size,
shape, components (fibrous, lipid, calcification/ inflammation) and flow characteristics [17–
19]. Attempts of using ultrasound and intravascular ultrasound (IVUS) techniques have been
made to quantify vessel motion, mechanical properties, and vessel wall structure, even to
predict rupture locations [12–13,20]. Liang, Zhu and Friedman developed techniques to
estimate transverse strain tensors in the artery wall using IVUS image registration [21]. In
McCord and Ku’s experiments, fresh human artery rings were cyclically bent for 500,000
cycles. The cyclic bending stresses induced intimal rupture that may mimic artery fatigue and
plaque rupture [22–23].

It has been proposed that mechanical forces play an important role in the complex plaque
progression and rupture process and that adding mechanical analysis to the current
morphology-based plaque assessment may lead to more accurate predictions of possible future
rupture events. Image-based computational models for atherosclerotic plaques have been
introduced to perform flow and stress/strain analysis and identify possible mechanical and
morphological indices for plaque vulnerability assessment [18,24–34]. Fluid-structure
interactions (FSI) were introduced in our previous papers for carotid atherosclerotic plaques
[18,31–33,35]. However, 3D multi-component FSI models based on MRI data for human
coronary plaques with cyclic bending and anisotropic material properties are still lacking in
the literature [18,35–37].

In this paper, we are adding cyclic bending and anisotropic vessel properties to 3D FSI coronary
plaque models for more realistic models and more accurate computational predictions. It is
known that coronary plaques are more likely to rupture compared to carotid plaques under
comparable conditions (such as stenosis severity at about 50% by diameter). One possible
reason is that coronary arteries are under cyclic bending caused by heart motion and
compression. We hypothesize that cyclic bending of coronary atherosclerotic plaques may be
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a major contributor to critical stress conditions in coronary plaques leading to increased
plaque rupture risk. By including both cyclic bending and vessel anisotropic material
properties in 3D multi-component FSI models for coronary plaques, we hope to capture the
major factors affecting critical flow and mechanical conditions and improve the accuracy of
computational predictions for plaque vulnerability assessment. One coronary plaque sample
re-constructed from a 3D ex vivo MRI data set was used for this investigation. Anisotropic
material properties were measured from a human coronary plaque sample. Physiological
pressure and curvature variations of human coronary arteries were obtained from available
literature and used in the model [17,29,35,38]. Details are given below.

2. Data Acquisition, Models and Methods
2.1. Mechanical testing of vessel material properties

A coronary artery was obtained from Washington University Medical School with consent
obtained. After the connective tissue was removed, the artery was cut to open. Dumbbell-
shaped strips of 2mm width were cut in the axial and radial directions. The strips were cut from
areas without obvious plaque blocks to avoid the disturbance to the experimental data. Pieces
of water-proof sand paper were attached on the ends of each strip with cyanoacrylate adhesive.
Then two black markers were put in the central area for non-contact deformation measurement.
Samples were submerged in a 37°C thermostatic saline bath and mounted on a custom-designed
device to perform uniaxial tests [39]. For each test, after 5 pre-conditioning cycles to a stretch
ratio of 1.3, the sample was cycled three times with stretch ratio varying from 1.0 to 1.3 at a
rate of 10% per minute. Force was measured using an isometric torque transducer (.15 N-m,
Futek) attached to the sample via a 7.6 cm plexiglass arm extending out of the bath yielding ±
4 mN accuracy. Engineering stress was calculated by dividing force by the initial cross-
sectional area of the sample measured with a micrometer (± 10 µm). Measured circumferential
and axial stress-stretch experimental data will be plotted in Section 2.3 together with the stress-
stretch curves derived from the anisotropic and isotropic material models.

2.2 MRI data acquisition
A 3D MRI data set obtained from a human coronary plaque ex vivo consisting of 36 slices with
a relatively high resolution (0.25mm × 0.23mm × 0.5mm) was used as the baseline case to
develop the computational model [31]. The specimen was fixed in a 10% buffered formalin
solution and placed in a polyethylene tube and then stored at 4°C within 12 hours after removal
from the heart. MRI imaging was taken within 2 days at room temperature. Multi-contrast (T1,
middle-T2, T2, and proton density-weighting) MRI imaging was performed to better
differentiate different components in the plaque (Fig. 1). Our individual contour plots show
that T1-weighting is better to assess calcification, T2-weighting is better to assess the lumen
and outer boundary, and the middle-T2 weighting is better for lipid core assessment. The MR
system is 3T Siemens Allegra clinical system (Siemens Medical Solutions, Malvern, PA). A
single-loop volume coil (Nova Medical, Inc, Wilmington, MA) with a diameter of 3.5 cm was
used as a transmitter and receiver. After completion of MR study, the transverse sections with
a thickness of 10 µm were obtained at 1 mm intervals from each specimen. These paraffin-
embedded sections were stained with hematoxylin and eosin (H&E), Masson’s trichrome, and
elastin van Gieson’s (EVG) stains to identify major plaque components: calcification (Ca),
lipid rich necrotic core (LRNC), and fibrotic plaques (FP). Plaque vulnerability of these
samples was assessed pathologically to serve as bench mark to validate computational findings.
The 3D ex vivo MRI data were read by a self-developed software package Atherosclerotic
Plaque Imaging Analysis (APIA) written in Matlab (Math Works, MATLAB, Natick, MA)
and also validated by histological analysis [31].
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All segmented 2D slices were read into ADINA input file. 3D plaque geometry was re-
constructed following the procedure described in Tang et al. [33]. Figure 1 shows one slice
selected from a 36-slice data set of a human coronary plaque sample, plaque component contour
plots based on histological segmentation data, and the re-constructed 3D geometry. Our
individual contour plots show that T1w is better to get the two Ca pools, T2w is better to get
the lumen and outer boundary, the middle-T2w is better for lipid core. The diameter of the
vessel is about 5–6 mm. Some smoothing (third-order spline) was applied to correct numerical
and MR artifacts, as well as overly unsmooth spots that affect the convergence of the model.
Smoothing was kept to minimum only to remove data artifacts and extreme sharp angles which
affect code convergence. Critical morphological features (such as plaque cap thickness) were
carefully kept unchanged so that the accuracy of computational predictions will not be affected.
The vessel was extended uniformly at both ends by 3 cm and 6 cm for the no-bending case to
avoid flow entrance and end effects. For cases with cyclic bending, the vessel was extended at
both ends by 4 mm to keep vessel length reasonable for implementing cyclic bending
conditions.

2.3. A component-fitting mesh generation technique
Because plaques have complex irregular geometries with component inclusions which are
challenging for mesh generation, we have developed a component-fitting mesh generation
technique to generate mesh for our models. Figure 2 gives a simple illustration of the method.
Using this technique, the 3D plaque domain was divided into hundreds of small “volumes” to
curve-fit the irregular plaque geometry with plaque component inclusions. 3D surfaces,
volumes and computational mesh were made under ADINA computing environment. For the
plaque sample given in Fig. 1, the finite element ADINA FSI solid model has 804 volumes,
59360 elements (8-nodes brick element), 64050 nodes. The fluid part has 216 volumes, 71481
elements (4-nodes tetrahedral element), 14803 nodes. Mesh analysis was performed by
decreasing mesh size by 10% (in each dimension) until solution differences were less than 2%.
The mesh was then chosen for our simulations.

2.4. The anisotropic and isotropic multi-component FSI models with cyclic bending
3D anisotropic and isotropic multi-component FSI models were introduced to evaluate the
effects of cyclic bending and anisotropic properties on stress/strain distributions in coronary
plaques using the plaque sample re-constructed in 2.2 (Fig. 1). Blood flow was assumed to be
laminar, Newtonian, and incompressible. The Navier-Stokes equations with arbitrary
Lagrangian Eulerian (ALE) formulation were used as the governing equations. Physiological
pressure conditions were prescribed at both inlet and outlet (Fig. 3). No-slip conditions and
natural traction equilibrium conditions are assumed at all interfaces. Putting these together, we
have (summation convention is used):

(1)

(2)

(3)

(4)
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(5)

(6)

(7)

(8)

where u and p are fluid velocity and pressure, ug is mesh velocity, µ is the dynamic viscosity,
ρ is density, Γ stands for 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, superscript letters “r” and “s” were used to indicate different
materials (fluid, or different plaque components). For simplicity, all material densities were
set to 1 in this paper. Details of material models and other boundary conditions are further
explained below.

To get the constitutive stress-strain relationship for the isotropic model, both artery vessel
material and plaque components in the plaque were assumed to be hyperelastic, isotropic,
incompressible and homogeneous. The 3D nonlinear modified Mooney-Rivlin (M-R) model
was used to describe the material properties of the vessel wall and plaque components [31–
34,40–44]. The strain energy function for M-R model is given by,

(9)

(10)

where I1 and I2 are the first and second strain invariants, C =[Cij] = XTX is the right Cauchy-
Green deformation tensor, X=[Xij] = [∂xi/∂aj], (xi) is current position, (ai) is original position
[40–41], ci and Di for i=1,2 are material parameters chosen to match our own experimental
measurements for fibrous tissue and data in the current literature for lipid pool and calcifications
[26,36,45–46]. 3D stress/strain relations can be obtained by finding various partial derivatives
of the strain energy function with respect to proper variables (strain/stretch components). In
particular, setting material density ρ= 1 g • cm−3 and assuming incompressibility,

(11)

where λ1, λ2 and λ3 are stretch ratios in the (x,y,z) directions respectively, the uni-axial stress/
stretch relation for an isotropic material is obtained from Eq. (9) [31–33],

(12)
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Using the modified Mooney-Rivlin model available in ADINA and adding an additional
anisotropic term to Eq. (9), we have the anisotropic (transversely isotropic) strain energy
density function for our anisotropic FSI model [40,41 (Section 3.8.4), 25]:

(13)

where I4 =Cij (nc)i (nc)j, Cij is the Cauchy-Green deformation tensor, nc is the circumferential
direction of the vessel, K1 and K2 are material constants [41]. A two-step least-squares method
was used to determine the parameter values in Eq. (13) to fit our experimental circumferential
and axial stress-stretch data. Step 1. By choosing the principal axes as local coordinate axes,
calculations are simplified. Noticing that λr λc λz =1, λr=λz (there are radial and axial directions,
respectively), σ = J−1FTFT where σ is Cauchy stress, T is the second Piola-Kirchhoff stress,
and Tcc = ∂W/∂Ecc,Tzz = ∂W/∂Ezz we obtain from Eq. (13):

(14)

(15)

where cz=(C)zz=(FT F)zz, , c c = (C) cc = (FT F) cc are components of the right Cauchy-Green
deformation tensor. Using stress-stretch values obtained from our measurements (Fig. 4) and
with D2 and K2 fixed, a least square approximation technique was used to obtain C1, D1, K1
(all functions of D2 ,K2). Step 2. Let D2 and K2 change from −100 to100, Step 1 was performed
for all (D2, K2) combinations with initial increment=10 to get the corresponding C1, D1, K1
values and the least squares fitting errors. Optimal (D2, K2) and the associated C1, D1, K1
values are determined by choosing the pair corresponding to a minimum fitting error. Searching
increment for (D2, K2) started from 10 for [−100,100] and then refined to 1, and 0.1 when
search domain was reduced. Fig. 3 (a) shows that our model with parameters selected with this
procedure fits very well with the measured experimental data. Parameter values numerically
determined from this optimization process are: anisotropic model for fibrous tissue: C1 =8.2917
KPa, D1 =0.9072 KPa, D2 =3.1, K1 = 8.8240 KPa, K2 =3.7000; corresponding isotropic models:
circumferential (used for isotropic fibrous tissue): C1=28.1443KPa, D1=1.3101KPa, D2=11.5;
axial: C1=14.0722KPa, D1=0.6551KPa, D2=9.2. Our measurements are consistent with data
available in the literature [25,47–48].

Isotropic models were used for calcification (Ca) and necrotic lipid-rich pool. Because
calcification is much stiffer than fibrous tissue, and lipid core is much softer than fibrous tissue,
the following parameter values were used: Ca, C1= 281.443KPa, D1=13.101KPa (C1 and D1
are 10 times of the corresponding values for normal tissue), D2=11.5; lipid pool: C1=0.5KPa,
D1=0.5KPa, D2=0.5 (these small numbers were chosen so that lipid would be very soft).
Parameter analyses were performed in our previous paper [45].

Cyclic arterial bending secondary to cardiac motion was introduced into the computational
model by specifying cyclic nonuniform 3D displacement function d(x,y,z,t) on the lower edge
of the outer surface of the vessel. The displacement function could be adjusted to achieve
desirable curvature changes [29,38,49]. The imposed curvature variation is given in Fig. 4(b)
using the data of a human left anterior descending (LAD) coronary curvature variation data
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given in [29]. The displacement function was set to zero at the two ends of the vessel together
with some additional neighboring nodes so that a small portion of the vessel inlet/outlet was
fixed when the vessel was bent. This should be taken into consideration when interpreting
computational results from the near-end portion of the vessel. Additional length (4 mm at each
end) was added to the vessel to avoid this computational artifact.

2.5. Solution method
The coupled FSI models were solved by a commercial finite-element package ADINA
(ADINA R & D, Inc., Watertown, MA, USA). ADINA uses unstructured finite element
methods for both fluid and solid models. Nonlinear incremental iterative procedures were used
to handle fluid-structure interactions. 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
behaviors. The governing finite element equations for both the solid and fluid models were
solved by the Newton-Raphson iteration method. Details of the computational models and
solution methods are given in [31–35,40–44,50].

3. Results
Computational simulations were conducted using the coronary plaque sample to quantify
effects of anisotropic properties, cyclic bending and their combined effects with pressure
(phase angle shift), plaque components, and axial stretch on flow and stress/strain distributions.
Six models were used in the simulation: Model 1, Baseline anisotropic model with plaque
components, cyclic bending and pulsating pressure as prescribed in Section 2; Model 2, same
as Model 1, but no bending; Model 3, same as Model 1, but no plaque components, i.e., the
same material properties were assigned to Ca and lipid core components; Model 4 is the same
as Model 1, but with no phase angle between cyclic bending and pressure. Maximum pressure
occurs with maximum bending; Model 5 has 10% axial pre-stretch added to Model 1; Model
6, same as Model 1, but isotropic model (matching circumferential stress-stretch curve) was
used for the normal tissue. Because of that, it should be noted that vessel material in Model 6
is much stiffer than that in Model 1. For Model 5, the vessel was stretched (10% axial stretch)
and pressurized first. Then the inlet and outlet were fixed and cyclic bending was applied.

3.1 Cyclic bending leads to considerable stress/strain variations in the plaque
Figure 5 & Figure 6 give maximum principal stress (Stress-P1) and maximum principal strain
(Strain-P1) plots from Model 1 (with cyclic bending) and Model 2 (without cyclic bending),
corresponding to maximum and minimum curvature conditions in one cardiac cycle.

For Model 1, Maximum Stress-P1 from Fig. 5(c) (maximum curvature) was 360% higher than
that from Fig. 5(a) (minimum curvature) even though pressure was lower in (c). Maximum
Stress-P1 value from Fig. 5(c) (the bending case) was also 340% higher than that from the no-
bending case (Fig. 6(c)). Maximum Strain-P1 value from Fig. 5(d) (the bending case) was also
134% higher than that from the no-bending case (Fig. 6(d)). Fig. 6 shows that stress/strain
variations are dominated by pressure changes when no cyclic bending is imposed. Strain
distributions in the plaque showed similar behaviors. These results show very clearly that cyclic
bending leads to large stress/strain increases (100–360%) in the plaque and must be included
in computational models for coronary plaques for accurate stress/strain predictions. Two
significant figures were used percentage calculations.

3.2 Cyclic bending caused only modest flow velocity and shear stress changes
Effects of cyclic bending on flow behaviors are more modest because flow is more closely
related to pressure drop across the plaque segment which was kept the same for both bending
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and no-bending models. Cyclic bending does increase flow resistant because of the increased
curvature. Figure 7 compares flow maximum shear stress (FMSS) and velocity for the bending
and no-bending cases corresponding to the time step with maximum curvature. Table 1 lists
the maximum FMSS and velocity values for three curvature conditions. Maximum velocity
from Model 1 corresponding to maximum curvature was 69.5 cm/s, which increased to 76.3
cm/s for the no-bending case, a 9.8 % increase. FMSS actually decreased from 127.5 dyn/
cm2 for the bending case to 108.4 dyn/cm2 (15%) for the non-bending case. It should be noted
that computational maximum values were observed at only one or a few computational nodal
points, while experimental data measured by medical devices are often averaged values of the
selected region of interest (ROI). A second effect of bending may be seen in the overall flow
rate during the cardiac cycle (see Fig. 3). Maximum flow rates were 131.8 ml/min with bending,
and 135.2 ml/min (2.5% increase) without bending, respectively, likely due to additional
viscous losses associated with the changing curvatures.

3.3 Combined effects of bending with plaque components, phase angle and axial stretch
Our previous papers investigated the effects of major contributing factors for stress-strain
distributions in the plaque [31–34,42–44,50]. Those factors included plaque morphology,
plaque structure with components, pressure condition, material properties, and axial stretch.
Figure 8 gives Stress-P1 and Strain-P1 plots from Model 3 (no plaque components), Model 4
(no phase angle) and Model 5 (with 10 axial stretch) to show the patterns of stress/strain
distributions. Table 2 lists the maximum Stress-P1/Strain-P1 from Models 1–5 corresponding
to maximum and minimum curvature/pressure conditions. Maximum Stress-P1 and Strain-P1
from Model 1 at minimum curvature were used as the base numbers for comparison purpose.
Overall, cyclic bending led to 300%–800% higher maximum stress values and 80%–185%
higher maximum strain values. Models without plaque components led to slightly less stress/
strain variations because stress/strain distributions were more uniform (Fig. 8 (a)–(b)). When
maximum pressure and maximum bending occurred simultaneously (α=0, α is the phase angle
between maximum curvature and maximum pressure), maximum stress value was 696% higher
than the base stress value. With a 10% axial stretch added to Model 1, maximum Stress-P1
value for κ=0.39 1/cm, Pin=101 mmHg increased to 133.4 KPa, a 240% increase from that of
Model 1. However, effects of each contributing factor on stress/strain distributions were of
localized nature, and were not uniform for the cardiac cycle. Localized stress/strain behaviors
will be tracked at selected sites and results will be presented in 3.5.

3.4. Comparison of anisotropic and isotropic models
The measured circumferential stress-stretch data from the human coronary specimen was used
to construct an isotropic model with cyclic bending to quantify the differences between the
anisotropic and isotropic models. It should be noted that the normal tissue in the isotropic model
is stiffer compared to that in the anisotropic model because circumferential stress-stretch data
was used. Figure 9 presents Stress-P1 and Strain-P1 plots from Model 6 (isotropic with cyclic
bending) corresponding to maximum and minimum curvature conditions. Strain values from
Model 6 are noticeably lower because the material used is stiffer. Location of maximum Stress-
P1 is different for the maximum curvature case (Fig. 9(c)). Using the same location at Tracking
Point 1 (TP1), Stress-P1 value (110.2 KPa) from Model 6 is 65% lower than that from Model
1 (182KPa). Stress differences caused by the calcification block is more noticeable in Fig. 5
(c) than that in Fig. 9(c) because of the stiffer normal tissue material in Model 6. Clearer
comparisons will be shown by tracking stress/strain behaviors at selected sites in next section.

3.5. Local stress/strain behaviors tracked at selected critical sites
With so many factors involved, it is hard to compare the differences of 4D (time + 3D space)
stress/strain distributions from different models. It has also been reported that plaque
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vulnerability may be more closely associated with local stress/strain behaviors than with global
maximum stress/strain values [32]. With those in mind, Fig. 10 shows Stress-P1 variations
from 4 models tracked at four selected sites. Track Point 1 (TP1) is the location where global
maximum Stress-P1 was found under maximum curvature for Models 1, 3–5. Track Point 2
(TP2) is located at the plaque cap (thinnest site) over the calcification block. Track Point 3
(TP3) is at a location where the plaque has a large local curvature. Track Point 4 (TP4) is
located at the plaque cap (thinnest site) over the lipid pool (Fig. 10(e)). Maximum and minimum
values of all tracking curves from the 6 models are summarized in Table 3. Several observations
can be made from the curves in Fig. 10: a) Effects of cyclic bending and pulsating pressure
depends heavily on the location of the tracking sites. TP1, TP2 and TP4 are on lumen surface
and Stress-P1 was affected by the pulsating pressure most. TP3 is located at the outer surface
of the vessel which is affected the least by pressure. Being on the bending side, Stress-P1 is
affected the most by cyclic bending, reaching its maximum at maximum bending. Overall,
effect of cyclic bending is the strongest on the bending side (the lower edge of the vessel), and
becomes weaker as the location moves further away from the bending side. Effect of pulsating
pressure becomes less as we move towards the outer surface of the vessel; b) Stress-P1
variations are greater at the cap on lipid pool than that on the cap on the calcification block; c)
Peak Stress-P1 values from Model 1 at TP1, TP2 and TP4 are 44.5%, 21.6, 11.2% higher from
Model 2. More noticeably, peak Stress-P1 value (80.3) at TP3 is 26.7 times higher than that
from the near-zero stress values (peak value = 2.90 KPa) from Model 2; d) In general, Stress-
P1 values from the anisotropic models tracked at TP1-TP4 were about 80%–100% higher than
those from the isotropic model (Model 6). The peaking time showed some delay at TP1, TP2
and TP4. TP3 curve has two peaks, indicating that the bending and pressure effects were at a
balancing point. Table 3 offers maximum and minimum values for the 4 tracking points from
6 models.

These results indicate that cyclic bending, anisotropic properties, pressure, plaque components,
and axial stretch are major contributing factors to stress conditions in coronary plaques. Their
effects on stress distributions can be in the order of 50% – 800% depending on location and
contributing factors. Combined effects may lead to complex stress/strain behavior changes.
Our localized tracking technique may be the right approach to reveal critical stress/strain
information at rupture-prone sites for better plaque assessment.

4. Discussion
4.1 Critical site tracking (CST) method to study complex flow and stress/strain behaviors

It can be seen clearly that 3D flow and stress/strain behaviors in the plaque are very complex.
It is hard to quantify the effect of the contributing factors (five considered in this paper: cyclic
bending, anisotropic material properties, pulsating pressure, plaque structure, and axial stretch)
in the time-dependent full 3D setting, especially when several factors are combined at the same
time. Our critical site tracking (CST) method reduces the full 3D investigation to site-tracking
at selected locations and helps to identify the useful and relevant information much more clearly
with less effort. Our results presented in Section 3.5 demonstrate the effectiveness of the CST
method. It has been shown that plaque vulnerability may correlate more closely with stress/
strain values at certain critical sites which are prone to rupture. This suggests that CST method
could be used in atherosclerotic plaque assessment and other investigations where localized
information are critical to the problem being investigated.

4.2 Benchmark model for coronary plaques: major contributing factors to plaque stress/
strain distributions

It is of vital importance to choose a coronary plaque model with proper model assumptions
and initial and boundary conditions so that accurate flow and stress/strain information can be
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obtained for rupture risk assessment. The model should be as simple as possible so that cost
and effort could be minimized, yet “complete” enough to include all major factors contributing
to the problem (plaque mechanical analysis and vulnerability assessment) under investigation.
We have demonstrated that blood pressure, material properties, plaque structure and
components, fluid-structure interactions, initial pressurization and axial stretch are important
and should be included in plaque models. In this paper, anisotropic vessel properties and cyclic
bending are added into the “major factor” list. Our results indicate that each of the five major
factors (pulsating pressure, cyclic bending, material properties, plaque structure, and axial
stretch) may affect critical stress and strain conditions from 50% to 800% or even more. It
should be understood that results presented here were from one plaque sample. More patient
studies (including healthy volunteers) are needed to generate a database for benchmark ranges
of biological parameters and critical flow and stress/strain values. The order of importance of
high blood pressure, plaque components and structure, cyclic bending, material properties, and
axial stretch should be carefully evaluated using more plaque samples with a wide range of
combinations of various components, especially large lipid pools and thin caps.

The current model did not include turbulence, lumen surface weakening and inflammation,
vessel viscoelastic properties, and non-Newtonian flow properties. Turbulence may be present
for severe stenosis and may be considered in our future effort. Our guess is that effect of
turbulence will be more to the flow side, and limited to the structure side. Lumen surface
condition will be very important for plaque vulnerability analysis and will be included in our
model by adjusting the stiffness of the area affected when such data becomes available. It is
known that vessel viscoelastic properties and non-Newtonian flow properties have very limited
effects (< 5%) on flow and stress/strain values and could be omitted for cost saving [34,42].

4.3 Adding cyclic bending to coronary plaque models with more realistic heart motion
Our results demonstrated that adding cyclic bending to coronary plaque models will change
stress predictions up to 100% or more which makes cyclic bending a necessary modeling
addition to have accurate stress-strain predictions and stress-based vulnerability assessment.
It should be noted that cyclic bending was added in this paper by imposing a cyclic displacement
at the lower edge of the vessel. It would be more realistic if the vessel could be combined with
a heart model or at least placed on a sphere so that the bending and stretching would be more
realistic [29]. It is possible that an atherosclerotic artery, which might be rigidified by fibrotic
and calcified components, may exhibit smaller amplitude of curvature variations.

4.4 More accurate material property measurements
The anisotropic vessel material property used in this paper was obtained from one human
coronary plaque sample. It is only an illustration of potential systematic approach where MRI
data and mechanical testing could be from the same plaque samples. Material properties of
human coronary atherosclerotic plaques are not available in the current literature. While our
measurements were consistent with results in [48] in which material properties of 107 tissue
samples from 9 human iliac high grade stenotic plaques were reported, more samples and
patient-specific material data (when possible) should be obtained for our model to get more
accurate predictions. It is also desirable to have direct measurements of material properties of
plaque components such as calcifications, lipid pool (special technique needed since it is very
soft), and other tissue types. Those will be the focus of our future efforts.

4.5. Limitations on available in vivo human data
The plaque model was constructed based on ex vivo MRI data. It is known that there are
considerable differences between ex vivo and in vivo MR images [36,50]. Artery samples show
considerable shrinkage from in vivo to ex vivo conditions [50]. Lipid contents often leak out.
There may be vessel deformation without supporting tissue tethers. It would be very desirable
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to have in vivo plaque images. At the same time, in vivo material properties, pressure and
curvature conditions would also make computational plaque models more realistic. Our
computational prediction may be greatly improved when the model can be constructed based
on in vivo plaque morphology, pressure and curvature conditions. Those are our future
challenges.

5. Conclusion
Our modeling study indicates that each of the five major contributing factors, i.e., cyclic
bending, anisotropic material properties, pulsating pressure, plaque structure and axial stretch
may affect critical stress/strain values in coronary plaques from 50% to 800% or more
depending on locations and contributing factors. Critical site tracking (CST) method provides
an efficient way for plaque mechanical analysis identifying critical stress/strain conditions in
the full 3D data mining process. Peak wall stresses with bending may exceed critical ultimate
strength values for the plaque cap suggesting induced rupture. Computational FSI models
including cyclic bending, anisotropic material properties, plaque components and structure and
axial stretch and accurate in vivo measurements of pressure and curvature variations should
lead to significant improvement on stress-based plaque mechanical analysis and more accurate
coronary plaque vulnerability assessment.
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Figure 1.
A human coronary atherosclerotic plaque sample: Multi-contract MR images and re-
constructed 3D geometry. (a)–(c), MR images with T1, middle-T2, and T2-weighted images.
(d) Contour plot of the segmented image using a multi-contrast algorithm; (e) Histological
data. The location and shape of each major plaque component correlated very well with
histological data; (f) 3D plaque geometry re-constructed from a 36-slice ex vivo MRI data set.
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Figure 2.
The component-fitting mesh generation process. (a)–(b): two slices with a lipid core inclusion
(yellow) and numerically-generated component-fitting curves and “surfaces” to form
“volumes”; (c) component-fitting volumes formed by connection corresponding areas from
stacking adjacent slices. Distance between the two slices was enlarged for better viewing.
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Figure 3.
Prescribed pressure conditions for the baseline model and corresponding flow rates. (a) A
simplified pressure profile for human coronary artery was scaled to 70–130 mmHg and used
as the upstream pressure (Pin). Down stream pressure was chosen so that flow rate was within
physiological range; (b) Flow rate corresponding to the prescribed pressure conditions with
and without cyclic bending. Cyclic bending reduced max flow rate by about 2.5%.
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Figure 4.
Material stress-stretch curves and imposed curvature conditions. (a) Axial and circumferential
stress-stretch data (marked by x) measured from a human coronary specimen and stress-stretch
matching curves derived from the modified anisotropic Mooney-Rivlin models for fibrous
tissue (vessel). Stress-stretch curves for lipid pool and calcification models were also included.
Parameter values are given in the main text; (b) Imposed curvature conditions based on human
coronary curvature variation data [29].

Tang et al. Page 18

J Biomech Eng. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Cyclic bending leads to large stress/strain variations: Stress-P1/Strain-P1 distributions from
Model 1 (with cyclic bending) corresponding to maximum and minimum curvature conditions.
Position of the cut-surface is shown.
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Figure 6.
Stress-P1/Strain-P1 distributions from Model 2 (no cyclic bending) show only modest
variations caused by imposed pulsating pressure conditions.
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Figure 7.
Comparison of flow maximum shear stress (FMSS) and velocity plots from Model 1 (with
bending) and Model 2 (no bending) shows that cyclic bending has modest effects (<15%) on
flow velocity and maximum shear stress.
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Figure 8.
Combined effects of plaque components, pressure/curvature phase angle and axial stretch with
cyclic bending on stress/strain distributions.
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Figure 9.
Stress/Strain plots from the isotropic model (Model 6) with cyclic bending showing different
stress/strain distribution patterns.
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Figure 10.
Local Stress-P1 variations tracked at four selected locations from four models showing cyclic
bending causes large stress variations in the coronary plaque. TP1: a location where global
maximum Stress-P1 was found; TP2: calcification plaque cap (thinnest site); TP3: a location
on the bending side with a large local curvature; TP4: lipid pool plaque cap.
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Table 1
Comparison of maximum flow maximum shear stress (FMSS) and velocity values from Model 1 (with bending) and
Model 2 (no bending) shows that cyclic bending has modest effects (<15%) on flow velocity and maximum shear
stress.

Cases Max Velocity Max FMSS Max Velocity Max FMSS Max Velocity Max FMSS

Model 1 κ=0.39 1/cm, Pin=101 κ=0.78 1/cm, Pin=130 κ=0.97 1/cm, Pin=86

Baseline 98.7 147.5 133.6 236.1 69.5 127.5

Model 2 κ=0, Pin=101 κ=0, Pin=130 κ=0, Pin=86

No Bending 99.1 140.9 135.1 195.7 76.3 108.4
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Table 2
Summary of maximum Stress-P1 and Strain-P1 values from five models showing that cyclic bending has large effects
on stress/strain values in coronary plaques.

Cases
Max Stress-P1 (KPa) Max Strain-P1 Max Stress-P1 (KPa) Max Strain-P1

κ=0.39 1/cm, Pin=101 κ=0.97 1/cm, Pin=86

Model 1 39.2 (100%) 0.194 (100%) 182 (464%) 0.419 (216%)

Model 2 46.8 (119%) 0.201 (104%) 41.5 (106%) 0.179 (92.2%)

Model 3 38.1 (97.1%) 0.187 (96.4%) 155.6 (397%) 0.350 (180%)

Model 5 133.4 (340%) 0.372 (192%) 208.7 (532%) 0.553 (285%)

Model 4 κ=0.39 1/cm, Pin=96.4 κ=0.97 1/cm, Pin=130

37.4 (95.4%) 0.185 (95.3%) 312.0 (796%) 0.439 (226%)
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