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Cyclic Bending Contributes to High Stress in a Human Coronary
Atherosclerotic Plaque and Rupture Risk: In Vitro Experimental Modeling

and Ex Vivo MRI-Based Computational Modeling Approach
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Abstract: Many acute cardiovascular syn-
dromes such as heart attack and stroke are caused
by atherosclerotic plaque ruptures which often
happen without warning. MRI-based models
with fluid-structure interactions (FSI) have been
introduced to perform flow and stress/strain
analysis for atherosclerotic plaques and identify
possible mechanical and morphological indices
for accurate plaque vulnerability assessment.
In this paper, cyclic bending was added to 3D
FSI coronary plaque models for more accurate
mechanical predictions. Curvature variation
was prescribed using the data of a human left
anterior descending (LAD) coronary artery. Five
computational models were constructed based
on ex vivo MRI human coronary plaque data to
assess the effects of cyclic bending, pulsating
pressure, plaque structure, and axial stretch
on plaque stress/strain distributions. In vitro
experiments using a hydrogel stenosis model
with cyclical bending were performed to observe
effect of cyclical bending on flow conditions.
Our results indicate that cyclical bending may
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cause more than 100% or even up to more than
1000% increase in maximum principal stress
values at locations where the plaque is bent
most. Stress increase is higher when bending is
coupled with axial stretch, non-smooth plaque
structure, or resonant pressure conditions (zero
phase angle shift). Effects of cyclic bending on
flow behaviors are more modest (21.6% decrease
in maximum velocity, 10.8% decrease in flow
rate, maximum flow shear stress changes were <
5%). Computational FSI models including cyclic
bending, plaque components and structure, axial
stretch, accurate in vivo measurements of pres-
sure, curvature, and material properties should
lead to significant improvement on stress-based
plaque mechanical analysis and more accurate
coronary plaque vulnerability assessment.

Keyword: Coronary artery; cardiovascular;
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flow; atherosclerotic plaque rupture.

1 Introduction

Cardiovascular disease (CVD) is the No. 1 killer
in the United States and was responsible for 40%
of all deaths in 2000 [2]. Atherosclerotic plaques
may rupture without warning and cause acute car-
diovascular syndromes such as heart attack and
stroke. A large number of victims of the disease
who are apparently healthy die suddenly without
prior symptoms. About 95 percent of sudden car-
diac arrest victims die before reaching the hos-
pital. About 250,000 people a year die of coro-
nary artery disease (CAD) without being hospital-
ized, about half of all deaths from CAD. Available
screening and diagnostic methods are insufficient
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to identify the victims before the event occurs [30-
31].

Plaque rupture is believed to be related to plaque
morphology, mechanical forces, vessel remodel-
ing, blood conditions (cholesterol, sugar, etc.),
chemical environment, and lumen surface condi-
tions (inflammation) [12-13,15-16,25]. However,
mechanisms causing plaque rupture are not fully
understood [5-7,17,32-33,39,47]. Some stud-
ies indicate that the following factors appear to
be closely associated with plaque ruptures [5-
6,9,15,46]: 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,
and components (fibrous, lipid, calcification/ in-
flammation) [18,50]. Attempts of using ultra-
sound and intravascular ultrasound (IVUS) tech-
niques have been made to quantify vessel motion,
mechanical properties, and vessel wall structure,
even to predict rupture locations [32-34]. In Mc-
Cord 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
[27-28].

Plaque rupture must occur in the presence of
supra-critical loads that exceed the material
strength of the plaque cap. Plaque vulnerability
should be assessed with both plaque morphology
and mechanical forces (rupture triggers) taken
into consideration and some reliable easy-to-use
computational classification / indexing scheme
should be introduced [44]. Computational simula-
tions for plaque rupture investigation and vulnera-
bility assessment based on MR images have been
proposed but are limited to 2D or 3D structure-
only or 3D flow-only models with a few ex-
ceptions due to the complexity of the problem
[1,8,20,23,26,40]. Models with fluid-structure in-
teractions (FSI) were pioneered by Peskin with
his celebrated immersed boundary method [35].
Considerable effort has been devoted to numeri-
cal method development for problems involving
FSI [37-38,48,51]. Computational models based
on MR images from realistic human plaque spec-

imen have been introduced by several groups to
perform mechanical analysis [19,23,26,40]. How-
ever, 3D multi-component FSI models based on
MRI data for human coronary plaques with cyclic
bending are still lacking in the literature because:
a) combining cyclic bending with FSI, multi-
component and axial stretch is extremely chal-
lenging; b) construction of multi-component FSI
models is very time consuming and difficult to
automate due to the complexity of plaque struc-
ture; c) strong fluid-structure interactions, pulsat-
ing pressure, large strain / deformation, complex
geometry lead to extremely challenging compu-
tational problems; d) 3D plaque FSI models are
highly nonlinear in material properties, geome-
tries, and flow equations. Solving such compu-
tational models and identifying critical indicators
relevant to plaque rupture are real challenges.

We have introduced MRI-based 3D multi-
component FSI models to perform flow and
stress/strain analysis for atherosclerotic plaques
and identify possible mechanical and morpho-
logical indices for accurate plaque vulnerability
assessment [43-45,49]. In this paper, we are
adding cyclic bending to 3D FSI coronary plaque
models for more accurate computational predic-
tions. It is known that coronary plaques are more
likely to rupture compared to carotid plaques un-
der comparable conditions (such as stenosis sever-
ity at about 50% by diameter). One possible
reason is that coronary arteries are under cyclic
bending caused by heart motion and compres-
sion. We hypothesize that cyclic bending of coro-
nary atherosclerotic plaques may be a major con-
tributor to critical stress variations in coronary
plaques leading to increased plaque rupture risk.
Computational models were constructed based
on ex vivo MRI human coronary plaque data
to assess the effect of cyclic bending on plaque
stress/strain distributions.

2 In vitro experiment stenosis models

In vitro flow experiments using hydrogel stenotic
tubes with cyclic bending were conducted to pro-
vide experimental data to validate our models.
The diseased coronary artery was modeled using
an elastic hydrogel shaped in the form of a steno-



Cyclic Bending Contributes to High Stress 261

sis (Fig. 1). Physiological pressure conditions and
cyclic bending were imposed with a sophisticated
design (see Figures 1 & 2). The rubber sliding
support was powered by a motor to impose phys-
iological curvature variations (Fig. 2(c)). Flow
rate and pressure were measured by electromag-
netic flow meters and pressure transducers respec-
tively. Sagittal section ultrasound images of the
stenosis were made from the B-mode of a Duplex
ultrasound scan. The results were recorded to be
compared with computational results for model
validation. Results presented in Fig. 2 were ob-
tained using a hydrogel stenosis model with 70%
stenosis severity (by diameter) and 100% eccen-
tricity.

(a) A stenotic tube under pulsating pressure  and cyclic bending 

Sliding Support 

Water

Stenotic Tube

Bending Support

(b) Dimension of the hydrogel stenosis model. 

e

Figure 1: In vitro experimental set-up with cyclic
bending for model validation. (a) Experimen-
tal set-up for steady and pulsatile flow experi-
ments with cyclic bending; (b) Tube dimensions.
L=110 mm, Ls=16mm, D=8mm, h=1mm. Steno-
sis severity = (D - Ds)/D x 100% (by diameter);
Eccentricity Ec = e/((D-Ds)/2) x 100%.

3 MRI data acquisition, computational mod-
els, and solution procedures

3.1 MRI data acquisition

A 3D MRI data set obtained from a human coro-
nary plaque ex vivo consisting of 36 slices with
a relatively high resolution (0.25mm x 0.23mm
x 0.5mm) was used as the baseline case to de-
velop the computational model. The specimen
was fixed in a 10% buffered formalin solution
and placed in a polyethylene tube. It was 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 imag-
ing was performed to better differentiate differ-
ent components in the plaque (Fig. 3). 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 Solu-
tions, 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 spec-
imen. These paraffin-embedded sections were
stained with hematoxylin and eosin (H&E), Mas-
son’s trichrome, and elastin van Gieson’s (EVG)
stains to identify major plaque components: cal-
cification (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 Mat-
lab (Math Works, MATLAB, Natick, MA) and
also validated by histological analysis. All seg-
mented 2D slices were read into ADINA input
file, pixel by pixel. 3D plaque geometry and mesh
were re-constructed following the procedure de-
scribed in Tang et al. [45]. 3D surfaces, volumes
and computational mesh were made under AD-
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(a) Imposed pressure conditions 

Inlet

Outlet 

(c) Imposed curvature conditions. (d) The deformed stenotic tube. 

(b) Flow rate measured at tube inlet/outlet

Inlet 
Outlet 

×10-2 1/cm

Figure 2: Imposed pressure and curvature conditions for the in vitro stenosis model and measured flow
rates. (a) Imposed pressure conditions; (b) Flow rate obtained from experiment; (c) Imposed cyclic curvature
condition (curvature: 0.052 – 0.16 1/cm); (d) Ultrasound image of the deformed hydrogel tube with stenosis.

(a) T1-Weighted  

Lumen 

Lipid 

Ca 

Ca

(d) Segmented Contours (e) Histological Data 

Lumen 

Lipid Core 

Ca 
Ca

(b) Middle-T2-Weighted  (c) T2-Weighted  

Figure 3: A segmentation example using multi-contrast MR Images. (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.
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INA computing environment. Fig. 4 shows the 36
MRI slices (selected from a set of 36 slices) of a
cadaveric human coronary plaque sample, plaque
component contour plots based on histological
segmentation data, and the re-constructed 3D ge-
ometry. 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 con-
vergence of the model. The vessel was extended
uniformly at both ends by 3 cm and 6 cm respec-
tively to avoid entrance-end flow effect.

Ca 

Lumen 
Lipid

Lipid LumenCa5mm 

Figure 4: A coronary plaque sample with a large
calcification block and a lipid pool. (a) A 36-
slice 3D set of MR images of a human coro-
nary plaque sample; (b) Segmented contour plots
showing plaque components; (c) Re-constructed
3D plaque geometry. The position of the vessel is
rotated for better viewing.

3.2 The computational multi-component
model with FSI and cyclic bending

A 3D multi-component FSI model was intro-
duced to evaluate the effects of cyclic bending
on stress/strain distributions in coronary plaques
using the plaque sample re-constructed in 3.1
(Fig. 4). Blood flow was assumed to be lami-
nar, Newtonian, and incompressible. The Navier-
Stokes equations with Arbitrary Lagrangian-
Eulerian (ALE) formulation were used as the gov-
erning equations. Physiological pressure condi-
tions were prescribed at both inlet and outlet (Fig.

5). Both artery vessel material and plaque compo-
nents in the plaque were assumed to be hyperelas-
tic, isotropic, incompressible and homogeneous.
The 3D nonlinear modified Mooney-Rivlin (M-
R) model was used to describe the material prop-
erties of the vessel wall and plaque components
[3-4, 41-45, 49]. No-slip conditions and natural
traction equilibrium conditions are assumed at all
interfaces. Putting these together, we have (sum-
mation convention is used):

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

∇ ·u = 0, (2)

u|Γ = ∂x/∂ t, ∂u/∂n|inlet, outlet = 0, (3)

p|inlet = pin(t), p|outlet = pout(t), (4)

ρvi,tt = σi j, j, i, j = 1,2,3; sum over j, (5)

εi j = (vi, j +v j,i +vα ,ivα , j)/2, i, j,α = 1,2,3,

(6)

σi j ·n j|out_wall = 0, (7)

σ r
i j ·n j|interface = σ s

i j ·n j|interface, (8)

where u and p are fluid velocity and pressure, ug

is mesh velocity, Γ stands for vessel inner bound-
ary, f, j stands for derivative of f with respect to
the jth variable, σ is the Cauchy stress tensor (su-
perscripts 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).
The strain energy function for M-R model is given
by [11,14],

W = c1 (I1 −3)+c2 (I2 −3)
+D1 [exp(D2 (I1 −3))−1] , (9)

I1 = ∑Cii, I2 = 1/2
[
I2
1 −Ci jCi j

]
, (10)

where I1 and I2 are the first and second strain in-
variants, C = [Ci j] = XT X is the right Cauchy-
Green deformation tensor, X = [Xi j] = [∂xi/∂a j],
(xi) is current position, (ai) is original position
[3-4], ci and Di are material parameters chosen
to match experimental measurements [20„22,24].
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(a) Imposed Pressure Condition 

Pin=70-130 mmHg

Pout=69.5-110 
          mmHg

No Bending, 
Max=241.21 

ml/min 

(b) Flow Rate  

With Cyclic 
Bending,

Max=215.15 
ml/min

Figure 5: Prescribed inlet/outlet pressure conditions and corresponding flow rates from models with/without
cyclic bending. Cyclic bending reduced max flow rate by 10.8%.

3D stress/strain relations can be obtained by find-
ing various partial derivatives of the strain en-
ergy function with respect to proper variables
(strain/stretch components). In particular, setting
material density ρ = 1 g cm−3 and assuming,

λ1λ2λ3 = 1,λ2 = λ3,λ = λ1, (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
Equation (9),

σ =∂W/∂λ
=c1

[
2λ −2λ−2]+c2

[
2−2λ−3]

+D1D2
[
2λ −2λ−2]

· exp
[
D2

(
λ 2 +2λ−1 −3

)]
.

(12)

The stress-stretch curves derived from the modi-
fied Mooney-Rivlin models are given by Fig. 6(a).
Because calcification is much stiffer than normal
tissue, lipid core is very soft, and actual measure-
ment of their material properties were not cur-
rently available, calcification and necrotic lipid
core parameters were chosen to be 10 times and
one eighteenth of that of normal vessel tissue, re-
spectively (by adjusting c1 and D1 values. D2 was
unchanged). Cyclic arterial bending secondary to
cardiac motion was introduced into the computa-
tional model by specifying a region of asymmetric

repeat displacement. The displacement was ad-
justed to achieve desirable curvature changes [10,
29, 36]. The imposed curvature variation is given
in Fig. 6(b) using the data of a human left ante-
rior descending (LAD) coronary curvature varia-
tion data given in [36].

3.3 Solution method

The coupled FSI models were solved by a com-
mercial 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 an-
gles to get better resolution and handle high stress
concentration behaviors. The governing finite el-
ement equations for both the solid and fluid mod-
els were solved by the Newton-Raphson iteration
method. ADINA has been tested by hundreds of
real-life applications and has been used by Tang
et al. and many other groups to solve FSI mod-
els [4]. Details of the computational models and
solution methods are given in [3-4, 41-45].
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(a) Stress-Stretch Curves Derived from 
     the Modified Mooney-Rivlin models

Ca

Normal 
tissue 

Lipid

(b) Imposed Curvature Variations in One 
     Cardiac Cycle based on Human Data

Figure 6: Material stress-stretch curves and im-
posed curvature conditions. (a) Stress-stretch
curves derived from the modified Mooney-Rivlin
models for fibrous tissue (vessel), lipid pool,
and calcifications. Parameter values: Fibrous
tissue, C1=92000.0, D1=36000.0, D2=2.0; Ca:
C1=920000.0, D1=360000.0, D2=2.0; Lipid:
C1=5000.0, D1=5000.0, D2=1.5. Units for C1 and
D1: dyn/cm2. C2=0 for all models; (b) Imposed
curvature conditions based on human left anterior
descending (LAD) coronary curvature variation
data [36].

4 Results

Computational simulations were conducted us-
ing the coronary plaque sample to quantify ef-
fects of cyclic bending and its combined effects
with pressure (phase angle shift), plaque compo-
nents, and axial stretch. Five models were con-
sidered: Model 1, Baseline model with plaque
components, cyclic bending and pulsating pres-
sure as prescribed in 3.2; Model 2 with plaque
components and pulsating pressure, but no bend-
ing; Model 3 with bending and pulsating pressure
the 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. Finally, re-
sults using data from the in vitro hydrogel stenosis
model were also presented.

4.1 Cyclic bending leads to considerable
stress/strain variations in the plaque

Figures 7 & 8 give maximum principal stress
(Stress-P1) and maximum principal strain (Strain-
P1) plots from Model 1 (with bending) and Model
2 (no bending), corresponding to three curva-
ture/pressure conditions in one cardiac cycle. For
Model 1, Maximum Stress-P1 from Fig. 7(e)
(maximum curvature) was 320% higher than that
from Fig. 7(a) (minimum curvature) even though
pressure was lower in (e). Maximum value from
Fig. 7(e) was also 392% higher than that from
the no-bending case (Fig. 8(e)). Fig. 8 shows
that stress/strain variations are dominated by pres-
sure changes when no cyclic bending is imposed.
Strain distributions in the plaque showed simi-
lar behaviors. These results show very clearly
that cyclic bending leads to large stress/strain
increases (400%) in the plaque and must be
included in computational models for coronary
plaques for accurate stress/strain predictions.
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Flow Min              Universal Scale            Max 

(a) Stress-P1, Pin=101 mmHg, κ =0.39 cm-1

Max=43.2 KPa 

Max=136.9  KPa 

(c) Stress-P1, Pin=130 mmHg, κ=0.78 cm-1

(e) Stress-P1, Pin=86 mmHg, κ=0.97 cm-1

Max=181.6 KPa  

 TP2

 TP1  

TP 3  

(b) Strain-P1, Pin=101 mmHg, κ =0.39 cm-1

(d) Strain-P1, Pin=130 mmHg, κ =0.78 cm-1

(f) Strain-P1, Pin=86 mmHg, κ =0.97 cm-1

Max=0.396 

Min=0.007

Max=0.709 Min=0.010 

Max=0.651 Min=0.010 

Figure 7: Cyclic bending leads to large stress variations: Stress-P1/Strain-P1 distributions from Model 1
(with bending) corresponding to three curvature conditions.

Max=36.9 KPa  

Min             Universal Scale            Max 

(a) Stress-P1, Pin=101 mmHg, κ =0 cm-1

Max=43.1 KPa 

Max=54.5 KPa 

(c) Stress-P1, Pin=130 mmHg, κ=0 cm-1

(e) Stress-P1, Pin=86 mmHg, κ=0 cm-1

(b) Strain-P1, Pin=101 mmHg, κ =0 cm-1

(d) Strain-P1, Pin=130 mmHg, κ =0 cm-1

(f) Strain-P1, Pin=86 mmHg, κ =0 cm-1

Max=0.302 

Max=0.269 

Max=0.388

Figure 8: Stress-P1/Strain-P1 distributions from Model 2 (no cyclic bending) showed only modest varitations
caused by imposed pulsating pressure conditions.
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Min              Universal Scale            Max 

Max FMSS =135.7 dyn/cm2

(a) FMSS, Model 1, Pin=86 mmHg,  
     κ=0.97 cm-1

(b) Velocity Plot, Model 1, Pin=86 mmHg, 
      κ=0.97 cm-1

Flow

Flow

Max FMSS =129.8 dyn/cm2

Max Velocity=116.2 cm/s

Max Velocity=148.3 cm/s

(a) FMSS, Model 2, Pin=86 mmHg,  
     κ=0 cm-1

(b) Velocity Plot, Model 2, Pin=86 mmHg, 
      κ=0 cm-1

Figure 9: Comparison of flow maximum shear stress (FMSS) and velocity plots from Model 1 (with bend-
ing) and Model 2 (no bending) showing that cyclic bending has modest effects on flow velocity and maxi-
mum shear stress.

4.2 Cyclic bending caused only modest flow ve-
locity and shear stress changes

Effects of cyclic bending on flow behaviors are
modest because flow is more closely related to
pressure drop across the plaque segment which
was kept the same for both bending and no-
bending models. Cyclic bending does increase
flow resistant because of the increased curvature.
Fig. 9 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 con-
ditions. Maximum velocity from Model 1 corre-
sponding to maximum curvature was 116.2 cm/s,
which increased to 148.3 cm/s for the no-bending
case, a 27.6% increase. It should be noted that
these maximum values were observed at only one
or a few computational nodal points, and may not
be detectable by medical devices. A second effect
of bending may be seen in the overall flow rate
during the cardiac cycle (see Fig. 5). Maximum
flow rates were 215 ml/min with bending, and 241
ml/min (12% increase) without bending, respec-
tively, likely due to additional viscous losses asso-
ciated with the changing curvatures. Differences
in maximum flow shear stress were less than 5%.

4.3 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 distri-
butions in the plaque. Those factors included
plaque morphology, plaque structure with com-
ponents, pressure condition, material properties,
and axial stretch. Table 2 lists the maximum
Stress-P1/Strain-P1 from the 5 models under var-
ious curvature/pressure conditions. Maximum
stress values from Model 1 (with components)
were about 50% higher than those from Model
3 (no components). When maximum pressure
and maximum bending occurred simultaneously,
maximum stress value was 20% and 60% higher
than those from Model 1 corresponding to ei-
ther maximum curvature or maximum pressure
times, respectively. With a 10% axial stretch
added to Model 1, maximum Stress-P1 value for
κ=0.97 1/cm, Pin=86 mmHg increased to 456
KPa, a 151% increase from that of Model 1, and
a 1,236% increase from Model 2 due to combi-
nation of maximum bending, axial stretching, and
nonuniform structure.
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Table 1: Comparison of maximum FMSS and velocity values from Model 1 (with bending) and Model 2
(no bending) showing that cyclic bending has modest effects on flow velocity and maximum shear stress.

Cases MaxVelocity MaxFMSS MaxVelocity MaxFMSS MaxVelocity MaxFMSS
Model 1 κ = 0.39 1 / cm, Pin=101 κ = 0.78 1 / cm, Pin=130 κ = 0.97 1 / cm, Pin=86
Baseline 197.4 170 272.9 226.4 116.2 135.7

Model 2 κ = 0, Pin=101 κ = 0, Pin=130 κ = 0, Pin=86
No Bending 198.3 167.1 286.2 231.4 148.3 129.8

Table 2: Summary of maximum Stress-P1 and Strain-P1 values from five models showing that cyclic bend-
ing has large effects on stress/strain values in coronary plaques. α is the phase angle between maximum
curvature and maximum pressure.

Cases Max Max Max Max Max Max
Stress-P1 Stress-P1 Stress-P1 Stress-P1 Stress-P1 Stress-P1

Model 1 κ = 0.39 1 / cm, Pin=101 κ = 0.78 1 / cm, Pin=130 κ = 0.97 1 / cm, Pin=86
Baseline 43.2 0.396 136.9 0.651 181.6 0.709

Model 2 κ = 0, Pin=101 κ = 0, Pin=130 κ = 0, Pin=86
No Bending 43.1 0.302 54.5 0.388 36.9 0.269

Model 3 κ = 0.39 1 / cm, Pin=101 κ = 0.78 1 / cm, Pin=130 κ = 0.97 1 / cm, Pin=86
No comp. 40.2 0.316 96.8 0.492 119.8 0.596

Model 4 κ = 0.39 1 / cm, Pin=96.4 κ = 0.97 1 / cm, Pin=130
α = 0 41.3 0.392 218.7 0.731

Model 5 κ = 0.39 1 / cm, Pin=101 κ = 0.78 1 / cm, Pin=130 κ = 0.97 1 / cm, Pin=86
10% stretch 104.8 0.325 130.9 0.670 456.0 0.936

Table 3: Summary of maximum Stress-P1 and Strain-P1 values at three tracking sites from five models
showing that cyclic bending has large modest effects on critical stress/strain values in coronary plaques.

Model TP1, Max TP2, Max TP3, Max TP1, Max TP1, Max TP1, Max
Stress-P1 Stress-P1 Stress-P1 Stress-P1 Stress-P1 Stress-P1

(KPa) (KPa) (KPa)
Model1 178.2 72.2 101.1 0.657 0.496 0.186
Model2 8.0 79.3 1.6 0.111 0.523 0.044
Model3 115.2 43.3 188.5 0.561 0.379 0.221
Model4 214.7 63.3 46.4 0.677 0.466 0.172
Model5 152.5 70.7 521.2 0.948 0.471 0.232
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Figure 10: Local Stress-P1 variations tracked at three selected locations from five models with different mod-
eling assumptions showing cyclic bending causes large stress variations in the coronary plaque, especially
when coupled with non-smooth plaque structure, axial stretch, and enforcing resonant pressure conditions.

4.4 Local stress/strain behaviors tracked at se-
lected critical sites

We have reported that plaque vulnerability may
be more closely associated with local stress/strain
behaviors than with global maximum stress/strain
values [44]. Fig. 10 shows three selected sites for
tracking local stress/strain behaviors and Stress-
P1 variations tracked at these sites. Maximum
values of the 15 tracking curves are summarized
in Table 2. Track Point 1 (TP1) is the location
where global maximum Stress-P1 was found un-

der maximum curvature for Models 1, 3 and 4.
Track Point 2 (TP2) is located at the plaque cap
which may be more relevant to plaque rupture and
vulnerability assessment. Track Point 3 (TP3) is
at a location where the plaque has a “crack” with
large local curvature. It should be noted that dif-
ferent scales were used in those plots. At TP1,
Stress-P1 varied between 40 – 180 KPa in (b), but
changed very little in (c), where no bending was
applied. The no-component model and 10% ax-
ial stretch model showed reduced Stress-P1 varia-
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tions at TP1, while zero-phase angle (the time de-
lay between maximum curvature and maximum
inlet pressure) increased the variation. Stress-P1

variation at TP2 was reduced when plaque com-
ponents were treated as normal tissue (i.e., the
whole plaque is made of one homogeneous ma-
terial). Stress-P1 at TP3 was very sensitive to
bending and axial stretch. Its variation curve from
Model 2 (no bending) was almost flat and near
zero. However, the maximum values of the vari-
ation curves from other models were 101 KPa
(Model 1), 188.5 KPa (Model 3), and 521 KPa
(Model 5)! These peak plaque stresses are close
to ultimate strength values for soft tissues and
in excess of most tissue-engineered arteries [8].
These results indicate that cyclic bending, pres-
sure, plaque components, and axial stretch are
major contributing factors to stress conditions in
coronary plaques. Their effects on stress dis-
tributions can be in the order of 100% to more
than 1000%. These numbers are far greater than
what one might expect based on results from other
models without cyclic bending in the current lit-
erature.

4.5 Results from the model based on in vitro
experimental data

The in vitro experiments were conducted to obtain
accurately measured data for model validations.
Our computational flow rates and wall deforma-
tion agreed well with experimental measurements
with errors less than 5% for flow rate predictions
and 2% for wall radii predictions [41-42]. Fig.
11 shows a Stress-P1 plot with three tracking po-
sitions and Stress-P1 variations tracked at those
locations. It should be noted that the in vitro
hydrogel stenosis model is considerably different
from the plaque sample (Fig. 4) in the following
ways: a) the stenosis shoulder is much shorter;
b) the vessel wall is thinner; c) imposed curva-
ture variation is smaller (from 0.053 1/cm to 0.105
1/cm). Stress concentration at about the middle
of Fig. 11(a) was found which indicated some
modest flattening of the tube caused by cyclic
bending. Maximum Stress-P1 was found at TP3.
Other model comparison results are similar to
those found from the plaque models and are omit-

TP1TP2 TP3

(a) Stress-P1, In Vitro model, Tracking Points 
Max=225.1 KPa

(b) Stress-P1, Tracking at 3 Locations 

TP1

TP2

TP3

Figure 11: Results from the in vitro model show-
ing cyclic bending caused high stress variation at
a site distal to the stenosis (TP3). Stress values at
TP3 was about 400% higher than those observed
at TP1 and TP2.

ted here.

5 Discussion

5.1 Adding cyclic bending to coronary plaque
models with more realistic heart motion

It was evident from the results presented in this
paper 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 vulner-
ability assessment. It should be noted that cyclic
bending was added in this paper by imposing a
cyclic displacement at the lower edge of the ves-
sel. 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 would be more re-
alistic [36]. Axial stretch and compression from
heart could also be added for better accuracies.
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5.2 Order of importance of major contributing
factors to plaque stress/strain distributions

While high blood pressure is a well-recognized
contributor to high plaque stress and a risk-factor
for cardiovascular disease, our results indicate
that cyclic bending may be contributing more to
critical stress and strain conditions. Critically
high stress conditions can occur with relatively
low lumen pressure. Combining axial stretch with
bending and non-smooth plaque structure (such as
a crack) led to extremely high stress levels (more
than 1000% higher). 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.

5.3 Limitations on available in vivo human
data

The plaque model was constructed based on ex
vivo MRI data. It is known that there are con-
siderable differences between ex vivo and in vivo
MR images [21]. Artery samples have consider-
able shrinkages from in vivo to ex vivo conditions
[21]. Lipid contents often leak out. There may
be vessel deformation caused by human handling.
It would be very desirable to have in vivo plaque
images. At the same time, in vivo material prop-
erties, pressure and curvature conditions would
also make computational plaque models more re-
alistic. Our computational prediction accuracies
could be greatly improved when the model can be
constructed based on in vivo plaque morphology,
pressure and curvature conditions.

6 Conclusion

Our modeling study indicates that cyclic bending
affects stress variations in coronary plaques in the
order of 100% or more. Stress-P1 value increases
over 1000% were observed at selected critical
sites. Peak wall stresses with bending may exceed
critical ultimate strength values for the plaque cap
suggesting induced rupture. Computational FSI
models including cyclic bending, plaque compo-
nents and structure, axial stretch, accurate in vivo
measurements of pressure, curvature, and mate-

rial properties should lead to significant improve-
ment on stress-based plaque mechanical analysis
and more accurate coronary plaque vulnerability
assessment.
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