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Abstract
Background—Atherosclerotic plaques may rupture without warning and cause acute
cardiovascular syndromes such as heart attack and stroke. Methods to assess plaque vulnerability
noninvasively and predict possible plaque rupture are urgently needed.

Method—MRI-based three-dimensional unsteady models for human atherosclerotic plaques with
multi-component plaque structure and fluid-structure interactions are introduced to perform
mechanical analysis for human atherosclerotic plaques.

Results—Stress variations on critical sites such as a thin cap in the plaque can be 300% higher than
that at other normal sites. Large calcification block considerably changes stress/strain distributions.
Stiffness variations of plaque components (50% reduction or 100% increase) may affect maximal
stress values by 20–50 %. Plaque cap erosion causes almost no change on maximal stress level at
the cap, but leads to 50% increase in maximal strain value.

Conclusions—Effects caused by atherosclerotic plaque structure, cap thickness and erosion,
material properties, and pulsating pressure conditions on stress/strain distributions in the plaque are
quantified by extensive computational case studies and parameter evaluations. Computational
mechanical analysis has good potential to improve accuracy of plaque vulnerability assessment.
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1 Introduction
Cardiovascular disease (CVD) is the number-one killer in the United States and was responsible
for 40% of all deaths in 2000 [1]. More than 60% of all myocardial infarction is caused by
rupture of a vulnerable plaque. A large number of victims of the disease who are apparently
healthy die suddenly without prior symptoms. About 95% of sudden cardiac arrest victims die
before reaching the hospital. About 250,000 people a year die of coronary artery disease (CAD)
without being hospitalized. Available screening and diagnostic methods are insufficient to
identify the victims before the event occurs [2,3]. The mechanisms causing plaque rupture are
poorly understood.

The goal of this paper is to introduce a three-dimensional (3D) MRI-based computational
model to quantify the effects of the three major controlling factors on stress/strain behaviors
in human atherosclerotic plaques: (i) pulsating pressure; (ii) plaque structure; (iii) material
properties. Multiple plaque components and fluid-structure interactions (FSI) are included in
the model so that it is more realistic and our computational stress/strain analysis may be used
for plaque assessment and possible rupture predictions.

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) [4–6]. Some studies indicate that the following appear to be
closely associated with plaque ruptures [7–11]: (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/inflammation) [12]. Yuan et al. and Cai et al.
developed multicontrast techniques to improve the quality of magnetic resonance (MR) images
and to better differentiate various components of the plaque [13,14]. Hatsukami et al. reported
that high-resolution MRI is capable of distinguishing intact thick fibrous caps from intact thin
and disrupted caps in atherosclerotic human carotid arteries in vivo [15]. 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
[16–18]. In vivo measurements of mechanical properties of plaque components would be very
desirable but few reports can be found in the literature [19]. Vito, Beattie, and Brossollet et al.
developed some experimental techniques to determine the finite strain field in heterogeneous,
diseased human aortic cross sections at physiological pressures in vitro and derived material
parameters for lipid accumulations and disease-free zones [20,21]. Lee, Kamm, Loree, and
Cheng et al. measured the dynamic shear moduli of combinations of cholesterol monohydrate
crystals, phospholipids, and triglycerides similar to those found in atherosclerotic lesions and
performed mechanical analysis seeking implications for plaque rupture [22–25]. In McCord
and Ku’s experiments, fresh human artery rings were cyclically bent in a fashion that simulated
the passive collapse of an artery which may occur downstream of a stenosis. Their results
showed that cyclic bending and compression may cause artery fatigue and plaque rupture
[26,27].

Computational simulations for plaque rupture investigation and vulnerability assessment based
on MR images have been proposed but are limited to 2D or 3D structure-only or 3D flow-only
models due to the complexity of the problem [22,23,25,28–33]. Stroud, Berger, and Saloner
used 3D fluid-only models based on an endarterectomy specimen of the plaque in a carotid
bifurcation to analyze flow shear stress, vortex, and turbulence behaviors. Kaazempur-Mofrad
et al. introduced a 3D MRI-based FSI model for studying the correlations between fluid
dynamic parameters and histological markers of atherosclerosis [34]. In vivo MRI data were
acquired with in-plane resolution of approximately 0.39 × 0.39 mm. A black-blood spin-echo
sequence proton density weighting and fat suppression was used for ECG gated acquisition of
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20 slices through the carotid (2 cm below to 2 cm above the carotid bifurcation) which gave
slide thickness of 2 mm. That is why plaque components were not included in their 3D model.
Further reviews of this multidisciplinary research can be found from Refs. [2,4,5,12].

The current state of the art in clinical practice for patient screening to identify possible
vulnerable plaques is primarily based on 2D medical images and experiences of the physicians.
Plaque vulnerability should be assessed with morphology and mechanical forces (rupture
triggers) taken into consideration [4]. Three-dimensional multicomponent FSI models based
on MRI data for real human plaques are still lacking in the literature because (a) 3D plaque
images with components are hard to get, especially under in vivo conditions; (b) vessel and
plaque component material properties are hard to measure; (c) strong fluid-structure
interactions, pulsating pressure, large strain/deformation, complex geometry lead to extremely
challenging computational problems; (d) 3D plaque FSI models are highly nonlinear in material
properties, geometries, and flow equations. Solving such computational models and identifying
critical indicators relevant to plaque rupture are real challenges.

2 Questioning a Popular Hypothesis: Maximal Stress Condition is Related to
Plaque Rupture

It is commonly believed that maximal stress conditions may be related to possible plaque
rupture and may be used for plaque vulnerability assessment. However, stress distributions in
atherosclerotic plaques are affected by many factors which include (but are not limited to) (a)
blood pressure which is the driving force of flow and vessel deformation; (b) vessel and plaque
geometry, vessel thickness and lumen area are both important. Thicker wall leads to lower
stresses. Narrower lumen area reduces the total force the structure receives from the flow; (c)
plaque structure, multicomponent structure makes the solid part non-homogeneous; (d)
material properties of the vessel and plaque components; (e) flow wall shear stress; (f) axial
pre-stretch and residual stresses if imposed. Blood pressure in severely stenosed artery is very
nonuniform as indicated by our previous studies [35–38]. At the throat of the plaque (narrowest
part of the lumen), pressure is lower (Bernoulli’s effect). In addition to that, the structure wall
(which includes vessel and plaque material) is much thicker in the plaque region. Lumen area
is reduced. Those factors lead to lower stress in the plaque region. That is why maximal stress
was observed at the healthy part of the vessel when the healthy side of the vessel is much
thinner than the diseased side [6,38]. On the other hand, adding lipid pool may create a thin
layer (plaque cap) between the lipid core and lumen. Maximum stress can be observed there
if the cap becomes thin enough. The combination of plaque geometry, vessel thickness, plaque
cap thickness, and flow forces (local pressure and shear stress) determines maximal stress and
location. The relationship between maximal stress and plaque rupture is really not as well
established as commonly believed.

For the above reasons, we turn our attention to “local” maximal stress/strain values and their
variations—a local maximum of a function only requires that it is the greatest value in a
surrounding neighborhood. Since any global maximum is certainly a local maximum, we are
broadening our search when using the local maximum criterion which is justified by the above
argument. A “critical site tracking” (CST) approach is used to concentrate on plaque stress/
strain behaviors at well-selected critical locations which include locations of local maxima,
locations of very thin cap, and any sites of special interest. It is extremely challenging to identify
a short list of critical indicators to be used by physicians to assess plaque vulnerability from
the vast time-dependent 3D flow and stress/strain data and complex correlations among various
factors. The CST approach reduces the full 3D search to the investigation of well-selected sites
using local maxima and experience from physicians and pathologists. Stress/strain distributions
as well as their variations under pulsating pressure conditions are investigated in this paper
using 3D MRI-based multi-component FSI models. Plaque samples with large calcifications
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and large lipid pools are used to demonstrate effects of plaque components on stress/strain
distributions. Cap thickness and material strength are varied to quantify corresponding stress/
strain changes. While results reported here are not conclusive in the clinical sense due to lack
of available 3D plaque samples, they can be viewed as preliminary feasibility study and should
shed some light for further investigations.

3 The 3D MRI-Based Computational Model and Cases Studied
3.1 The Solid and Fluid Models

For the fluid model, the flow is assumed to be laminar, Newtonian, viscous, and incompressible.
The incompressible Navier-Stokes equations with arbitrary Lagrangian-Eulerian (ALE)
formulation are used as the governing equations which are suitable for FSI problems with
frequent mesh adjustments. Both artery vessel material and plaque components in the plaque
are assumed to be hyperelastic, isotropic, incompressible, and homogeneous. The 3D nonlinear
modified Mooney-Rivlin (MR) model is used to describe the material properties of the vessel
wall and plaque components [39–41]. No-slip conditions and natural traction equilibrium
conditions are assumed at all interfaces. Putting these together, we have (summation
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)

ρ vi,tt = σij,j, i, j = 1, 2, 3; sum over j, (5)

ɛij = (vi,j + vj,i) / 2, i, j = 1, 2, 3 (6)

σij ⋅ nj |out_wall
= 0, (7)

σij
r ⋅ nj |interface = σij

s ⋅ nj |interface , (8)

where u and p are fluid velocity and pressure, u g is mesh velocity, 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. To
get the initial stress/strain conditions for the solid models, we start from the zero pressure/zero
axial stretch shape of the vessel and apply the pre-axial stretch and initial pressurization to the
vessel to specified conditions. 10% axial stretch is applied in this paper. After the stretch, both
ends of the vessel are held in axial direction so that it will not be pushed away by the flow.
Deformation in other directions is not restricted. No tethering is applied to the vessel. The strain
energy function is given by

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

where I 1 and I 2 are the first and second strain invariants, c i and D i are material constants
chosen to match experimental measurements and existing literature [20–24,42]. In this paper,
the following values were chosen for the baseline models: vessel material: c 1 =92,000 dyn
cm−2, c 2 =0, D 1 =36,000 dyn cm−2, D 2 =2; lipid-rich core: c 1 =5000 dyn cm−2, c 2 =0, D 1
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=5000 dyn cm−2, D 2 =1.5; calcification: c 1 =920,000 dyn cm−2, c 2 =0, D 1 =360,000 dyn
cm−2, D 2 =2. These parameter values were used in our various case studies unless changed
explicitly for parameter evaluation purposes. Further details about the models can be found
from Bathe [39–41] and Tang and co-workers [6,38].

3.2 Cases Studied and Fixation Procedures
A 3D MRI data set obtained from a human coronary plaque ex vivo consisting of 36 slices
with a relatively high resolution (0.25 × 0.23 × 0.5 mm) and a set obtained from a human carotid
plaque ex vivo consisting of 64 2D slices with higher spatial resolution (0.1 × 0.1 × 0.5 mm)
were used as the baseline cases to develop the computational model. Specimens were fixed in
a 10% buffered formalin solution and placed in a polyethylene tube. They were stored at 4 °C
within 12 h after removal from the heart. MRI imaging was taken within 2 days at room
temperature. 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 a benchmark to validate computational findings.

To perform sensitivity analysis, in vitro stenosis models [38] and computationally generated
plaque models with material properties and plaque geometries modified from the real plaques
were used in our simulations so that effects of material properties (vessel, calcification, and
lipid core), plaque cap thickness, and plaque stenosis severity can be quantified on comparable
bases. Each parameter or controlling factor under investigation was varied incrementally within
physiological range and eight to ten cases were considered while other parameters and
modeling conditions were kept unchanged. More than 100 computational cases were used to
perform our sensitivity analysis and quantitative results are reported in Sec. 4.

3.3 3D Re-Construction of Plaque Geometry
3D ex vivo MRI data sets obtained from human atherosclerotic plaques with high resolution
were read by a self-developed software package Atherosclerotic Plaque Imaging Analysis
(APIA) and 3D plaque geometry and mesh were re-constructed following the procedure
described in Tang [6]. A visualization package VTK [43] was also used to read the MRI data
and generate the 3D volume for double checking purpose. APIA is written in Matlab
(MathWorks, MATLAB, Natick, MA). We first read MR images using Matlab command
“IMREAD” to get the intensity function. Then we use “EDGE” command to get the edge which
is the boundary for a specific component corresponding to a target intensity value range. If the
image is too noisy, we do some “heap” work, i.e., change nearby intensity values of the original
MRI data array to the target intensity value range and re-run the edge command. The procedure
is repeated until all components are found and the segmented contour plot shows good
agreement with histological data. All the segmented 2D slices were then read into ADINA
input file, pixel by pixel. Three-dimensional surfaces, volumes, and computational mesh were
made under ADINA computing environment. Intensive interactions and additional
programming from the operator/researcher were needed due to the complexity of plaque
morphology and components. Figure 1 shows 24 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 geometry. 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. The
vessel was extended uniformly at both ends by 3 and 6 cm, respectively, so that it became long
enough for our simulations. Geometries of other plaque samples were constructed using the
same procedures.
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3.4 Solution Method
The fully coupled fluid and structure models were solved by a commercial finite-element
package ADINA (ADINA R & D, Inc., Watertown, MA, USA) which has been tested by many
real-life applications [40,41] and has been used by Tang in the last several years [6,35–38].
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 behaviors. The artery was stretched
axially and pressurized gradually to specified conditions before we began the unsteady
simulation under pulsating pressure conditions. Mesh analysis was performed until differences
between solutions from two consecutive meshes were negligible (less than 1% in L 2-norm).
Details of the computational models and solution methods can be found from Bathe [39,40]
and Tang and co-workers [6,35–38].

One major difficulty for 3D models with complex geometries is mesh generation, which is also
the key to get any finite element model to work. Fluid-structure interactions require frequent
updates of the computing domain for both fluid and structure models. That leads to mesh
adjustment each time the geometries are updated. Our FSI plaque models involve large strain
and large deformation which makes mesh generation even harder. That is not all. Adding more
plaque components in the artery wall makes the structure model more complicated. Our basic
approach to resolve these difficulties is to cut the structure geometry into many small volumes
until we reach a convergent model. This requires a lot of hard work and experience. Currently
we are trying to automate the entire procedure and reduce the amount of work required from
the operator.

4 Results
Since real human atherosclerotic plaques vary from person to person and different models can
also lead to large differences in computational outcome, results from our baseline model are
reported first so that we can have a common base (benchmark) for further comparative studies.
Stress/strain behaviors corresponding to pulsating pressure, plaque structure, and plaque
material properties are investigated. Results concerning flow behaviors are much better known
in the literature and are not included in our report [31,33,34,44–47].

4.1 Baseline Results
A coronary plaque with a large calcification block and a lipid core was selected as the baseline
example to demonstrate that large plaque components have considerable effects on stress/strain
behaviors (see Fig. 1). The plaque has a large calcification which occupies about 30% volume
of the plaque, a smaller lipid-rich necrotic core (called lipid core hereafter), offering reasonable
complexity as desired. The plaque severity by area (reduction of lumen area compared to
healthy portion of the vessel) is about 71%. Boundary conditions for the baseline model were
set as follows: Pulsating upstream pressure P in=90–150 mm Hg, downstream pressure
P out=89.5–126 were chosen to represent a typical high-pressure case (see Fig. 2).
Corresponding flow rate is between 2 and 15 ml s−1 and is given by Fig. 2(b). A 10% axial
pre-stretch was applied.

The entire 3D computational fluid and structure domains were searched (by examining
numerically cut serial sagittal and axial slices) for critical stress/strain values and patterns.
Band plots of stress distributions of several components on one sagittal cut and several cross-
sectional cuts at the time when P in=150 mm Hg and P out=126 mm Hg condition are given by
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Fig. 3, respectively. Figure 3(a) shows the position of the cut, and also gives stress-P 1
(maximum principal stress) on the whole sagittal cut showing a maximum value located in the
calcified region. Figure 3(b) gives band plot of stress-yy (circumferential tensile stress)
showing maximum located at a healthy part of the vessel because vessel is thin there. Figure
3(c) shows band plot of stress-zz, tensile stress in the axial direction. All the band plots show
that minima of those stress components are found where the vessel wall is thick, i.e., stress
level is lower where plaque is more severe. That deserves further investigation.

Figures 3(d)–3(f) give band plots of stress-P 1 on three selected cross-section cuts: slice 4 has
only one calcified region; slice 12 has two calcifications; slice 20 has two calcifications and a
lipid core. A maximum is observed at the thin cap of the lipid core from Fig. 3(f). It is also
clear that the calcification has considerable effect on stress distributions, especially when it
becomes the main support of the plaque structure.

4.2 Unsteady Stress/Strain Behaviors at Critical Sites under Pulsating Pressure
Blood flow is pulsatile. Blood vessel and atherosclerotic plaque are subjected to strong
pulsating pressure conditions and the corresponding stress/strain behaviors are worthy
investigating. We hypothesize that relative stress/strain variations in the plaque under pulsating
pressure may correlate with plaque rupture risk. Since unsteady 3D stress/strain (both are
tensors, each has six components) behaviors are extremely complex, and plaque structure is
adding difficulty to the investigation, we use a “critical site tracking” approach to perform our
initial analysis. Using the plaque sample given by Fig. 1 and pressure conditions given by Fig.
2, several critical sites were selected from various locations to observe stress/strain variations
under various conditions (Fig. 4). Plots of stress-P 1 and stress-xy (shear component) from one
cardiac cycle at six selected locations are given by Fig. 5 which shows that stress at the thin
cap location (P 4) has much greater (>400%) variation than that at other locations. These initial
results indicate that stress/strain variations do carry useful information. However, they must
be examined carefully, and plaque structure, cap thickness, component size, and shape must
be taken into consideration. Relevance of these findings with respect to plaque vulnerability
needs to be established using histopathological and clinical data.

4.3 More Severe Stenosis Leads to Lower Plaque Stress Level
To investigate and demonstrate this important stress behavior further, simulations were carried
out using two sets of models: one constructed from a real human carotid plaque, and one based
on a series of in vitro stenosis models used in our previous publications [4,22]. Figure 6(a)
gives the geometry of a human carotid plaque re-constructed from MR images. The stenosis
severity of this plaque is about 40% by diameter. Stenosis severity by diameter (all stenosis
severities referred to in this paper are by diameter) is defined as

stenosis severity by diameter = (Dnormal − Dthroat) / Dnormal × 100 % , (10)

where D normal and D throat are inner diameters of the vessel at normal position and the stenosis
throat, respecitively (Fig. 7). Figure 6(c) gives the geometry of a plaque modified from the real
plaque so that plaque stenosis severity becomes about 70% by diameter, with other conditions
and parameters kept the same so that results can be comparable. Two locations as indicated by
P 1 and P 2 are selected to track stress/strain variations (see Figs. 6(b) and 6(d)). Three cases
were simulated. Upstream pressure was set using P in=90–150 mm Hg as shown by Fig. 2.
Case 1 uses 40% plaque sample with prescribed down stream pressure P out =90–145 mm Hg.
The corresponding flow rate is between 1.74 and 21.08 ml s−1. Case 2 is for the modified 70%
plaque with the same pressure conditions as in case 1. Flow rate for this case became 0.2–4.4
ml s−1 due to increased severity. Case 3 is for the modified 70% plaque with downstream
pressure fixed at 20 mm Hg. Flow rate for this case became 8.65–14.16 ml s−1, closer to that
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in case 1. Stress variations (stress-P 1 and stress-xy) for the three cases are given by Figs. 6
(e) and 6(f). Stress-P 1 peak value from case 1 is about 200% higher than those from case 3.
Differences of stress-xy peak values between the two cases are even greater (about 300%).
Differences of stress peak values between case 1 and case 2 are about 20–50 % where pressure
conditions are the same for both cases.

To simplify the problem a little further so that more quantitative results can be obtained, a
series of simulations based on in vitro stenosis models was conducted and stress/strain values
were tracked at a critical site (see Fig. 7) to find the correlation between stress/strain behaviors
and stenosis severity variations. Figure 7 gives the geometry of the stenosis model and plots
of stress components at the tracking point from nine severity cases ranging from 40% to 80%
(by diameter), with 5% incremental change for each case. Upstream and downstream pressures
were 150 and 145 mm Hg, respectively, and were kept the same for all the nine cases. As
stenosis severity was reduced from 80% to 40%, stress-P 1 increased by about 100% (from 26
to 54 KPa). This result may be helpful when we try to understand that a large percentage of
patients who experienced stroke or heart attack had only mild to moderate stenosis.

4.4 Plaque Lipid Core Cap and Location of Maximal Stresses
It is known that lipid core and its cap thickness have considerable effect on stress distributions
and extreme stress locations. Plaque rupture becomes more likely when plaque cap becomes
very thin (cap thickness < 0.065 mm) [2–5] . We choose the 70% plaque (Fig. 6(c)) for this
case study. Figures 8(a) and 8(b) show band plots of stress-P 1 on a sagittal cut of the vessel
with cap thickness 0.8 and 0.02 mm, respectively. Maximal stress-P 1 appeared at the thin
(healthy) side (see Fig. 8(a)) when cap thickness was greater than 0.04 mm and moved to the
cap site when the cap was adjusted thinner (Fig. 8(b)). Figure 8(c) presents stress values at the
tracking point P 1 (indicated by Fig. 6(d)) for 11 cases with cap thickness adjusted incrementally
from 0.42 to 0.02 mm. Stress-P 1 values increased about 100% corresponding to the cap
thickness variations. Other stress components showed similar patterns.

4.5 Plaque Cap Erosion
Cap erosion and inflammation weaken vessel surface (plaque cap) and may lead to large strain
variations. Using the plaque given by Fig. 6, we made half (in cap thickness) of plaque cap
softer to represent cap erosion (stiffness was reduced by 50%). For the plaque with cap erosion,
maximal stress value changed less than 1% (figure not shown), Fig. 9 shows that maximum of
maximal principal strain (strain-P 1) increased about 50% due to the cap weakening. Cap
erosion and inflammation are closely related to plaque rupture risk and our results are
confirming that.

4.6 Effect of Material Properties of Vessel and Plaque Components on Stress Behaviors
Using the plaque sample given by Fig. 1, starting from the material parameters used in the
baseline model, material parameters for vessel, calcification, and lipid-rich core were varied
(changing one material parameter while holding the other two unchanged) incrementally within
a specified range and stress-P 1 values from three selected points are plotted in Fig. 10. P 1
was chosen from a calcification cap location, P 4 was chosen from a lipid core cap location,
and P 6 was chosen from a “normal” (healthy) location. Stress-P 1 at the lipid cap increased
by about 50% with a 50% vessel stiffness decrease, decreased 6% with 100% calcification
stiffness increase, and increased by 22% with 50% lipid core stiffness decrease. Changes at
the other two locations are much less noticeable. Table 1 gives more information for maximal
values of all the stress tensor components from two cross-section cut slices for several cases.
Percentage differences are much higher when individual components are examined. Our
quantitative study indicates that obtaining accurate material property information is important
for the accuracy of computational simulations. Plaque structure and component size are
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important factors. Direct measurements of vessel and plaque mechanical properties will be
very desirable and will improve accuracy and reliability of computational findings.

5 Discussion
5.1 Model Assumptions and Limitations

As complicated as our model is, many important factors are still not included in the current
model and could be added in the future for further improvements: (a) multilayered vessel
structure; (b) anisotropic properties of the vessel; (c) viscoelastic properties of the vessel; (d)
vessel inner surface condition, inflammation; (e) residual stress; (f) blood conditions,
cholesterol, chemical environment; (g) cell activities, plaque progression and remodeling; (h)
non-Newtonian flow properties; (i) turbulence. It is important to keep those model limitations
in mind when interpreting computational findings from our models.

Compared to the MRI-based plaque models in the current literature, we are adding fluid-
structure interactions and 3D multi-component plaque structures into the model. Another
difference is that our focus is more on the stress/strain analysis side because we believe plaque
rupture is more directly related to structural forces. After all, it is the plaque that will rupture.
Flow forces are important contributing factors, more so for plaque initiation and progression
phases. They are also much better studied [33,34,44–47].

Our current model is more of a “free standing” model in the sense that both carotid and coronary
arteries are modeled as standing-alone pieces, with only axial stretch applied. While this is
commonly done by many researchers and it is also acceptable for carotid arteries, we need to
be aware that we are omitting important factors for coronary arteries where cardiac motion and
heart contraction play important roles. The pressure and flow rate conditions will need to be
revised when cardiac motion and heart contraction are added to the model. Considerable effort
is needed to acquire in vivo pressure conditions and coronary plaque images with acceptable
resolution. Modeling cardiac motion and contraction also requires major changes in the model
and multiyear effort to implement. Those will be our future research goals. One small calming
factor which gives partial justification for the use of the pressure conditions given by Fig. 2 is
that severely diseased arteries are much stiffer than normal arteries and are less affected by
heart contraction [48]. However, this is a very weak justification. The limitations of our model
should be kept in mind when interpreting our computational findings. They are still of
predictive value when used in relative sense: all plaques are subjected to the same model
assumptions and limitations.

5.2 Gold Standard for Validation of Computational Findings
Histopathological analysis is currently regarded as the “gold standard” for validations of
computational findings. For patients who had stroke or heart attack, major changes already
happened in the plaques when they were removed for study. It would be very desirable to track
those vulnerable patients at a much earlier time. Then the data obtained from the long-term
tracking (especially data obtained close to the fatal event) together with the actual occurring
rate of heart attack and stroke can serve as a better “gold standard” for predictive research.
Cardiovascular disease progression takes a long time (multiple years starting from the time the
patient first notices some symptoms) which makes long-term tracking even harder for
researchers. It will be desirable to have long-term patient tracking data to serve as the “gold
standard” when it becomes available.

5.3 Sensitivity Analysis and Critical Site Tracking Approach
One difficulty for our plaque stress/strain analysis is that a huge amount of data needs to be
analyzed in order to find correlations between the data we can collect, measure, or calculate
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and the endpoint indicators based on which we hope to make predictions. The list of controlling
factors consists of plaque and vessel morphological features, material properties (including
vessel and plaque components), flow environment, modeling assumptions, and many others.
Stress/strain solutions (excluding flow quantities) consist of 12 components, all time
dependent, 3D with complex structures. To reduce the number of controlling factors, our
simulation schemes were designed so that one factor was varied incrementally while other
conditions were kept unchanged. This may sound like an oversimplification of the problem.
However, it does help us to obtain some simple quantitative results. These single-factor results
will be helpful for our further multifactor analysis when all samples are from real patients and
various factors will jointly affect the stress/strain behaviors. To reduce the amount of data we
need to examine, the CST approach is proposed (see Sec. 1, last paragraph). Rather than
searching over the entire 3D domain, we examine only those critical sites which cover all
possible rupture candidates. Again, it may sound like an over-reduction of data examined.
However, this approach will allow doctors and experienced researchers to use their judgment
to select those critical sites so that quantitative analysis becomes possible. Site selection criteria
could be gradually established and eventually lead to identification of potential high-risk
rupture sites, which is the final goal of this research.

6 Conclusion
Three-dimensional multicomponent FSI models were used to quantify effects of major
controlling factors on stress/strain behaviors in human coronary and carotid atherosclerotic
plaques. Our sensitivity analysis and critical site tracking analysis indicate that vessel and
plaque material properties, plaque structure, component volume and pressure conditions have
large impact on stress/strain behaviors. Considerably higher stress/strain variations under
pulsating pressure are observed at thin plaque cap. 50% material stiffness variations of vessel
and plaque components lead to 20–50 % changes in stress maximal level. Plaque cap weakening
leads to large strain increase (50%), but not much change in stress level. More severe stenosis
may lead to lower stress levels. Large scale patient studies are needed to identify and validate
potential stress/strain risk indicators for plaque vulnerability assessment.
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Fig. 1.
A cadaveric plaque sample with a large calcification block and a lipid pool. (a) Selected MR
images from a 36-slice set (S 9 – S 32 are shown here, from left to right, then continued to next
row.); (b) component segmentations of MR images based on histological data. Some smoothing
was applied; (c) reconstructed 3D plaque geometry. The position of the vessel is rotated for
better viewing.
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Fig. 2.
Prescribed pressure condition for the baseline model and corresponding flow rate. (a) A typical
pressure profile for human internal carotid is scaled to 90–150 mm Hg and used as the upstream
pressure (P in). Down stream pressure is chosen so that flow rate will be within physiological
range; (b) flow rate corresponding to the prescribed pressure conditions. It should be noted that
this pressure-flow rate data is for a free-standing model such as the model presented in this
paper. Realistic coronary flow rate will be affected by heart motion and contraction and will
be different from the curve given here.
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Fig. 3.
Band plots of selected stress components from the 3D FSI baseline model on a sagittal slice
and three cross-section cuts showing that the large calcification block has considerable effect
on stress distributions. P in =150 mm Hg, P out =126 mm Hg, axial stretch=10%. (a) Position
of the cut and band plot of stress-P 1 showing calcification has higher stress level. Stress
maximum occurred at a location where vessel wall is thin; (b) band plot of circumferential
stress distribution. Maximum is found at the healthy side of the vessel (vessel is thin there);
(c) band plot of longitudinal tensile stress; (d) stress-P 1 on slice 4; (e) stress-P 1 on slice 12;
(f) stress-P 1 on slice 20.
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Fig. 4.
Normal and critical sites are selected to track stress/strain variations. P 1: from calcification
cap; P 2: from a thicker Ca cap; P 3: from a thicker Ca cap; P 4: from a thin lipid core cap (most
vulnerable site); P 5: normal point to observe stress- xx ; P 6: normal point to observe stress-
yy . (a)–(c) give locations of the six points and three slices from the plaque sample (Fig. 1).
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Fig. 5.
Tracking of stress components at selected locations under pulsating pressure showing critical
point from the thin lipid cap has much greater stress variations. (a) Stress-P 1 plots showing
stress variation at the thin lipid core cap is much higher (400%) than that at other locations;
(b) stress-xy (shear stress) plots also show that shear stress variation at the thin lipid core cap
is much higher (400%) than that at other locations.
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Fig. 6.
Plaque with higher stenosis severity has lower stress variations. Three cases were simulated.
Case 1: A human carotid plaque with 40% stenosis severity (by diameter), P in =90–150 mm
Hg as given by Fig. 3, P out =90–145; case 2: A modified plaque with 70% stenosis severity
(by diameter), pressure: same as case 1; case 3: Same plaque as in case 2, P in =90–150 mm
Hg, P out =20 mm Hg so that flow rate is about the same as in case 1. Axial stretch=10% for
all three cases. Tracking locations are indicated in (b) and (d).
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Fig. 7.
Simulations using in vitro models indicate that higher stenosis severity leads to lower stress
variations. Nine cases were simulated with severity changed from 40% to 80% incrementally.
Tube inner diameter = 8 mm, tube wall thickness (straight part) = 1 mm, tube length= 140 mm,
stenosis length= 16 mm, P in =150, P out =145(mm Hg). (a) The in vitro stenosis model and
location of tracking point; (b Stress components at the tracking point versus stenosis severity.
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Fig. 8.
Thinner plaque cap leads to higher stress level: quantitative study. (a) Stress-P 1 in plaque with
thicker cap; (b) maximum of stress- P 1 appeared at the plaque cap when cap thickness was
reduced to 0.02 mm; (c) maximal values of stress-P 1 increases almost exponentially when cap
thickness decreases. Eleven cases were simulated using the 70% modified plaque sample with
cap thickness adjusted incrementally from 0.02 to 0.42 mm. P in =90–150 mm Hg, P out =20
mm Hg. Only the stress values at P in =150 mm Hg are shown.
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Fig. 9.
Plaque cap erosion/weakening causes large strain increase. Maximal principal stress showed
very little change (figure not shown). However, maximum of strain-P 1 (maximal principal
strain) increased about 50% when half of the cap was made 50% softer.
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Fig. 10.
Plots of stress-P 1 at three selected points with different material parameters showing that
material properties have considerable effect on stress distributions. For each material, material
parameters in the Mooney-Rivlin model for that material were changed incrementally while
parameters for the other two materials remained unchanged; nine cases were computed with
case 1 being the softest and case 9 being the stiffest. Other boundary conditions: P in =150 mm
Hg, P out =126 mm Hg, axial - stretch=10%. (a) Vessel stiffness variations: c 1 =60,000–
124,000; D 1 =20,000–52,000; D 2 =1.6–2.4; Ca and lipid used baseline values; (b) Ca stiffness
variations: c 1 =600,000–1,240,000; D 1 =200,000–520,000; D 2 =1.6–2.4; vessel and lipid
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used baseline values; (c) lipid core stiffness variations: c 1 =3400–6600; D 1 =3400–6600;
D 2 =1.1–1.9; vessel and Ca used baseline values.
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