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Abstract
In this paper, a modeling approach combining in vivo intravascular ultrasound (IVUS) imaging,
computational modeling, angiography, and mechanical testing is proposed to perform mechanical
analysis for human coronary atherosclerotic plaques for potential more accurate plaque
vulnerability assessment. A 44-slice in vivo IVUS dataset of a coronary plaque was acquired from
one patient, and four 3-D models with fluid–structure interactions (FSIs) based on the data were
constructed to quantify effects of anisotropic vessel properties and cyclic bending of the coronary
plaque on flow and plaque stress/strain conditions. Compared to the isotropic model (model 1, no
bending, no axial stretch), maximum stress-P1 (maximum principal stress) values on the cut
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surface with maximum bending (where applicable) from model 2 (anisotropic, no bending, no
stretch), model 3 (anisotropic, with bending, no stretch), and model 4 (anisotropic with bending
and stretch) were, respectively, 63%, 126%, and 345% higher than that from model 1. Effects of
cyclic bending on flow behaviors were modest (5%–15%). Our preliminary results indicated that
in vivo IVUS-based FSI models with cyclic bending and anisotropic material properties could
improve the accuracies of plaque stress/strain predictions and plaque vulnerability assessment.
Large-scale patient studies are needed to further validate our findings.

Index Terms
Atherosclerotic plaque rupture; cardiovascular; coronary artery; fluid-structure interaction (FSI);
intravascular ultrasound (IVUS)

I. Introduction
Assessing atherosclerotic plaque vulnerability based on limited in vivo patient data has been
a major challenge in cardiovascular research and clinical practice. Considerable advances in
medical imaging technology have been made in recent years to identify vulnerable
atherosclerotic carotid plaques in vivo with information about plaque components including
lipid-rich necrotic pools, plaque cap, calcification, intraplaque hemorrhage, loose matrix,
thrombosis, and ulcers, subject to resolution limitations of current technology [1]–[6]. It is
commonly believed that plaque rupture may be linked to critical stress/strain conditions.
Image-based computational models have been developed by several groups combining
mechanical analysis with image technology, aiming to identify critical flow and stress/strain
conditions that may be related to possible plaque rupture [7]–[19]. However, existing in vivo
3-D multi-component plaque models are mostly for carotid plaques based on MRI data.
Similar models for coronary plaques based on in vivo image data are lacking in the current
literature because clinical recognition of vulnerable coronary plaques has remained
challenging and beyond the capability of noninvasive diagnostic imaging such as MRI and
computed tomography (CT) coronary angiography [20]. Coronary imaging is more difficult
because of the following reasons.

1. Coronary arteries move with the pumping heart constantly.

2. Coronary arteries have smaller dimensions compared to carotid arteries.

3. Coronary arteries are not as accessible as carotid arteries.

4. Plaque components are not reliably delineated as in carotid arteries.

Traditional invasive X-ray angiography can delineate luminal stenosis, but not plaque
components. Intravascular ultrasound (IVUS) imaging with tissue characterization
represents the most promising and potentially clinically relevant technique for recognition of
vulnerable plaques in vivo in patients [2].

We propose a modeling approach to develop 3-D in vivo IVUS-based models with fluid–
structure interactions (FSIs), cyclic bending, and anisotropic properties to perform
mechanical analysis for human coronary atherosclerotic plaques. Cyclic bending represents
the bending caused by cardiac motion and is included in the FSI model to evaluate its impact
on stress conditions in coronary plaques. An anisotropic material model will be used for the
vessel for more realistic modeling, and more accurate computational flow and stress/strain
predictions.
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In vivo IVUS is a catheter-based approach that has been used for two decades for direct in
vivo imaging of coronary, carotid, and peripheral arteries [1], [20]. Using a miniaturized
transducer at its tip, the IVUS catheter emits a high-frequency ultrasound signal and receives
a reflected signal from tissue, providing an image of the atherosclerotic plaque with its
composition [4]. Lipid-filled “soft” plaque, dense fibrous “hard” plaque, calcification, and
thrombosis have all been identified on IVUS images [1], [4]. Attempts of using ultrasound
and IVUS techniques have been made to quantify vessel motion, plaque development,
mechanical properties, and vessel wall structure, even to predict rupture locations [5], [21]–
[25]. Liang et al. developed techniques to estimate transverse strain tensors in the artery wall
using IVUS image registration [8]. For mechanical testing of tissue properties, Lee et al.
performed mechanical analysis of human coronary plaques based on histological data, and
studied mechanical properties of fibrous tissues and lesion lipid pools [26]–[28]. Holzapfel
et al. measured anisotropic mechanical properties for tissue components of human
atherosclerotic plaques using 107 samples from nine human iliac arteries [29], [30]. 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 [31].

Recent advances in the processing of raw IVUS RF data by spectral analysis of the
ultrasound backscatter signals have provided the capability to discriminate different tissue
types in native plaque, a process called “virtual histology” (VH) [2]. Rather than relying on
the amplitude of the echo signal as in traditional IVUS, IVUS-VH uses autoregressive
modeling to analyze the frequencies of echo signals to obtain a signal profile that can be
matched to one of a known tissue type. Via statistical classification trees, IVUS-VH sorts
the RF data based on combinations of spectral parameters into one of four tissue types,
allowing in vivo identification of four discrete atherosclerotic plaque components: fibrotic,
fibro-fatty, necrotic, and dense calcified tissue [2]. This technique has been rigorously
validated. In an ex vivo study comparing VH to histopathology in 277 regions of interest
from 88 plaques imaged in 51 explanted left anterior descending (LAD) coronary arteries
imaged under physiology pressure, Nair et al. observed predictive accuracies for the
detection of each plaque components of 89% (fibrotic, fibro-fatty, and necrotic tissues) to
93% calcification. More recent studies [3], [32] have shown even better accuracy, from 93%
to 97%, and IVUS-VH is now widely accepted as a reliable method for the differentiation of
plaque components with lipid and fibrous tissue in a clinical setting. In this paper, IVUS-VH
(we will use IVUS for IVUS-VH when no confusion may arise) images were used as the
starting dataset in our model construction process.

II. Data Acquisition, Models, and Methods
A. IVUS Protocol

A 44-slice in vivo 3-D IVUS dataset was acquired during cardiac catheterization from one
patient (female; age: 50) after voluntary informed consent. For IVUS image acquisition, a
20-MHz, 2.9-F phased-array Eagle Eye Gold IVUS catheter (Volcano Corporation, Rancho
Cordova, CA) was positioned 2 cm beyond a stenosis in the middle segment of the right
coronary artery. A pullback at 0.5 mm/s was performed to 2 cm proximal to the lesion for
recording digitized cross-sectional IVUS images. The catheter orientation is fixed at the
proximal interface with the imaging console, and the distal tip is constrained by the coronary
guide wire that remains stationary in the monorail lumen. The catheter pullback is
accomplished while avoiding torque application to the proximal catheter to avoid catheter
rotation as much as possible. During the pullback, the IVUS B-mode images were recorded
and then reconstructed from the RF data, and contour detection was performed using
automated VH software (version 3.1) on a Volcano s5 Imaging System (Volcano
Corporation) to provide geometrical and compositional output. Forty four slices covering the
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plaque region were used for model construction (Fig. 1). A two-step filtering–smoothing
process was employed to convert the noisy IVUS-VH data to slices with smoothed plaque
component contours for finite-element model construction.

Step 1—An in-house software atherosclerotic plaque imaging analysis (APIA) written in
MATLAB was used to automatically generate contour plots of lumen, vessel out-boundary,
and plaque components with a smoothing filter to remove outliers with pixel size <5 (IVUS
system interpolated apparent pixel size was 20 μm). This filtering dimension (5 pixels = 0.1
mm) was empirically determined based on visual inspection of all VH images. Fibrous and
fibro-fatty tissues were merged and treated as a uniform fibrous tissue.

Step 2—The APIA-generated contour plots [Fig. 1(b)] were inspected slice by slice by the
modeling group, and further, smoothing was applied to get slices ready for model
construction. Isolated small components (like those in S1–S4) were removed. Similar to
techniques used in MRI segmentations [6], components that are close to each other and with
complex nonsmooth contours were combined and outlined using cubic splines [Fig. 1(c) and
(e)–(f)]. Critical morphological features such as cap thickness were kept in the smoothing
process. Fig. 1 shows 22 selected IVUS-VH and two-step contour plots from the 44-slice
IVUS dataset, together with the 3-D geometry showing all 44 slices.

The traditional X-ray angiogram (Allura Xper FD10 System, Philips, Bothel, WA) was
obtained prior to the pullback of the IVUS catheter to determine the location of the coronary
artery stenosis in patients. Since this imaging modality can demonstrate the dynamic phasic
changes of the coronary artery tree during the cardiac cycle with a high frame rate (30
frames/s), we used X-ray angiographic data for the determination of the stenosis segment
movement and curvature (Fig. 2).

B. 3-D Reconstruction of Plaque Geometry and Component-Fitting Mesh-Generation
Method

All segmented 2-D slices were read into ADINA input file; ADINA is a commercial finite-
element package (ADI-NAR&D, Inc., Watertown, MA) used in this paper to construct and
solve the FSI models. A 3-D plaque geometry was reconstructed following the procedure
described by Tang et al. [17]. Since plaques have complex irregular geometries with
component inclusions that are challenging for mesh generation, a component-fitting mesh-
generation technique was developed to generate mesh for our models. Fig. 3 gives a simple
illustration of the method. Each slice was first divided into component-fitting areas [called
“surfaces” in ADINA; see Fig. 3(a) and (b)]. The neighboring slices were stacked to form
volumes [Fig. 3(c)]. Four types of volumes (hexahedron, prism, pyramid, and tetrahedron)
were used to form regular (hexahedron) volumes and special volumes when the component
changes drastically from one slice to the next slice. Using this technique, the 3-D plaque
domain was divided into hundreds of small “volumes” to curve-fit the irregular plaque
geometry with plaque component inclusions. 3-D 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 774 volumes, 20 124 elements (eight-
node brick element), and 22 880 nodes. The fluid part has 86 volumes, 67 777 elements
(four-node tetrahedral element), and 12 935 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.

C. FSI Models With Cyclic Bending and Boundary Conditions
3-D anisotropic and isotropic multicomponent FSI models were constructed to calculate
flow and stress/strain distributions, and evaluate the effects of cyclic bending and
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anisotropic properties using the plaque sample shown in Fig. 1. Blood flow was assumed to
be laminar, Newtonian, and incompressible. The Navier–Stokes equations with arbitrary
Lagrangian–Eulerian formulation were used as the governing equations. Physiological
pressure conditions were prescribed at both inlet and outlet (see Fig. 4). Cyclic bending was
specified by prescribing periodic displacement at the lower edge of the vessel. Physiological
pressure conditions were specified at the inlet and outlet of the vessel. Use of pressure
conditions is preferred for FSI models to keep the vessel properly pressurized. The imposed
curvature variation is given in Fig. 4(c) using the data of a human LAD coronary curvature
variation data [33]. No-slip conditions and natural traction equilibrium conditions are
assumed at all interfaces. Putting these together, we have

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

where u and p are fluid velocity and pressure, respectively, ug is the mesh velocity, μ is the
dynamic viscosity, ρ is density, Γ the vessel inner boundary, f •, j the derivative of the
function f with respect to the jth variable, σ is the stress tensor (superscripts indicate
different materials), ε is the strain tensor, v is the solid displacement vector, and superscript
letters “r” and “s” were used to indicate different materials. For simplicity, all material
densities were set to 1 g·cm−3 in this paper.
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D. Mechanical Testing and Isotropic and Anisotropic Material Models
Since human coronary material properties are not available in the current literature, a
cadaveric human coronary artery sample (male; age: 50) with some intimal thickening was
obtained from Washington University Medical School to perform mechanical testing and
obtain material data for our models. The fresh cadaveric coronary artery specimen was
obtained 2 h prior to the fixing and autopsy, and shipped overnight to Worcester Polytechnic
Institute for mechanical testing. After the connective tissue was removed, the artery was cut
to open. Dumbbell-shaped strips of 2 mm 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 waterproof sand paper were attached at the ends of each strip
with cyanoacrylate adhesive. Then, two black markers were put in the central area for
noncontact deformation measurement. Samples were submerged in a 37 °C thermostatic
saline bath and mounted on a custom-designed device to perform uniaxial tests [34]. For
each test, after three preconditioning cycles to a stretch ratio of 1.3, the sample was cycled
two times with stretch ratio varying from 1.0 to 1.3 at a rate of 10%/min. Force was
measured using an isometric torque transducer (0.15 N·m, Futek) attached to the sample via
a 7.6-cm plexiglass arm extending out of the bath, yielding ±4 mN accuracy. Force and
stretch ratio data were recorded with a rate of ten data points per second. 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 are given in Fig. 5 fit by stress–stretch curves derived from the anisotropic and isotropic
material models. The 3-D nonlinear modified Mooney–Rivlin (M-R) isotropic and
anisotropic models were used to describe the material properties of the vessel [35], [36]. The
strain energy function for isotropic M-R model is given by

(9)

(10)

where I1 and I2 are the first and second strain invariants, C = [Cij] = XT X is the right
Cauchy–Green deformation tensor, X = [Xij] = [∂xi/∂aj], xi is the current position, ai is the
original position [4], [5], and ci and Di, for i = 1, 2, are material parameters chosen to match
our own experimental measurements. Using the modified M-R model available in AD-INA
and adding an additional anisotropic term to (9), we have the anisotropic (transversely
isotropic) strain energy density function for our anisotropic FSI model [29], [30], [35], [36]:

(11)

where I4 = Cij (nc)i (nc)j, Cij is the Cauchy–Green deformation tensor, nc is the
circumferential direction of the vessel, and K1 and K2 are material constants [36]. A least-
squares method was used to determine the parameter values in (11) to fit our experimental
circumferential and axial stress–stretch data. Parameter values determined numerically are
summarized in Table I. Fig. 5 shows that our model with parameters selected with this
procedure fits very well with the measured experimental data. Our measurements are
consistent with data available in the literature [29], [30]. Isotropic models were used for
calcification and necrotic lipid-rich pool. Since tissue-specific material property data are not
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available, considering that calcification is much stiffer than fibrous tissue and that lipid core
is much softer than fibrous tissue, parameter values in Table I were used. Parameter analyses
were performed in our previous paper, showing that these assumptions were reasonable [17].

E. Solution Methods
The FSI models were solved by a commercial finite-element package ADINA (ADINA
R&D, Inc., Watertown, MA). ADINA uses unstructured finite-element methods for both
fluid and solid models. Nonlinear incremental iterative procedures were used to handle FSIs.
A component-fitting mesh was made 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. More details of the models and solution methods are given in [17]–[19],
[35], and [36].

III. Results
Four FSI models using the IVUS plaque sample given in Fig. 1 with different model
assumptions were constructed to quantify effects of anisotropic properties, cyclic bending,
and axial stretch on flow and stress/strain distributions: model 1 (M1, baseline), isotropic, no
bending; model 2 (M2), anisotropic, no bending; model 3 (M3), anisotropic model with
cyclic bending; and model 4 (M4) is the same as M3 with 10% axial stretch added. Fig. 6
gives plots of maximum principal stress (stress-P1) on the cut surface corresponding to
maximum/minimum curvature conditions. Maximum stress-P1 and strain-P1 values on the
cut surfaces corresponding to maximum/minimum pressure and maximum/minimum
curvature are summarized in Table II. Details are given shortly.

A. Effects of Anisotropic Vessel Material Properties on Stress/Strain Distributions
Using M1 as the baseline model, Table II shows that maximum stress-P1 values from M2
corresponding to four different pressure conditions were 63%, 79%, 69%, and 52% higher
than those values from M1, with higher percentage corresponding to higher pressure. The
corresponding percentage increases for maximum strain-P1 values varied between 94% and
104%, roughly at 100% level.

B. Effects of Cyclic Bending on Stress/Strain Distributions
Comparing two anisotropic models M2 (no bending) and M3 (with bending), Table II shows
that maximum stress-P1 values from M3 corresponding to four curvature conditions (κ =
0.97, 0.76, 0.39, and 0.88 cm−1) were 39%, 33.7%, 23.9%, and 41.7% higher than those
values from M2, with higher percentage corresponding to greater curvature. The
corresponding percentage increases for maximum strain-P1 values varied more at 85.3%,
22.2%, 10.0%, and 102%. Combining cyclic bending and anisotropic properties together,
maximum stress-P1 values from M3 corresponding to κ = 0.97, 0.76, 0.39, and 0.88 cm−1

were, respectively, 226%, 239%, 209%, and 216% higher than those values from M1.

C. Effects of Axial Stretch on Stress/Strain Distributions
Maximum stress-P1 values from M4 (anisotropic with bending and axial stretch)
corresponding to four different curvature conditions were 97%, 8%, 20%, and 89% higher
than those values from M3 (anisotropic with bending, but no axial stretch), with higher
percentage corresponding to higher curvature. The corresponding percentage increases for
maximum strain-P1 values were 30%, 25%, 20%, and 26%, respectively. When compared to
M1, the percentages were even higher (345% for stress and nearly 400% for strain).
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D. Effects of Cyclic Bending on Flow Behaviors
Fig. 7 compares flow maximum shear stress (FMSS) and flow velocity from M2 and M3.
Cyclic bending caused a modest 15% decrease in maximum FMSS, 5% decrease in
maximum velocity, and 8.7% decrease in flow rate (99.0 mL/min from M3 versus 108.4
mL/min from M2; see Fig. 4). Since the plaque has a mild stenosis, no flow recirculation
was observed.

IV. Discussion
A. Major Modeling Challenges for In Vivo IVUS-Based Coronary Plaque Models and
Contributions of This Paper

Assessing coronary plaque vulnerability is difficult due to:

1. lack of gold standard for vulnerability assessment based on clinical data;

2. difficulty in acquiring patient-specific coronary plaque data;

3. lack of data bank for vessel morphology, pressure, plaque component material
properties, and large number of plaque samples with desired characteristics
(ruptured plaques and plaques with specific features) for proper statistical analysis;

4. lack of data at cellular level with plaque inflammation and cap erosion that are
important for plaque analysis.

It is commonly believed that plaque vulnerability and rupture may be closely related to
critical stress/strain conditions. Computational modeling is a necessary tool to calculate
plaque stress/strain distributions.

Major controlling factors frequently investigated for plaque mechanical analysis and
assessment include: 1) blood pressure; 2) plaque morphology and components; and 3)
material properties. Based on 3-D in vivo IVUS patient-specific coronary plaque images, we
are adding cyclic bending (curvature variation) and anisotropic properties into coronary
plaque models to improve model accuracies. We believe that this is the first time such a
comprehensive model is introduced for in vivo human coronary plaque modeling and
mechanical analysis. While only one coronary plaque sample was used in this paper, we are
quantitatively demonstrating that cyclic bending, anisotropic vessel material properties, and
axial stretch should be included for accurate calculation of stress/strain conditions in
coronary plaques. Multipatient studies with more plaque samples are being conducted and
new findings will be reported as they become available.

B. Limitations of the Study and Potential Improvements
Some limitations of this study are as follows.

1. Patient-specific and tissue-specific material properties were not available for our
study.

2. While the angiographic movie provided information for the position of the
myocardium and partial information for curvature variations, two movies with
different (preferably orthogonal) view angles are needed to reconstruct the 3-D
motion of the coronary and provide accurate curvature variation information.

3. Some data such as zero-stress conditions (opening angle), multilayer vessel
morphology, and material properties are not possible to measure noninvasively in
vivo.

Yang et al. Page 8

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Tethering and interaction between the heart and vessel could not be included
because these measurements are not currently available. A model coupling heart
motion and coronary bending would be desirable when required data become
available.

C. Plaque Mechanical Analysis by Adjusting Morphological Features
Plaque mechanical analysis by adjusting plaque morphological features such as lipid pool
size and cap thickness has been performed in our previous studies. Investigation using this
plaque yielded similar and parallel results. Results were omitted to keep the paper more
focused. Multipatient studies are needed to further investigate clinical implications of
different plaque features, cardiac motion, blood flow, and pressure for coronary plaques.

V. Conclusion
In vivo IVUS-based FSI models for human coronary plaques with cyclic bending and
anisotropic material properties were introduced to improve accuracy of computational
plaque stress/strain predictions, which may be useful for better plaque assessment. Our
initial model comparison studies indicated that cyclic bending, anisotropic material
properties, pulsating pressure, plaque structure, and axial stretch may affect critical stress/
strain values in coronary plaques from 40% to 400% or more, depending on morphology,
location, and contributing factors. Effects of cyclic bending on flow behaviors were limited.
In vivo IVUS-based FSI models with cyclic bending and anisotropic material properties
have the potential to improve accuracy of coronary plaque stress/strain predictions and
plaque vulnerability assessment. More vigorous validation and large-scale patient studies
with patient-specific material properties, pressure, and curvature data are needed to establish
and further improve our model accuracies.
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Fig. 1.
IVUS segmentation data preparation process: selected 22 slices from the 44-slice IVUS
dataset with: (a) IVUS-VH; (b) contour plots directly from APIA; (c) after smoothing and
ready for FE model construction; (d)–(f) enlarged view; and (g) 3-D plaque geometry
showing lipid core locations.
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Fig. 2.
X-ray angiographic images and movies (30 frames/s) were used to determine location of the
myocardium and patient-specific curvature variations. Flow direction is marked in (b). For
this IVUS dataset, S44 is the inlet and S1 is the outlet. (a) Angiographic image showing
location of the imaged coronary segment. (b) Enlarged view of the segment and flow
direction. (c) Illustration of coronary vessel bending.
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Fig. 3.
Component-fitting mesh-generation process. (a) and (b) Two slices with a lipid core
inclusion (yellow) and numerically generated component-fitting curves and surfaces. (c)
Component-fitting volumes formed by connection corresponding areas from stacking
adjacent slices. (d) Four types of volumes to curve-fit components and complex geometry.
Slice distance not to scale. (a) Slice A. (b) Slice B. (c) Stacking slices to form component-
fitting volumes. (d) Four types of volumes.
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Fig. 4.
Model pressure, flow rate, and curvature conditions. (a) Simplified pressure profile for
human coronary artery was scaled to 70–130 mmHg and used as the inlet (Pin). Down-
stream pressure (Pout) was chosen so that the flow rate was within physiological range. (b)
Flow rate corresponding to the prescribed pressure conditions with and without cyclic
bending. (c) Imposed curvature conditions based on human coronary curvature variation
data [33]. Model 2 (M2) and model 3 (M3) will be defined later. (a) Imposed pressure
condition. (b) Flow rate, M2 and M3. (c) Imposed curvature variations in one cardiac cycle
based human data.
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Fig. 5.
Experimentally measured axial and circumferential stress–stretch data (marked by ×) from
one human coronary plaque sample and stress–stretch matching curves derived from the
modified anisotropic M-R model [see (11)] for fibrous tissue (vessel). Stress–stretch curves
for lipid and calcification were also shown.
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Fig. 6.
Stress-P1 at maximum (κ = 0.97 cm−1, Pin = 86 mmHg) and minimum (κ = 0.39 cm−1, Pin =
101 mmHg) bending (where applicable) from four models showing cyclic bending and
anisotropic material properties have considerable effects on stress predictions. (a) M1, Pin =
86 mmHg, no bending. (b) M1, Pin = 101 mmHg, no bending. (c) M2, Pin = 86 mmHg, no
bending. (d) M2, Pin = 101 mmHg, no bending. (e) M3, Pin = 86 mmHg, Max κ = 0.97
cm−1. (f) M3, Pin = 101 mmHg, Max κ = 0.39 cm−1. (g) M4, Pin = 86 mmHg, Max κ = 0.97
cm−1. (h) M4, Pin = 101 mmHg, Min κ = 0.39 cm−1.
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Fig. 7.
Comparison of FMSS and velocity plots from model 2 (anisotropic, no bending) and model
3 (anisotropic with bending), showing that cyclic bending has modest effects on flow
velocity and maximum shear stress. No flow recirculation was observed. (a) M2, FMSS, Pin
= 86 mmHg, no bending. (b) M3, FMSS, Pin = 86 mmHg, with bending, κ = 0.97 cm−1. (c)
M2, Velocity, Pin = 86 mmHg, no bending. (d) M3, Velocity, Pin = 86 mmHg, κ = 0.97
cm−1.
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TABLE II

Maximum Values of Stress-P1 and Strain-P1 From the Four Models on the Cut Surface Showing Cyclic
Bending and Anisotropic Material Properties Have Considerable Effects (From 60% to 419%) on Stress
Predictions

Model
Max Stress-P1 on Cut Surface

κ = 0.97
Pin = 86

κ = 0.76
Pin = 130

κ = 0.39
Pin = 101

κ = 0.88
Pin = 70

M1 (isotropic, no-bending) 46.3 (100 %) 86.0 (100 %) 58.5 (100 %) 34.9 (100 %)

M2 (anisotropic, no bending) 75.3 (163 %) 153.8 (179%) 98.9 (169 %) 53.2 (152 %)

M3 (Anisotropic, with Bending) 104.7 (226 %) 205.6 (239 %) 122.5 (209 %) 75.4 (216 %)

M4 (aniso, Bend, 10 % axial; stretch) 205.9 (445 %) 222.6 (259 %) 146.4 (250 %) 142.5 (408%)

Max Strain-P1 on Cut Surface

M1 (isotropic, no-bending) 0.147 (100 %) 0.204 (100 %) 0.168 (100 %) 0.124 (100 %)

M2 (anisotropic, no bending) 0.300 (204 %) 0.395 (194 %) 0.339 (202 %) 0.252 (203 %)

M3 (Anisotropic, with Bending) 0.556 (378 %) 0.483 (237 %) 0.373 (222 %) 0.509 (410 %)

M4 (aniso, Bend, 10 % axial stretch) 0.722 (491 %) 0.602 (295 %) 0.447 (266 %) 0.643 (519 %)

Four time points chosen correspond to maximum/minimum curvatures (κ = 0.97/0.39) and pressure conditions (P = 130/70). Units: curvature κ:
centimeters inverse; pressure: millimeters of mercury; stress: kilopascals.
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