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Abstract

MRI-based fluid-structure interactions (FSI) models for atherosclerotic plaques have been
developed to perform mechanical analysis to investigate the association of plaque wall stress
(PWS) with cardiovascular disease. However, the time consuming 3D FSI model construction
process is a great hinder for its clinical implementations.

In this study, a 3D thin-layer structure only (TLS) plaque model was proposed as an
approximation with much less computational cost to 3D FSI models for better clinical
implementation potential. 192 TLS models were constructed based on 192 ex vivo MRI Images of
12 human coronary atherosclerotic plaques. Plaque stresses were extracted from all lumen nodal
points. The maximum value of Plaque wall stress (MPWS) and average value of plaque wall stress
(APWS) of each slice were used to compare with those from corresponding FSI models. The
relative errors for MPWS and APWS were 9.76% and 9.89%, respectively. Both MPWS and
APWS values obtained from TLS models showed very good correlation with those from 3D FSI
models. Correlation results from TLS models were consistent with FSI models. Our results
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indicated that the proposed 3D TLS plaque models may be used as a good approximation to 3D
FSI models with much less computational cost. With further validation, 3D TLS models may be
possibly used to replace FSI models to save time and perform mechanical analysis for
atherosclerotic plaques for clinical implementation.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide. More than 60% of
heart attacks are caused by rupture of a vulnerable plaque (Naghavi et al., 2003). In recent
years, medical imaging technologies including magnetic resonance imaging (MRI),
intravascular ultrasound (IVVUS), angiography, and computed tomography (CT) have been
developed and used in patient screening and diagnosis. Currently, plaque stenosis severity is
still widely used as a main guidance for revascularization decisions. However, there has been
growing evidence suggesting that stenosis criterion may be imprecise and the value of a
particular intervention for each individual is uncertain (Gorelick, 1990, Barnett et al. 1998,
Rothwell et al., 2003, Underhill et al., 2010). For example, 61% of the 2226 recently
symptomatic subjects had less than 50% carotid stenosis (Barnett et al. 1998). It is thus clear
that more accurate noninvasive methods are required so that future plaque rupture can be
predicted early and proper treatment can be recommended to prevent actual drastic clinical
events.

From the mechanical point of view, plaque rupture is likely to occur when the mechanical
stress exceeds the material strength of fibrous cap. It was well accepted that mechanical
forces play an important role in the rupture process and should be considered in an
integrated way for plaque assessment. Indeed, image-based computational models have been
introduced by many research groups to predict mechanical stress within the plaque structure
(Bluestein et al. 2008, Cheng et al., 1993, Joshi et al., 2004, Leach et al., 2010, Sadat et al.,
2011, Tang et al., 2003, 2004, 2008, 2009) and to assess its clinical significance (Gao et al.,
2011, Gijsen et al., 2015, Huang et al., 2014a, Li et al., 2007, Teng et al., 2014a, Zhu et al.,
2010,). Tang et al. introduced the first 3D multi-component fluid structure interaction (FSI)
model for image-based plague mechanical analysis (Tang et al., 2003). The numerical
accuracy and reliability of 3D FSI models have then been demonstrated and validated,
showing good agreement with both analytical solutions (Huang 2009a) and experimental
data (Tang et al., 2003). Comparing to flow shear stress, plaque wall stress (PWS) might be
a better predictor of carotid plaque rupture sites than flow shear stress, since PWS is
typically around 103-10° times greater than wall shear stress (WSS) (Brown et al., 20186,
Teng et al., 2010, Tang et al., 2014). It was found by several groups that higher PWS
obtained from FSI models are linked to plaque rupture (Bluestein et al., 2008, Tang et al.,
2009, Teng et al., 2010, Gao et al., 2011, Huang et al., 2012, Huang et al., 2014). However,
currently it is still very time-consuming to construct 3D FSI models due to the complex
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deformable plaque structure and the highly non-linear material properties. This heavily
restrained the clinical applications for 3D FSI Models.

Various modeling strategies, including 2D structure-only, 3D structure only and 3D fluid-
structure interaction (FSI) simulations, have been compared to investigate the differences in
stress predictions (Huang et al., 2014b). Huang et al. compared the differences in assessing
mechanical stress within carotid atherosclerotic plaques using 2D structure only, 3D
structure only, 3D one way and fully coupled FSI analysis (Huang et al., 2014b). Their
results indicated that 1) 2D structure only model might not be suitable as an approximation
to FSI model since the simulation significantly overestimated the stress level, although it is
with much less computational expense; 2) 3D structure only model produced a small yet
statistically significant stress overestimation compared to 3D FSI models. These studies
indicated that 2D models might not be able to provide accurate approximations to FSI
models. Although 3D structure only model produced a good approximation to FSI models,
the difficulty of construction of the model is still significant and it is hard to be applied in
clinical applications.

In the effort of seeking a computational model for atherosclerotic plaques which can be used
to obtain reliable predictions of stress but with much less computational expense comparing
to FSI models, a 3D thin layer structure only (TLS) plaque model was proposed to perform
mechanical analysis for human atherosclerotic plaques based on ex vivo MRI data of
coronary atherosclerotic plaques. TLS model takes less than 2 hours to construct and obtain
the convergent solutions while FSI model takes one or two weeks for construction excluding
obtaining convergent solutions. The simulation results of TLS models were used to compare
with FSI models to investigate how good the approximation of TLS plaque models is.

2. Materials and Methods

2.1 MRI acquisition

3D ex vivo MR Images were obtained from 12 human coronary plaques (male: 11; mean
age: 60; consent obtained) using multi-contrast MRI techniques with high resolution
(0.1mmx0.1mmx1mm) (Tang et al., 2004). Each specimen was fixed in a 10% buffered
formalin solution and placed in a polyethylene tube. Then it was stored at 4°C within 12
hours after removal from the heart. All imaging procedures were performed on a 3-T
Siemens Allegra clinical system (Siemens Medical Solutions, Malvern, PA). Three-
dimensional gradient-echo images with a slice thickness of 0.5 mm were first obtained to
define the orientation of the coronary artery vessel axis. The following MR sequences (T1-
weighted, T2-weighted, proton density-weighted and gradient-echo) were obtained to better
differentiate different components in the plaque (Fig. 1). The field of view was 25 x 19
mm?Z, matrix size was 256 x 192, and slice thickness was 1 mm. With machine interpolation,
the segmented data had resolution of 0.05x0.05x1.0 mm3. After completion of MR study,
the transverse sections with a thickness of 10 um 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).
Plague vulnerability of these samples was assessed pathologically to serve as bench mark to
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validate computational findings. The 3D ex vivo MRI data were read by a self-developed
software package Atherosclerotic Plaque Imaging Analysis (APIA, El Naga | et al., 2007)
written in Matlab (Math Works, MATLAB, Natick, MA) and also validated by histological
analysis (Fig. 1 (d)).

2.2 3D Thin-Layer Structure Only Plague Models

A 3D multi-component thin layer structure only (TLS) plaque model was constructed based
on ex vivo MRI data to obtain the mechanical stress for analysis. For each 2D slice, the
adjacent one upper slice and one lower slice were included to construct the corresponding
3D TLS plaque model. The information of axial curvature will thus be included. The
deformation of each component was governed by the Cauchy momentum equation,

PVipt=0ii,1,j=1,2,3 (1)

where p is the density of each component, t stands for time, i and j label spatial coordinates,
vis the solid displacement vector, o is the stress tensor, f j stands for derivative with respect
to the jt" variable. The strain-displacement relations is given by,

& =(VijtViitvaivaj)/2, Lia=123 (2

where e [ejj] is the Green-Lagrange strain tensor. To introduce the constitutive material
models, the artery wall (includes vessel tissue and fibrous cap) and plague component (lipid-
rich necrotic core) was assumed to be hyperelastic, isotropic, incompressible and
homogeneous. To simplify the model, the component of calcification was not considered in
this study. The modified Mooney-Rivlin (M-R) model was used to describe the material
properties of the components in the plaque (Bathe 2002). The strain energy function for M-R
model is given by

W=cy(I;—3)+cz(Io—3)+Dy [eP2 (=3 1] ©)

where I = Z Cjj, and 12:%(13_%%) are the first and second strain invariants, C = [Cjj] =
XTX is the right Cauchy-Green deformation tensor, X = [Xij] = [0xi/0aj], where X; is the
current position, aj is the original position, and cj and D; are material parameters chosen to
match experimental measurement and previously published studies (Bathe 2002). In this
paper, the following parameter values were chosen: vessel tissue/fibrous cap, c1= 36.8 kPa,
c=0 kPa, D1=14.4 kPa, D, = 2; lipid-rich necrotic core, c;=2kPa, c,=0 kPa, D1=2kPa,
D,=1.5 (Tang et al., 2004, Teng et al., 2014b). Pulsating pressure conditions were used for
both FSI and TLS models. For each plaque, patient-specific systolic and diastolic pressure
conditions from the last hospital admission were scaled to apply. Fig. 2 shows a typical
cardiac pressure profile scaled to 65-93 mmHg. It was used as upstream pressure (Pin) for
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FSI model based on the plague sample shown in Fig. 1. The downstream pressure was set
(64.5-89 mmHg) according to the upstream pressure, so that the flow rate was within
physiological range. For TLS models, the upstream pressure (Pin) was applied over the
lumen surface. In this study, both FSI and TLS plague models were constructed based on ex
vivo MR images. Therefore, the starting state for both models was at ex vivo state. The 10%
pre-axial stretch was applied for both models to better simulate the arteries under the
physiological condition (Huang et al., 2009b).

2.3 2D, 3D TLS and 3D FSI model comparisons

The difference between TLS and 2D is that TLS model has axial stretch and axial curvature,
but 2D model does not since 3 neighboured slices were included for TLS model and 2D
model was under plane strain assumptions. The differences between 3D TLS and 3D FSI
model were as follows, 1) FSI models include the fluid simulation while TLS models not; 2)
the whole plaque was considered for FSI model but only 3 neighboured slices were
considered in TLS model.

2.4 Mesh Generation and Solution Method

A Volume Component-Fitting Method (VCFM) was used to generate mesh for these models
(Huang et al., 2012). Using this technique, the 3D plaque geometry was divided into some
small 6 face “volumes” to curve-fit the very irregular plaque. The computational mesh was
created in a commercial finite-element package ADINA (ADINA R & D, Inc., Watertown,
MA, USA) computing environment.

The computational simulations for each TLS plagque models were solved by ADINA, which
uses total Lagrangian incremental nonlinear finite element method. The governing finite
element equations were solved by the modified Newton-Raphson iteration method. More
details of the models and methods can be found at Tang and Bathe (Bathe 2002, Tang et al.,
2003, Huang 2009a).

2.5 Data Analysis

Because stress is a tensor, its maximum principal stress at each node was chosen as its
representative scalar value and was called as plaque wall stress (PWS) for convenience. Data
for PWS was extracted from all nodal points on lumen surfaces. To investigate if TLS model
is a good approximation to FSI models, the following two studies were conducted.

1. The maximum value of plaque wall stress (MPWS) and average value of
plaque wall stress (APWS) extracted from all nodal points on lumen
surfaces of each slice from TLS model were used to compare with those
from 3D FSI model. The following formula was used to describe the
relative error between the parameter values from TLS plaque model and
FSI model.

1 n
Error_ relzﬁ (Zi:1|ai—bi|/bi) ()
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where g; is the value obtained from TLS models, and b is the
corresponding value from FSI models, n is the total number of slices. Data
normality was assessed by Shapiro-Wilk test. P=0.1 was set as
significance level. All data sets in this study were normally distributed.
Therefore, to further investigate the difference of MPWS and APWS
values between 3D TLS plaque model and FSI model, paired sample t-test
was used for statistical analysis. A significant difference was assumed if
p<0.05.

2. The correlation results between wall thickness and PWS based on TLS
models were used to compare with those from FSI models. To find the
correlation results between PWS and wall thickness, each slice was
divided into 4 quarters with each quarter containing 25 data points taken
on the lumen. Average PWS and wall thickness values from each quarter
corresponding to maximum pressure condition were used for correlation
analysis. Pearson correlation coefficient was used for all correlations
analysis. The details of correlation study method can be found in Fan’s
study (Fan et al., 2014). All statistical analysis was performed with SPSS
17.0 (SPSS Inc, Chicago, IlI).

The demographic and plaque characteristics of the 12 patients were given in Table 1. There
were 192 TLS models constructed based on the ex vivo MRI of the slices from these 12
patients. The computational results obtained from TLS models were used to compare with
those of corresponding slice from FSI models.

3.1 Construction time for TLS model is significantly less than that for FSI models

Currently, it takes less than two hours to construct a TLS model and less than two minutes to
obtain the convergent solutions. The construction/solving time for TLS model is similar to
2D model. However, it takes more than one week to construct a FSI or 3D wall only model
for a well-trained researcher. What's more it takes around two days to obtain the convergent
solutions if finite element meshes are good. The time for construction of TLS model is
significantly less than that for FSI models.

3.2 MPWS and APWS from TLS plaque models were found to be close to those from FSI

models

Fig. 3 presented a comparison of the results between TLS plague model and FSI models for
the slice presented in Fig. 1(d). The MPWS for slice 7 from TLS model was only 4.6%
higher than that from FSI model (170.8 vs. 163.3 kPa); The APWS from TLS model was
6.7% less than that from FSI model (91.2 vs. 98.3 kPa). Fig. 3 (a) and (b) showed that PWS
distributions from TLS plague model have similar patterns with FSI model. The contours of
the plaque from TLS model matched well with that from FSI model (Fig. 3 (c)).

The overall results indicated that the relative error, calculated by formula (4), of MPWS
from TLS models was 9.7% comparing to those from FSI models; the relative error of
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APWS from TLS models was 9.8% comparing to those from FSI models. Both MPWS and
APWS values obtained from TLS models for each slice showed a very good correlation with
those from 3D FSI models (R?=0.962 and R?=0.746 for MPWS and APWS respectively,
Fig. 4).

3.3 No statistically significant difference found for MPWS between TLS plaque models and

FSI models

The results of PWS for those 192 slices obtained from TLS models and FSI models were
compared. There was no statistically significant difference found for MPWS between TLS
and FSI models (P=0.179). The mean value of MPWS values from TLS model was —1.6%
less than that from FSI model (187.4+63.9 vs. 190.4+65.2 kPa). The patient-specific
analysis results of MPWS obtained from TLS and FSI models were presented in Table 2 and
Fig. 5. There was no statistical significant difference found for any patient (P>0.05 for all
patients). What’s more, there were 9 out of 12 patients having less than 5% difference
between TLS and FSI models (Table 2).

3.4 APWS from TLS model was slightly less than those from FSI models

The APWS values of each slice were compared with those from FSI models. Although, the
statistical significant difference was found (P<0.001), the mean value of APWS from TLS
model was only 7% less than that from FSI model (91.4+23.1 v.s. 98.2+23.2). What’s more,
the mixed results were found from patient-specific analysis (Table 2). The individual APWS
results indicated that only 4 out of 12 plaques show statistical significant difference between
TLS and FSI models. Except for these 4 plaques, APWS values predicted by TLS models
are very close to those predicted by FSI models (Fig. 6).

3.5 Correlation results from TLS plague models were consistent with FSI models

The correlation results between plaque wall thickness and PWS for randomly selected 3
patients from TLS and FSI models were presented in Table 3 and Fig. 7. 3 out of 3 patients
showed negative correlation (Pearson correlation r-value <0) between plaque wall thickness
and PWS using data from TLS models. The obtained correlation results were consistent with
those using data from FSI models.

4. Discussion

4.1 TLS models were found to be good approximations to FSI models

In this study, it was found that MPWS and APWS results predicted by TLS plaque models
were very close to those from FSI models. The PWS distributions from TLS plaque models
were found to have similar patterns with FSI models. The average relative error for MPWS
and APWS from TLS plague models were less than 10% comparing to those from FSI
models, respectively. The statistical analysis indicated that there was no statistical difference
found for MPWS between TLS and FSI plague models. Both MPWS and APWS results
obtained from TLS plaque models showed very good correlations with those from 3D FSI
models. Several research groups suggested the growing importance of searching for the
hypotheses for mechanisms governing plagque progression process (Joshi et al., 2004, Fan et
al., 2014). The results of TLS model were found to be in agreement with FSI plaque model
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results for all 3 cases. This indicated that the numerical results obtained from TLS models
are able to be employed to perform the research for mechanisms governing plaque
progression process with expected accuracy. These findings support that TLS models may be
good approximations to FSI models.

4.2 TLS model was found to be better than 2D model

The comparisons of MPWS results for each slice of patient#1 between 2D, TLS, and FSI
models were presented in Table 4. The relative error calculated by equation (4) for 2D
models was 17.9% comparing to FSI models while only 8.8% for TLS models. There were 4
out of 17 slices shown that relative errors of MPWS results were more than 30% comparing
to those obtained from FSI model. The error of 2D model is significant and can not be
ignored. These results were consistent with Wang’s report (Wang et al., 2015). The main
reason for that TLS model is able to better approximate full 3D models comparing to 2D
model was that axial stretch/curvature was considered in TLS model while not in 2D
models. Nieuwstadt et al. (2013) also found that axial stretch did have profound influence on
the error in critical plague wall stress by quantifying the comparison of 3D with 2D models.
These indicate that comparing to 2D model, TLS model may be a better approximation to
FSI model due to axial stretch consideration.

4.3 TLS models may be good for clinical implementation

While 3D FSI models provide better representation of the real physical vessel, they are
labor-intensive. Therefore, it’s hard for FSI model to be implemented for clinical
implementation. Comparing to FSI models, the advantage of TLS models is “time saving”
since it takes only one or two hours to construct a TLS plague model. The reasons are as
follows, 1) to construct a TLS model for a slice, there were only neighboured 3 slices to be
considered. The patterns of neighboured 3 slices were very similar. Then it will be much
easier to divide the volumes for mesh generation comparing to FSI models; 2) the obtained
divided volumes are relatively more regular. This will also significantly decrease the
difficulty of obtaining the convergent solutions. Therefore, it is possible to develop software
to automatically generate patient-specific TLS models and perform stress analysis for all the
slices of the whole plaque within an hour by the automated procedure. This will then meet
the clinical needs. Therefore, comparing to one or two weeks’ construction time for FSI
models, TLS models may have the potential to replace FSI models to perform mechanical
analysis for atherosclerotic plaques for clinical implementation.

4.4 Limitations for TLS models

There are two major limitations of TLS model should be acknowledged: a) TLS models
consider only neighboured 3 slices of plaque, which is the consideration of local region of
plaque. Therefore, the axial stretch and the axial curvature of the plaque were partially
considered in TLS models; b) axial pressure drop throughout the artery was neglected. It
should be noted that when the plaque has a severe stenosis (more than 63%), a significant
pressure drop may occur across the plaque (Deweese et al., 1970, Yang et al., 2007). Under
this circumstance, the simulation results of TLS models might overestimate the stress levels
of the plaques due to the neglecting of the pressure drop (Huang et al., 2014b). In this study,
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all the plaques involved demonstrated moderate degrees of luminal stenosis. The pressure
gradient across these plaques was relatively small (Deweese et al., 1970).

5. Conclusions

In this study, a thin layer structure-only (TLS) model was introduced. The stress results of
192 patient-specific TLS models were compared with those from patient-specific FSI
models. TLS models showed very good qualitative and quantitative agreement with 3D FSI
models. Considering much reduced computational cost, TLS models may be used as good
approximations to 3D FSI models to perform mechanical analysis for atherosclerotic plaques
with clinical implementation potential. Prospective and large-scale studies are needed to
further validate our findings.
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(a) Ex Vivo T1- MR-Images

—

Figure 1.
T1 and T2-weighted MR images of a human coronary plaque sample with lipid validated by

histology.
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Figure 2.

A typical cardiac pressure profile scaled with patient-specific systolic (93 mmHg) and
diastolic (65 mmHg) pressure from the last hospital admission and used as upstream
pressure condition (Pin) for the computational simulations of the plague sample shown in
Figure 1.
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(a) Band plot of PWS for (b) Band plot of PWS (¢) Comparison of pressurized
Slice 7 from TLS model  from FSI model contours between TLS and
FSI models.
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Figure 3.
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Band plots of PWS of slice on Figure 1 (d) showing the comparison of TLS and FSI models.
a) Band plots of PWS for Slice 7 from TLS model; b) Band plot of PWS from FSI model; c)

Comparison of pressurized contours between TLS and FSI model.
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(a) Maximum PWS correlation (b) Average PWS correlation

180 . . . . —

450

140

.

=}

=]
L

W
il
=]

120

w
=}
=]

100

N
a
S

80

N
=}
=]

60

o
=]

L

.
40 B

=]
=]

Predicted by TLS Model (kPa)
Predicted by TLS Model (kPa)

0 L L L L L
40 B0 80 100 120 140 160

50 L L L L L L L
50 100 150 200 250 300 350 400 450

Predicted by FSI model Predicted by FSI model (kPa)

Figure 4.
Stress Correlations. a) correlations between maximum PWS obtained by TLS and FSI

models; b) correlations between average PWS obtained by TLS and FSI models.
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Figure 5.
Box plots show the comparisons of Maximum PWS values of each slice obtained from TLS

and FSI models for each plaque.
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Figure 6.

Box plots show the comparisons of Average PWS values of each slice obtained from TLS
and FSI models for each plaque

J Biomech. Author manuscript; available in PMC 2017 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Huang et al.

PWS (kPa)

PWS (kPa)

(a) Correlation results using TLS data
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Figure 7.

Comparison of correlation results of mean-quarter plaque wall stress vs. mean-quarter vessel
wall thickness distribution plots from selected 3 patients between TLS and FSI models.
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Table 1

Demographic and Clinical Characteristics of the Study Patient.

Characteristic Total (n=12)
Age 59(45-72)
Male, n (%) 11 (92)
Black, n (%) 8 (67)

Body mass index, kg/m2 32 (23-47)

Systolic Blood Pressure (mmHg) 137 (93-175)
Diastolic Blood Pressure (mmHg)  77(65-104)
Baseline Lipid Profile
Total Cholesterol, mg/dL 156(76-260)
Triglycerides, mg/dL 127(54-196)
High-density lipoprotein, mg/dL  46(12-72)
Low-density lipoprotein, mg/dL  85(29-177)
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Table 3

Summary of comparisons of correlation results (plaque wall thickness vs. plague wall stress) between TLS and
FSI models.

Patient# TLS FSI

Pearson r-value P value Pearsonr-value P value

1 -0.139 0.306 -0.084 0.540
3 -0.616 <0.001 -0.384 0.005
10 -0.329 0.006 -0.477 <0.001
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