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Abstract

Although it has been well-accepted that atherosclerosis initiation and early progression correlate
negatively with flow wall shear stresses (FSS), increasing evidence suggests mechanisms
governing advanced plaque progression are not well understood. Fourteen patients were scanned
2-4 times at 18 month intervals using a histologically validated multi-contrast magnetic resonance
imaging (MRI) protocol to acquire carotid plaque progression data. Thirty-two scan pairs (baseline
and follow-up scans) were formed with slices matched for model construction and analysis. 3D
fluid-structure interaction (FSI) models were constructed and plaque wall stress (PWS) and flow
shear stress (FSS) were obtained from all matching lumen data points (400-1000 per plaque; 100
points per matched slice) to quantify correlations with plaque progression measured by vessel wall
thickness increase (WTI). Using FSS and PWS data from follow-up scan, 21 out of 32 scan pairs
showed a significant positive correlation between WTI and FSS (positive/negative/no significance
ratio = 21/8/3), and 26 out of 32 scan pairs showed a significant negative correlation between WTI
and PWS (positive/negative/no significance ratio = 2/26/4). The mean FSS value of lipid core
nodes (n=5294) from all 47 plaque models was 63.5 dyn/cm?, which was 45% higher than that
from all normal vessel nodes (n=27553, p<0.00001)). The results from this intensive FSI study
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indicate that flow shear stress from follow-up scan correlates positively with advanced plaque
progression which is different from what has been observed in plaque initiation and early-stage
progression. It should be noted that the correlation results do not automatically lead to any
causality conclusions.
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1. Introduction

Low and oscillating blood flow shear stresses (LFSS) have been shown to correlate
positively with intimal thickening and atherosclerosis initiation (Friedman et al., 1987, 1993;
Giddens et al., 1993; Ku et al., 1985; Gibson et al., 1993; Nerem, 1992; Suo and Giddens et
al., 2008). However, the LFSS hypothesis cannot explain why intermediate and advanced
plaques continue to grow under elevated high shear stress conditions (Tang et al., 2008).
Controversy over the LFSS hypothesis have led several groups to search for other
mechanisms governing advanced plaque progression such as plaque wall (structure) stresses
(PWS) (Joshi et al., 2004; Wentzel et al., 2005). Tang et al. used in vivo magnetic resonance
imaging (MRI) patient-tracking data and 2D structural models to quantify correlation
between plaque progression measured by vessel wall thickness increase (WTI) between
baseline and follow-up scans and structural plaque wall stress. Their results indicated that 18
out of 21 patients showed significant negative correlation between wall thickness increase
and plaque wall stress from follow-up scan (Tang et al., 2008). Patient-specific plaque
growth functions were also derived based on patient-tracking MRI data and used in
computational simulation of plaque progression and good agreement between simulated
growth and MRI data was found (error <2%, Tang et al., 2008).

This study uses 3D models with fluid-structure interactions (FSI) based on in vivo MRI data
taken from patients at multiple time points. The 3D FSI models were solved and plaque wall
stress (PWS) and flow shear stress (FSS) data at lumen wall were obtained to quantify their
correlations with plaque progression measured by vessel wall thickness increase (WTI).
Location-specific results for vessel wall thickness increase, locations of plaque components
(necrotic lipid core, calcification and loose matrix) and their association with flow shear
stress from 32 matched baseline and follow-up scan pairs and 47 plaques were reported.

2. Methods

2.1 In vivo Serial MRI Data Acquisition and Segmentation

After informed consent, serial MRI data of carotid atherosclerotic plaques from 14 patients
(13 male, 1 female; age: 59-81, mean=71.9) were acquired 2—4 times (scan interval: 18
months) by the University of Washington Vascular Imaging Laboratory using protocols
approved by the University of Washington Institutional Review Board. MRI scans were
conducted on a GE SIGNA 1.5-T whole body scanner using an established protocol (Yuan
and Kerwin, 2004). Multi-contrast images in T1, T2, proton density(PD), time-of-flight
(TOF), and contrast-enhanced (CE) T1 weighted images of atherosclerotic plaques were
generated to characterize plaque tissue composition and luminal and vessel wall morphology
(Yuan et al., 2001a, 2001b, 2004). A custom-designed computer package CASCADE
(Computer-Aided System for Cardiovascular Disease Evaluation) developed by the Vascular
Imaging Laboratory (VIL) at the University of Washington (UW) was used to perform
image analysis and segmentation. Upon completion of a review, an extensive report was
generated and segmented contour lines for different plaque components for each slice were
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stored for computational model reconstructions. The slice thickness was 2 mm. Field of
view = 160 mm x 160 mm. Matrix size 512 x 512 (the real matrix size was 256x256.
Images were machine interpolated to 512x512). After interpolation, the in-plane resolution
was 0.31x0.31mm . Thirty-two scan-pairs (called baseline and follow-up scans) were
formed for this study, with MRI slices matched for each pair. Figure 1 gives two examples
re-constructed from MRI data showing plaque progression and regression.

2.2. 3D Geometry Re-Construction and Mesh Generation

Under in vivo conditions, arteries are axially stretched and pressurized. Therefore, in vivo
MRI plague geometry needs to be shrunk axially and circumferentially a priori to obtain the
no-load starting geometry for computational simulations. The shrinkage in axial direction
was 9% so that the vessel would regain its in vivo length with a 10% axial stretch.
Circumferential shrinkage for lumen (about 8-12%) and outer wall (about 2-5%) was
determined by trial-and-error so that: 1) total mass of the vessel was conserved; 2) the
loaded plaque geometry after 10% axial stretch and pressurization had the best match with
the original in vivo geometry.

Because advanced plaques have complex irregular geometries and 3D FSI models involve
large deformation and large strain, the 3D FSI model may not converge if an automatically
generated mesh was used. A geometry-fitting mesh generation technique was developed to
generate mesh for these models (Tang et al., 2009). Using this technique, the 3D plaque and
fluid domains were divided into hundreds of small “volumes” to curve-fit the irregular
plaque geometries. Computational meshes for these volumes were then generated by
ADINA (ADINA R & D, Inc., Watertown, MA, USA), a commercial finite element
software used to solve these FSI models. Details of the mesh generation process were
described in Tang et al. (2009).

2.3 3D Fluid-Structure Interaction Plague Model and Solution Methods

3D FSI models were constructed for all the 32 pairs (cases) to obtain both flow shear stress
(FSS) and plaque wall stress (PWS) fields for correlation analysis. Since the focus of this
study was to determine the correlations between mechanical forces (FSS and PWS) and
plaque progression, the artery wall in the FSI model was assumed to be uniform,
hyperelastic, isotropic, incompressible and homogeneous. This limitation will be further
discussed in 4.2. The nonlinear modified Mooney-Rivlin model was used to describe the
material properties of the vessel wall (Bathe, 2002; Huang et al., 2001; Tang et al., 2004).
The strain energy function was given by,

W=ci(I1 = 3)+c2(Iz — 3)+Di[exp(Da(l; — 3)) — 11, (1)

|
11:2 Cii» =511} = CyCyl, (2)

where Iy and I, are the first and second strain invariants, C =[Cjj] = XTX is the right
Cauchy-Green deformation tensor, X=[X;j] = [9xi/daj], (xi) is the current position, (a;) is the
original position, ¢j and Dj are material parameters chosen to match experimental
measurements and the current literature (Humphrey, 2002; Kobayashi et al., 2003).
Parameter values used for the arterial vessel wall in this model were: ¢;=368000 dyn/cm? ,
=0, D1 =144000 dyn/cm? , D, =2.0.
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Blood flow was assumed to be laminar, Newtonian, viscous and incompressible. The
incompressible Navier-Stokes equations with arbitrary Lagrangian-Eulerian (ALE)
formulation were used as the governing equations. A no-slip condition, natural traction
equilibrium boundary condition and continuity of displacement were assumed on the
interface between solid and fluid. Inlet and outlet were fixed in longitudinal (axial) direction,
but allowed to expand/contract with flow otherwise. Patient-specific systolic and diastolic
pressure conditions from the last hospital admission were used as the maximum and
minimum of the imposed pulsatile pressure waveforms at the inlet and outlet of the artery.
Figure 2 gives an example of pressure wave forms specified at the inlet and outlet of a
plaque and corresponding flow rates obtained from the FSI model. Details of the FSI model
have been described in (Tang, et al. 2004,2008;Yang et al., 2007) and are omitted here.

The 3D FSI models were solved by ADINA, using unstructured finite element methods for
both fluid and solid domains. Nonlinear incremental iterative procedures were used to
handle fluid-structure interactions. The governing finite element equations for both solid and
fluid models were solved by Newton-Raphson iteration method. More details of the
computational models and solution methods can be found in Tang et al. (2004), Yang et al.
(2007) and Bathe (2002). Plaque wall stress and flow shear stress data corresponding to peak
systolic pressure were recorded for analysis.

2.4 Plaque Progression Measurements, node type and Data Extraction for Correlation

Analysis

For each scan pair, slices from the baseline (Time 1, or T1) and follow-up (Time 2, or T2)
scans were matched using the carotid bifurcation as the registration reference (see Fig. 1 (c)-
(d) for illustration). Only matched common carotid artery (CCA) and internal carotid artery
(ICA) slices were chosen for analysis since external carotid arteries (ECA) are less prone to
atherosclerosis. For each matched slice, 100 evenly-spaced points from the lumen were
selected and vessel wall thickness, PWS, and FSS from 3D FSI model solutions at each
point for Time 1 and Time 2 were obtained for analysis. For the 32 pairs, 400-1000 matched
data points for each plaque were obtained for correlation analysis. Plaque progression at
each data point was expressed by vessel wall thickness increase (WTI) defined as

WTI=Wall Thickness at T2 — Wall Thickness at T1. 3)

In view of the fact that advanced plaques have irregular geometries, a piecewise equal-step
method was introduced to calculate wall thickness at each data point [see Fig. 3 (a)—(b)].
This method is better than the shortest-distance method used in our previous paper (Tang et
al., 2008). Each slice was divided into four quadrants Q1-Q4, each quadrant containing 25
lumen points which were part of the 100 selected points. For each quadrant, 25 even-spaced
points were chosen on the outer vessel boundary. The corresponding points on the inner and
outer boundaries were paired and the distance between the paired points was defined as
vessel wall thickness at the given lumen point. This method was sufficient for the cases
covered in this paper.

Division of Q1-Q4 was handled so that the quadrants were also used to identify locations of
plaque components and location-specific plaque progression. The slice just before
bifurcation was labeled CCA-S0. Starting from that slice, the first slice with both ICA and
ECA is ICA-S1 (the ECA was used in model construction, however, stress data from the
ECA was not used in the analysis). Other ICA slices were numbered sequentially. CCA
slices were numbered similarly, with CCA-S1 below CCA-S0. For an ICA slice, the
quadrants were divided as shown in Figure 3. All CCA slices were aligned in the direction
determined by the ICA-S1. This assured a (Slice, Quadrant) coordinate system for plaque
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location. For CCA slices, Q1 and Q3 were referred to as the anterior and posterior
quadrants, with respect to the carotid bifurcation. FSS and PWS distribution data was
extracted from the 32 pairs and 47 plaques, with this location-specific system.

Every selected data point (100/slice) on the lumen was assigned a node type (lipid,
calcification, loose matrix, and normal) according to its location and the plaque component
it is covering (see Fig. 3 (d)). If the line connecting the lumen point and its corresponding
out-boundary point meets a plagque component, the lumen point is assigned to that
component type (lipid in Fig. 3 (d)). If the line goes through several components, the first
component is used as the node type of the lumen node. If the connecting line does not hit
any component, the node is assigned as a normal node. The density of each component for a
given region was defined as:

Density of Component A=(Component A points)/(Total points of the given region). (4)

Plague component distribution and their possible association with mechanical forces were
quantified using density, slice and quadrant locations.

2.5 Statistical Analysis

Standard statistical linear regression analysis was performed to quantify the correlation
between plaque progression measured by WTI and flow shear stress and the correlation
between WTI and plaque wall stress. Flow shear stress values associated with plaque
components were compared with those from normal wall data points. A t-test (P<0.05) was
used to determine if there was a significant difference between the compared data.

3. Results

3.1 Wall Thickness Increase Correlates Positively with FSS and Negatively with PWS Using
Time 2 Data

Table 1 summarizes correlation results between WTI and both FSS and PWS at Time 1 and
Time 2. Using FSS and PWS data at Time 2, statistically significant positive correlation
between WTI and FSS was found in 21 of the 32 cases examined (8 negative, 3 no
significance). The 95% confidence interval (Cl) for Pearson correlation (PC) coefficient
values was (0.012, 0.187). A statistically significant negative correlation between WTI and
PWS was found in 26 of the 32 cases (2 positive, 4 no significance). The 95% CI for
Pearson correlation (PC) coefficient values was (—0.273, —0.142).

Table 2 provides mean WT, WTI and FSS values for each case as background information.
We emphasize that all data were taken corresponding to peak systolic pressure and “mean
values” were average values over all geometrical data points. Since WTI and FSS changes
from different nodes may cancel out and lead to small net change, mean absolute values of
WTI and difference between FSS(T2) and FSS(T1) were also provided. It is clear that the
relative changes of both WT and FSS were not always small. Relative WT changes could be
around 20%. And FSS values from T1 to T2 also demonstrated noticeable changes (as high
as 50%).

3.2 Correlation Analysis between WTI and FSS/ PWS Using Time 1 Data

The correlations between WTI and FSS/PWS using Time 1 data were reversed and weaker
when compared to results using Time 2 data. Positive, negative and no significance cases
between WTI and FSS were 10, 15, and 7 out of 32, respectively. The 95% PC confidence
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interval was (—0.167, 0.025). Positive, negative and no significance cases between WTI and
PWS were 18, 5, and 9 out of 32. The 95% PC confidence interval was (0.039, 0.184).

3.3 Increased Plaque Progression Occurred in the Posterior Quadrants of the ICA,
Corresponding to Disturbed Flow Region

Table 3 shows location-specific vessel wall thickness and WTI using the (Slice, Quadrant)
location system, averaged for the 32 cases. Averaged WTI over the 32 pairs for Q3
(posterior) was 0.216 mm, which was 390%, 176%, and 484% higher than WTI for Q1
(anterior), Q2, and Q4, respectively. Slice-averaged WTI was 0.231 mm at ICA-S4, highest
among all slices. These results indicated that increased plaque progression occurred in
disturbed flow regions, i.e., distal to the carotid bifurcation, and in the posterior quadrant.
Average FSS values from the 4 quadrants showed little difference. Vessel wall thickness
data were provided as baseline information. Table 4 gave Q1-Q4 WT and WTI information
for each pair analyzed. Table 5 gives the averaged density information of necrotic core,
calcification and loose matrix for the 47 plaques using the (Slice, Quadrant) system.

3.4 Lipid Rich Necrotic Core Regions Were Associated with Higher Flow Shear Stress

Values

Mean FSS values for each component type (lipid, calcification, and loose matrix) were
obtained for the 47 plagues and compared with the mean values of normal vessel nodes to
assess statistically significant differences. Results are summarized in Table 6. Mean FSS
values from lipid nodes were statistically significantly higher than those from normal nodes
for 30 out of 39 plagues with lipid core inclusions. The mean FSS value of lipid core nodes
(n=5294) from all 47 plaques was 63.5 dyn/cm?2, which was 45% higher than that from all
normal vessel nodes (n=27553, p<0.00001). Mean FSS values from all loose matrix nodes
(n=1047) was 49.3 dyn/cm?2, about 12.8% higher than that of the normal nodes. Mean FSS
values from all Ca nodes (n=2506) was 45.2 dyn/cm? only 3.4% higher than the normal
nodes value.

4. Discussion

4.1 Correlation and Causality between Wall Thickness Increase and Flow Shear Stress

(FSS)

The results from 32 pairs indicate a positive correlation between WTI and FSS using follow-
up FSS values. While we believe this is the first time positive correlation between WTI and
FSS using multi-patient in vivo MRI plagque progression data and 3D FSI models, the results
do not in actuality contradict the current low and oscillating blood flow shear stresses
(LFSS) hypothesis for the following reasons: a) the results were from advanced plaques with
an averaged 75% stenosis severity by area, while the LFSS hypothesis was for plaque
intimal thickening, initiation and early progression; b) the positive correlation between WTI
and FSS came from the fact that FSS values at the follow-up scan was used. Using FSS
values from the baseline scan created weaker results (positive/negative/no significance ratio
was 10/15/7). The number of negative correlation cases (15) was only slightly higher than
that of positive correlation cases (10).

It is important to point out that the correlation results do not lead to any causality
conclusions. Indeed, it is not clear if the higher FSS was caused by plaque progression
which is linked to lumen narrowing or if the higher FSS promoted plaque progression.
Different study models need to be designed to investigate causality relations.
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4.2. Correlation between Wall Thickness Increase and Plague Wall Stress: Model
Limitations and Justification

Twenty-six cases showed a negative correlation between WTI and PWS, a value stronger
than that found from the FSS results. Atherosclerotic plaques grow in all three dimensions.
Flow shear stress has an important influence on lumen surface. At the same time, structural
forces have influence on the entire plaque, including plaque internal growth. From a
mechanical point of view, both fluid and structural forces should be considered as possible
mechanisms governing plaque progression.

Although the use of a no-component model reduced the model construction effort, it still
required two years to build 47 plague models). The no-component modeling approach needs
to be validated and errors need to be assessed. Figure 4 compares FSS and PWS
distributions obtained from both the no-component model and the model with components
using one cut-surface showing bifurcation and another longitudinal cut-surface showing the
lipid core. FSS distributions from both models were almost identical on the two cut-surfaces.
The result was not unexpected because the no-component modeling simplification did not
change the fluid domain and its effect on the overall plague deformation and therefore FSS
results were minimal (error < 0.5%). PWS distributions from both models did not show
much difference on the bifurcation cut surface because that region contained no components.
However, a noticeable difference of PWS distributions was found on the longitudinal cut
which contained a lipid pool. It is clear that errors introduced by the no-component approach
depend heavily on the number of components, component size, and the total “thin-cap”
lumen area, the factors most relevant to our calculations. The error for FSS over the 600 data
points measured by the L,-norm was less than 3%. The error for PWS was 15%. Therefore
the no-component model provides reasonable FSS predictions, while results based on PWS
predictions should be taken with caution. We are currently automating our model
construction process and multi-component models will be made to improve accuracy of our
predictions.

Other model limitations include: a) the use of an isotropic material model for the vessel
because patient-specific anisotropic material properties were not available in vivo (Holzapfel
et al., 2002); b) flow was assumed laminar because the average stenosis severity (by
diameter) of the 47 plaques was 50% as given in Table 4 (Ku et al., 1997); and c) arm
systole and diastole pressures taken at past scan visit were used to scale the pressure profile
used in the simulations since pressure conditions right at the location of the plaque were not
available.

4.3 Weak Correlation between FSS and WTI for Advanced Plaques and the Need for
Localized Analysis

Although this study reports a clear positive correlation between plaque progression and flow
shear stress using follow-up scan, the overall correlation was rather weak. This suggests that
more detailed data analysis may be needed to discover localized plaque progression and
mechanical stress (FSS and PWS) behaviors that the overall correlation analysis could not
reveal. Plaque progression is a multi-faceted process. Other than mechanical factors, plaque
tissue type, component size and location, cell activities, blood conditions such as cholesterol
level, diabetes, changes caused by medication, and other chemical conditions, inflammation
and lumen surface condition may all have impact on plaque progression. Mechanical forces
acting on various cells may have considerable effect on plaque progression. Investigations
and findings from all the areas, modalities and disciplines should be integrated together to
obtain a more thorough understanding of the complicated atherosclerotic progression
process.
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a)Patient Data Showing Plaque Progression. b)Patient Data Showing Plaque Regression.
Baseline Follow Up Baseline Follow Up

¢) ContourPlots of the Plaque Given in a), Baseline Scan.

ECA-S1 ECA-S2 ECA-S3 ECA-S4 ECA-S5

d) ContourPlots of the Plaque Given in a), Follow Up Scan.

ECA-S1 ECA-S2 ECA-S3 ECA-S4 ECA-S5

Figure 1.

3D plaque samples re-constructed from in vivo MR images showing progression and
regression. (a): one sample showing plaque growth; (b): one sample showing plaque
reduction. Scan time interval: 18 months. Red: lumen; Yellow: lipid; Dark blue:
calcification; light blue: outer wall. (c) and (d): Contour plots of the plaque given in a).
Black: Calcification; Magenta: lipid core. Some hemorrhage (green) were found inside lipid
Ccores.
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Figure 2.
Pressure conditions specified at the inlet (CCA) and outlet (ICA and ECA) of a plaque
sample and the corresponding flow rates obtained from the FSI model.
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Figure 3.

Schematic drawing demonstrating the Piecewise Equal-Step method for vessel wall
thickness and the quarter-dividing method. (a) Shortest distance method: for every selected
data point on lumen, a point on the out-boundary with the shortest distance was chosen as
the matching point; (b) piecewise equal-step method; (c) sketch of the quarter-dividing
method. A line connecting the centers of ICA and ECA lumen area was determined first.
Then Q1 was determined so that the intersection of the lumen and the centerline was chosen
as a data point and Q1 contains 12 data points on each side of the center line. (d) Definition
of node type for a lumen point.
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(a) PWS on Bifurcation Cut, No-Component Model.

e Wt L )
——— - “\ \\.’)

Max=95.08 kPa

() FSS on Bifurcation Cut, No-Component Model.

Max=65.55 dyn/cm?

(e) PWS on a Longitudinal Cut, No-Component Model.

S

Max=104.35kPa

W

e

il A

(g) FSS on a Longitudinal Cut, No-Component Model.

Figure 4.
Comparison of PWS and FSS distributions on a bifurcation cut surface and a longitudinal
cut surface from No-Component Model and model with components showing good
agreement for FSS and reasonable agreement for PWS.

Page 13

(b) PWS on Bifurcation Cut, Model with Component.
E— w .

—
—

Max=97.06 kPa

(d) FSS on Bifurcation Cut, Model with Component.

Max=65.90 dyn/cm?

() PWS on a Longitudinal Cut, Model with Component.

—y
1/

4

Lipid Pool : o™

Max=104.64 kPa
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