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SUMMARY

Simulation studies have been performed in attempts to elucidate the significance of shear and tissue stresses in the
progression and rupture of coronary artery plaques, but few studies have analyzed both stresses simultaneously. We ana-
lyzed the distributions of shear stress and tissue stress in a model of coronary artery plaque based on intravascular ultra-
sound data by fluid-structure interaction finite element analysis under physiological pressure and flow. As shown in pre-
vious studies, the region of peak shear stress was observed at the proximal side of the plaque where flow velocity was
high but its value was at most 10 Pa. On the other hand, 1000-10,000 times greater tissue stress was located in the sten-
otic region but the location of peak tissue stress was different from that of shear stress. We also found that stenting not
only stabilizes the stented segment but also reduces the stress in the adjacent region. Fluid-structure interaction analysis
revealed discordance in the distribution of shear and tissue stresses. These two stresses exert distinct influences on the
coronary plaque, rupture of which may occur where tissue stress exceeds the plaque strength, which is weakened by
pathological processes triggered by shear stress. (Int Heart J 2013; 54: 54-58) ’
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icantly influenced by the local interplay between me-

chanical stimuli and biological responses.” Cyclically
changing intramural pressure and flow in the coronary arteries
and the motion of vessels accompanying the heart beat (tether-
ing) create a highly heterogeneous mechanical environment,
which could account for the spatial distribution of atheroscle-
rotic lesions. Major components of mechanical stimulus
(stress) include wall shear stress applied by the blood flowing
to the arterial endothelium, tensile stress due to the distension
of the vessel wall, and the bending and stretching of the wall
resulting from the tethering effect of surrounding tissues. Ex-
perimental studies have shown that cyclic changes in shear
stress modulate the permeability and proliferation of endothe-
lial cells.> Shear stress is also involved in the accumulation of
lipids, and inflammatory cell recruitment and adhesion, thus
playing a pivotal role in the progression and vulnerability of
atherosclerotic plaques.*® On the other hand, cyclic stretch
also induces such changes to initiate the atherosclerotic proc-
ess’® and, more importantly, the high stress generated during
tissue deformation can be a direct cause of plaque rupture.”'”

The pathophysiology of coronary artery disease is signif-

However, extrapolation of these findings to clinical cases is
hampered by the difficulty in performing in vivo measurements
of these mechanical parameters.

To circumvent this problem, researchers have utilized the
numerical simulation to analyze stress and strain distributions
in coronary vessels. In these studies, either 2D (transverse sec-
tion) or 3D morphologies of coronary arteries were modeled as
idealized or realistic models based on angiogram, computed
tomography (CT), or intravascular ultrasound (IVUS) imag-
es”'® to demonstrate that clinically observed sites of prediction
for atherosclerotic plaque formation and rupture show close
correlations with the distributions of these mechanical parame-
ters. To date, however, most of these studies have evaluated ei-
ther only wall shear stress (computational fluid dynamics:
CFD) ignoring the deformation of vessel wall or only tissue
stress (structural analysis) without considering the blood flow
because of the complexity and difficulty of the numerical anal-
ysis. Coupled analysis of flow dynamics and structural defor-
mation called fluid-structure interaction (FSI) is eagerly need-
ed not only for the accurate estimation of these stresses but
because of the close interplay between them in the pathophysi-
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ology of atherosclerotic plaques.”" For instance, both wall
shear stress and tissue stress are implicated in plaque rupture
but their relative contributions should be clarified by FSI anal-
ysis in a realistic coronary artery model.

Very recently, the need for and importance of FSI for the
analysis of vascular diseases has been recognized, however,
the number of applications is still limited, especially to the ca-
rotid artery.'™"® Therefore, in this study, we applied FSI analy-
sis to both blood flow and wall deformation in a realistic coro-
nary artery model based on IVUS images. The obtained
distribution of wall shear stress and tissue stress differed sig-
nificantly, thereby demonstrating the need and importance of
ESI analysis.

CASE REPORT

Among the patients who have undergone coronary inter-
ventions at The University of Tokyo Hospital, one case, an 83
year old male, was selected and his clinical data were obtained
with informed consent. A lesion located in the straight segment
was selected. This study protocol was approved by the Institu-
tional Review Board of The University of Tokyo.

IVUS data acquisition and mesh generation: Images of the
proximal segment of the left anterior descending artery were
recorded by IVUS (Atlantis SR Pro, 2.8F, 40 MHz, Boston
Scientific Corporaton/SCIMED, Maple Grove, MN, USA).
The transducer was withdrawn using an auto-pullback system
at 0.5 mm/s. In this study, 21 slices covering the lesion were
used for model construction. The intervals between slices were
0.25 mm or 0.5 mm depending on the morphology of the ves-
sel. Each slice was segmented manually to delineate the lu-
men, plaque component, and vessel out-boundary. Stent struts
were not explicitly segmented but the finite elements cut across
by the stent were assigned a hard tissue property. From these
data, we constructed the 3-D vessel geometry of the coronary
artery segment and blood in the lumen as a finite element
model consisting of 20,065 tetrahedral elements using the
mesh generation software written in our laboratory.
Fluid-structure interaction analysis: The details of fluid-struc-
ture interaction analysis developed in our laboratory have been
described elsewhere."” Blood flow was assumed to be Newto-
nian and incompressible. The strain energy function describing
the isotropic tissue material properties of the plaque and vessel
wall were adopted from the literature'” with some modifica-
tions in parameter values. Governing equations for fluid
(blood) and structure (vessel wall) parts were solved simulta-
neously using the strong coupling method. We prescribed
physiological boundary conditions in the following two steps.
First, we increased the luminal pressure to 12 kPa (= 90
mmHg) to distend the vessel wall. Next, cyclically changing
flow (1 Hz, velocity range 0.06 - 0.3 m/second) was applied to
the proximal end and a similar pattern of cyclically changing
pressure (70 - 110 mmHg) was prescribed at the distal end fol-
lowing the method of Yang, et al.'” All the finite element com-
puter programs were written in our laboratory.

Patient specific model: Figure | shows the IVUS images (A)
and constructed finite element model (B) of the stented seg-
ment of the proximal left anterior descending artery. In this
segment, two Xience V stents (Abbott Vascular, IL) (2.75 x 23
mm to the proximal site and 2.5 X 28 mm to the distal site, in-
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Figure 1. A: Reconstructed IVUS images of the coronary artery segment
modeled in this study. Cross-sections of stented segments and the plaque
lesion are shown below. B: Finite element model. Blood flow was applied
from the left end (blue arrow) and pressure was prescribed at the right end.
Double headed arrows indicate the stented segments.

dicated by the thick double headed arrows) were implanted. To
save computational cost, only part of the stented segments was
included.

Pressure and flow distribution: Figure 2A shows the distribu-
tion of flow velocity. Although we applied physiological flow
with uniform distribution at the inlet (Figure 2B), the stenosis
in the middle disturbed the distribution and a vortex was ob-
served after the stenotic region (Figure 2A inset). Figure 2C
shows the pressure prescribed at the outlet. Because the steno-
sis was not severe in this case, the pressure difference between
the inlet and outlet was as small as 0.9 mmHg.

Wall shear stress and tissue stress: Figure 3A shows the distri-
bution of wall shear stress. Similar to earlier studies, high wall
shear stress was observed at the stenotic site, where flow ve-
locity was high (Figure 2A). The peak wall shear stress was
detected on the proximal side of the plaque but its value was at
most 10 Pa. Tissue stress was analyzed in two ways. First, we
plotted the intraplaque distribution of von Mises stress (Ap-
pendix; Figure 3B), which reflects the shear stress energy often
used to determine the yield criterion of steel. Similar to the
wall shear stress, a region of high stress was observed at the
stenotic region, but its distribution was broad covering the
whole circumference. Finally, principal (tensile) stress was
plotted as shown in Figure 3C. The maximum tensile stress
was found in the stenotic region, but its location was shifted
upstream from the location of the maximum wall shear stress.
In the thick-walled cylinder structure-like arteries, the direction
of tensile stress should be aligned.in the circumferential direc-
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Figure 2. A: Flow velocity distribution. The inset shows the magnifica-
tion of the poststenotic region where a vortex is observed. B: Flow veloci-
ty applied to the inlet (left). C: Prescribed pressure at the outlet (right).

Figure 3. A: Distribution of wall shear stress. The mesh indicates the lu-
minal surface. B: Distribution of von Mises stress in the plaque. C: Distri-
bution of principal (maximum tensile) stress.
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tion; however, in this case, it was tilted by 45 degrees or so.
The simulation also demonstrated that the tissue stress is 1000
(von Mises stress) to 10,000 (principal stress) times greater
than wall stress.

Stenting may reduce the tissue siress: We simulated a case in
which stents were not implanted in the arterial segment by
changing the material property in the stented region. Figure 4
compares the deformation of the luminal surfaces (upper row)
and von Mises stress between the stented (A) and nonstented
(B) cases during the cardiac cycle. It is noteworthy that not
only the stented region at both ends but also the nonstented
middle region was stabilized by stenting as evidenced by the
overlapping of black (diastolic) and red (systolic) meshes in
the top left panel. As a result, without stents, the von Mises
stress increased throughout the segment (Figure 4B).

DiscussioN

In this study, we analyzed both wall shear stress and tis-
sue stress in a patient specific model of a coronary artery using
fluid-structure interaction finite element analysis. Although
only one case was analyzed, the results provided us with a
unique opportunity to consider the implications of these me-
chanical factors in the pathophysiology of coronary artery dis-
ease.

Fluid-structure interaction analysis: Recent developments in
imaging modalities and their applications in clinical cardiology
have enabled us to construct a realistic model of coronary ar-
teries. CFD analyses performed on a 3D model of epicardial
coronary vessels based on bi-plane angiograms or CT data re-
vealed high wall shear stress on the stenotic site and vortex
formation in the distal segment.'****” A detailed model of the
vascular segment based on IVUS images also suggested causal
relations between the high wall shear stress and plaque devel-
opment or rupture.”* In these studies, however, vessel walls
were treated as a rigid tube thus totally ignoring their deforma-
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Figure 4. Deformation of the vessel (upper panels) and von Mises stress
(bottom panels) in the stented (A) and nonstented (B) cases during the
cardiac cycle. In the upper panels, the black meshes represent the diastolic
shape of the vessel and the red meshes represent the systolic shape.
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tion due to the pulsatile luminal pressure and cardiac contrac-
tion. Another salient feature of IVUS imaging is its capability
for tissue characterization. [IVUS-based 2D or 3D models of
coronary arteries segmented into fibrous plaque, lipid core, and
vascular tissue have been used in the stress and/or strain analy-
ses of vascular tissue subjected to intravascular pressure.'*'”
Basic and clinical studies have successfully identified the re-
gions of high stress in plaque, which are implicated in the pro-
gression and rupture of plaques. Howevez, in these studies,
only structural deformation was considered and blood flow
was ignored. Considering the fact that wall deformation and
blood flow in the vessel are tightly coupled, simulation studies
simultaneously solving these two phenomena are needed for
an understanding of the pathophysiology of coronary artery
disease. To date, however, few studies have analyzed FSI in
coronary arteries owing to the difficulty of such an analysis. In
one such study, Yang, et af modeled a short segment of the
right coronary artery of a patient to report the distributions of
tissue stress and flow velocity as a preliminary study, but no
clinical implications were presented.'”

Wall shear stress versus tissue stress:  One of the main purpos-
es of simulation studies is to identify the mechanical factor re-
sponsible for the plaque progression and/or rupture. Whereas
the significance of wall shear stress in the progression of
atherosclerotic plaque has been widely studied, its cansal role
in plaque rupture is controversial. Recently, Fukumoto, ef al
reported that high wall shear stress was concentrated in the as-
sumed rupture site in clinical cases.'” However, as shown in
their study as well as ours, the absolute value of wall shear
stress is too small to be a direct cause. On the other hand, even
in a limited number of cases, Chayon, ef al demonstrated coin-
cidence of the area of circumferential tensile peak stress with
the location of plaque rupture triggered by balloon angi-
oplasty.” Again, we note that both studies calculated only wall
shear stress or tissue stress.

Although plaque rupture was not documented, we could
evaluate both wall shear stress and tissue stress in a clinical
case. Similar to earlier studies, high wall shear stress and tissue
stress were concentrated in the plaque region but their distribu-
tions differed slightly. This raises the question of which loca-
tion is at potential risk of rupture? We hypothesize that 1) wall
shear stress stimulates various biological processes to make the
plaque vulnerable, and 2) plaque rupture takes place where tis-
sue stress exceeds the plaque strength (Figure 5A). The loca-
tion of plaque rupture does not necessarily coincide with the
peak of wall shear stress or tissue stress (Figure 5B). Further
studies including many clinical cases with detailed information
on the morphology and properties of plaque tissue are needed
to validate these hypotheses and make the prediction of rupture
risk a possibility in the near future.

Finally, we also found that implantation of stents stabiliz-
es and reduces the deformation of adjacent segments. This
finding may help optimize strategies for coronary intervention.
Limitations: Although this was a preliminary study, the use of
a single case to construct our model limits the clinical implica-
tions of our findings. Follow-up analyses on many cases
should be performed in the future. On the technical side, im-
provement of the modeling method is needed. Firstly, finer
segmentation of IVUS images coupled with the proper assign-
ment of a material property to each tissue should be attempted
for more accurate evaluation and risk estimation. Second, al-
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Figure 5. A: Conflicting factors causing plaque rupture B: Conceptual
diagram showing the area at risk.

though reported to be negligible in an earlier study,’” the bend-
ing motion of the vessels by cardiac contraction must be in-
cluded to simulate the heart under various conditions. Finally,
although high performance computing is required, a large scale
model including the whole coronary artery tree coupled with a
beating heart model will surely help us understand the com-
plex interplay among the tissue deformation and blood flow in
the pathogenesis of coronary artery disease.

APPENDIX

von Mises stress was calculated by the following equation:
Om = \f% {81 = Sua) + (S~ S’ + (85— S + 3 (S + 83y + S5+ 57, + 85, + S}
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