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Computational Analysis of Stress Distribution Using

essel Models and Three-Dimensional Intravascular Ultrasound Imaging
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OBJECTIVES This study theoretically examined the longitudinal structural determinants of plaque vulner-
ability using a color-coded stress mapping technique for several hypothetical vessel models as
well as three-dimensional intravascular ultrasound (IVUS) images with use of a finite element
analysis.

BACKGROUND It has been shown that an excessive concentration of stress is related to atherosclerotic plaque
rupture. However, the local determinants of in-plaque longitudinal stress distribution along
the coronary arterial wall remain unclear.

METHODS Using a finite element analysis, we performed a color mapping of equivalent stress distribution
within plaques for three-dimensional vessel models as well as longitudinal IVUS plaque
images (n � 15). Then, the effects of plaque size, shape, expansive remodeling, calcification,
and lipid core on the equivalent stress distribution were examined.

RESULTS The color mapping of vessel models revealed a concentration of equivalent stress at the top
of the hills and the shoulders of homogeneous fibrous plaques. Expansive remodeling and the
lipid core augmented the surface equivalent stress, whereas luminal stenosis and superficial
calcification attenuated the equivalent stress. The location of excessive stress concentration
was modified by the distribution of the lipid core and calcification. The thickness of the
fibrous cap was inversely related to the equivalent stress within the fibrous cap. However, the
color mapping of IVUS plaque images showed that the equivalent stress value at the fibrous
cap varied with changes in plaque shape and superficial calcification, even when the thickness
of the fibrous cap remained constant.

CONCLUSIONS A distribution analysis of longitudinal stress revealed specific effects of plaque shape, size, and
remodeling, as well as effects of the interior distribution of tissue components, on the
concentration of stress at the plaque surface. Moreover, fibrous caps of the same thickness did
not consistently represent the same vulnerability to rupture. (J Am Coll Cardiol 2005;46:

ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.06.069
1507–15) © 2005 by the American College of Cardiology Foundation
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laque rupture is a major cause of acute coronary syndrome
1,2). It has been shown that plaque rupture frequently occurs
n a noncalcified eccentric atherosclerotic plaque with nonse-
ere stenosis (3–8), expansive remodeling (9–12), a thin
brous cap (4,13–17), a large lipid core (4,13–16,18–21), and
acrophage infiltration (17,22). Therefore, it is thought that a

articular cluster of plaque, referred to as vulnerable plaques, is
ikely to exist, and the development of a modality for detecting
his potentially vulnerable portion in the coronary arterial wall
s greatly needed in the clinical setting.

In the process of plaque rupture, an excessive concentra-
ion of stress at a certain portion of the plaque surface is
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onsidered an important factor (23). An in vitro study
eported by Loree et al. (13) showed that thinning of the
brous cap over a subintimal lipid pool dramatically in-
reased peak circumferential stress in the cross section,
specially at the shoulder region of eccentric plaques.
owever, the local determinants of the distribution of

n-plaque longitudinal stress along the coronary arterial wall
emain unclear. Therefore, the purpose of this study was to
larify the determinants of the distribution of longitudinal
tress within plaques, using a color mapping technique
ased on computational structural analysis. This color map-
ing was derived from several hypothetical vessel models as
ell as from three-dimensional intravascular ultrasound

IVUS) images. The structural computation was performed
y a finite element analysis using established material
arameters for vessel tissue components (13,19,23,24).

ETHODS

esign of vessel models. Initially, various idealized vessel
odels were designed to examine the effects of plaque

orphology and tissue components on longitudinal stress
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istribution inside the plaque. As shown in Figure 1, a
ylindrical vessel model was used, in which an atheroscle-
otic plaque was formed by the revolution of the same
ongitudinal sectional structure, thereby avoiding the influ-
nce of cross-sectional geometrical factors. This cylindrical
odel had an inner radius of 1.7 mm and a vessel wall

hickness of 0.5 mm at the reference site. In the computa-
ional simulation, various plaque morphologies were hy-
othesized with various stenosis severities and types of
essel remodeling. It was assumed that the plaque compo-
ents consisted of collagen fibers, calcifications, homoge-
ous lipid tissue, and smooth muscle cells. The blood
ressure was considered to be uniform along the vessel walls.
he effect of blood flow was neglected in this study. There
ere no structural limitations in terms of the degree of
utward expansion.
As in previous established studies (13,23), all of the

omponents of the atherosclerotic plaques were considered
o be orthotropic materials with linear elastic properties. In
his study, arteries and fibers provided similar material
roperties in the circumferential (�) direction, as well as in
he axial (z) direction, which differed from those in the
adial (r) direction. Each parameter for the material prop-
rties defined in this study is shown in Table 1. In Table 1,
r and E� are the Young moduli in the radial and circum-

erential directions, respectively. Gr� is the shear modulus in

Abbreviations and Acronyms
E � Young moduli
G � shear modulus
IVUS � intravascular ultrasound
P � Poisson ratios
i
igure 1. Three-dimensional model. In this vessel model, vessel diameter
ay vary when a remodeling model is considered.
he r� plane, where Gij is the ratio of the shear stress to the
hear strain in the ij plane. Pr� and P�z are the Poisson ratios
n the r� and �z planes, respectively. All of these values have
een accepted as the representative values of the material
roperties of atherosclerotic lesions (13,23). It was assumed
hat lipids and calcifications were nearly incompressible be-
ause of their isotropic properties (23). The Young modulus of
ipids was estimated to be 1/100th of the circumferential

odulus of a normal artery. The Young modulus of calcified
laques was estimated as 10 times that of the plaque E� (13).
tructural analysis. The computational structural analysis
as performed with a finite element model using a commer-

ially available application (ANSYS 6.0 software, ANSYS
nc., Pittsburgh, Pennsylvania). A complex structure of a
essel model was first divided into smaller subunits desig-
ated as elements. The total number of the subunits was
pproximately 10,000, with a spatial resolution of approxi-
ately 100 (10 �m � 10 �m) �m2. Then, the equivalent

tress for each element was calculated. The equivalent stress
epresented all types of stress for a certain area analyzed,
hich was calculated from three principal stresses. The

tructure was automatically meshed with eight-noded quad-
ilateral plane-strain elements. Each mesh was modified by
sing an adaptive remeshing algorithm, which was installed
n the program. An internal luminal static pressure of 13
Pa (100 mm Hg) was applied along the luminal wall,
epresenting the mean physiological blood pressure in the
oronary arteries. Finally, contour plots of equivalent stress
ere shown on a post-graphics terminal. These contour
lots provided two types of colorized mapping, with color
odes superimposed on the original structure. One type of
apping was absolute mapping, in which each color code

epresented a certain range of the absolute value of the
quivalent stress; the other type of mapping was relative
apping, in which the color coding was performed by equal

ivision of the range of stress between the maximum and
inimum values. According to the computer algorithm, the

esulted deformation, such as indentation at the soft part or
utward bulging of the normal wall without plaques, was
lso illustrated.

This study first analyzed the longitudinal stress distribu-
ion within plaques for several vessel models with varying
tructural characteristics of plaque, such as plaque size,
laque shape, stenosis severity, remodeling type, lipid core
ize, fibrous cap thickness, location and degree of calcifica-
ion, and so on.
VUS study. The present study also examined the longi-
udinal stress distribution in plaques, the structure of which
as obtained from the three-dimensional IVUS images.
ifteen human ruptured coronary lesions selected from
atients diagnosed with acute coronary syndrome were
maged by IVUS (Atlantis SR pro, 2.8-F, 40-MHz, Boston
cientific Corp./SCIMED, Maple Grove, Minnesota). The
ransducer was withdrawn automatically using a motorized
ullback device (pullback speed, 0.5 mm/s). The IVUS

mages were all recorded on S-VHS videotape for off-line
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nalysis. The images were then digitized and analyzed with
ommercially available software for longitudinal reconstruc-
ive IVUS image analysis (Netra IVUS, ScImage Inc., Los
ltos, California).
The rupture was defined by an apparent morphology in

VUS images along with comparable clinical history, elec-
rocardiograms, and echocardiograms. No definitive throm-
us was detected around the plaque both in IVUS and in
ngiography. Ruptured plaques with a distinct cavity as well

igure 2. Relationship between stress distribution and plaque shape, lumin
istribution within a homogeneous hill-like fibrous plaque model and a com
etermined window between the maximum and minimum value of stress.
etween luminal stenosis and stress distribution. Absolute mapping (B2) r
negative relationship between the equivalent stress and luminal stenosis.

Table 1. Material Parameters for Arteries, Plaq
Element Models

Young Moduli (E)

r � z

Artery 10 100 10
Plaque 50 1000 50
Calcification 10,000 10,000 10,000
Lipid 1 1 1

r, �, and z � radial, circumferential, and axial directions, res
quivalent stress at the plaque surface of arteries with expansive remodeling was
hickness remained constant.
s a significant residual fibrous flap were selected to predict
urface morphology before rupture by extrapolating the line
f lumen-intima interface.
It was assumed that the ulceration cavity detected by

VUS used to be a lipid core, and that a fibrous cap of a
ertain thickness used to cover the lipid core. In this in vivo
nalysis, it was also presumed that the arteries and the
laque components had orthotropic linearly elastic material
roperties, and that the plaques consisted of homogeneous

nosis, or vessel remodeling. (A1, A2) Color mapping of longitudinal stress
shaped model. Relative mapping (A2) was performed in the automatically
arrows designate the sites of stress concentration. (B1, B2) Relationship
ents the distribution of the absolute value of equivalent stress. There was
C2) Relationship between vessel remodeling and stress distribution. The

Calcifications, and Lipids Used in Finite

Poisson Ratios (P) Shear Moduli (G)

� �z zr r� �z zr

01 0.27 0.27 50 50 50
01 0.27 0.27 500 500 500
48 0.48 0.48
48 0.48 0.48

ely.
al ste
plex-
The
epres
(C1,
ues,

r

0.
0.
0.
0.
greater than that of arteries with constrictive remodeling, when the plaque
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brous tissue, with the exception of the ulcerous cavities and
alcifications. However, the original thickness of the fibrous
ap of ruptured plaques was unknown. Therefore, in this
tudy, fibrous caps with various thicknesses were considered
or the same plaque. Previous in vitro study (19) of human
therosclerotic materials has shown that fibrous caps usually
racture when the static stress exceeds 300 kPa. Therefore,
he critical value for fibrous cap thickness, under which the
tress on the fibrous cap would exceed 300 kPa, was also
alculated for each plaque. This critical thickness was
btained with the abovementioned computer simulation of
nite element models. When the critical fibrous cap is thin,

t means that the plaque therefore seemed to be less
ulnerable. The data were then used to conduct a compu-
ational stress analysis using the finite element model for the
urpose of color mapping the longitudinal stress distribu-
ion, which was superimposed onto the original IVUS
mages.

This study was approved by the Institutional Review
oard of the Hospital of Yamaguchi University School of
edicine. All patients provided signed informed consent to

articipate in the study before IVUS was performed.

igure 3. Effect of lipid core on stress distribution. The arrow indicates the

A2). The size of the lipid core did not influence the value of the surface stress (B
odels used. (A2, B2) Mapping of stress distribution of the corresponded mod
ESULTS

tudy of vessel models. This study showed the longitudi-
al stress distribution within plaques using a color-coded
epresentation. Figure 2A illustrates the longitudinal distri-
ution of equivalent stress within a hill-like homogeneous
laque model by use of relative color mapping. The con-
entration of equivalent stress could be observed at the top
f the plaque hills, as well as at its shoulders. When there
as a distortion of plaque shape, the stress was concentrated
ot only at the summits and shoulders, but also at dips in
he irregular surfaces of plaque hills. There was a negative
elationship between equivalent stress and luminal stenosis
Fig. 2B). When there was a remodeling of the vascular
iameter at a constant maximum plaque thickness, the
quivalent stress at the plaque surface of arteries with
xpansive remodeling was greater than that of arteries with
onstrictive remodeling (Fig. 2C).

When there was a lipid core, the stress was particularly
oncentrated at a localized surface area just above the lipid core
Fig. 3). The size of the lipid core had no influence on the
urface stress value, given that the thickness of the fibrous cap

t of stress concentration at a localized surface area just above the lipid core
poin

2), provided the fibrous cap thickness remained constant. (A1, B1) Plaque
el.
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emained constant. However, the thickness of the fibrous cap
xerted a great impact on the surface equivalent stress of the
laque, namely, the thinner the fibrous cap, the greater the
urface equivalent stress, given that the size of the lipid core
emained constant (Fig. 4). In this idealized model, the peak
quivalent stress reached beyond the empirical critical level
eading to plaque rupture, when the fibrous cap was thinner
han 80 �m. Superficial calcifications led to a decrease in
urface stress, whereas calcification at the bottom of the plaque
xerted no influence on the surface equivalent stress value. As
n Figure 5, a superficial calcification adjacent to the lipid core
ttenuated the peak stress value at the plaque surface just above
he lipid core. There was an inverse relationship between the
urface equivalent stress and the thickness of the fibrous cap.
he stress value increased dramatically when the fibrous cap
as thinner than 80 �m. However, when there was a surface

alcification near the lipid core, the surface equivalent stress
as smaller with the same fibrous cap thickness, such that the

nverse relationship shifted leftward and downward (Fig. 6).
VUS study. Figure 7 shows representative examples of the
igure 4. Effect of fibrous cap thickness (a, 90 �m; b, 80 �m; c, 40 �m) on str
as markedly elevated (arrow). (Aa, Ab, Ac) Plaque models used. (Ba, Bb, Bc
olor mapping of longitudinal stress distribution using
ongitudinal IVUS images. In case 1, the critical thickness of
he fibrous cap leading to rupture was 50 �m, whereas this
alue was 10 �m in case 2. In case 2, there was a superficial
alcification close to the rupture point. Table 2 shows the
rofile of the 15 ruptured plaques analyzed. The IVUS
tudy showed that the critical thickness of fibrous caps
eading to rupture varied between �10 �m and 200 �m.

ISCUSSION

his study was the first showing the longitudinal structural
eterminants of plaque vulnerability by use of a simplified
omputational analysis of stress distribution within athero-
clerotic plaques using vessel models and three-dimensional
ntravascular ultrasound imaging. Furthermore, this study
lso showed that the critical thickness of fibrous caps
eading to rupture varied substantially with differences in
laque structure, especially with differences in the degree of
alcification.
ess distribution. When the fibrous cap was thinner than 80 �m, the stress
) Mapping of stress distribution of the corresponded model.
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laque size, shape, vessel remodeling, and plaque
tress. Previous cross-sectional structural analyses of plaque
tress distribution have shown that the shoulder regions of
ccentric plaques are likely to exhibit stress concentration,
eading to a susceptibility to rupture (13). However, the

igure 5. The effect of surface calcifications on the distribution of stress in t
superficial calcification adjacent to the lipid core attenuated the peak stre
odels used. (Ba, Bb) Mapping of stress distribution of the corresponded

igure 6. Effect of superficial calcifications on the relationship between the
brous cap thickness and the peak equivalent stress at the plaque surface.
he equivalent stress increased dramatically when the fibrous cap thickness
fi
ecame �80 �m. This increase shifted leftward and downward when there
as a superficial calcification close to the area of interest.
esults of this study indicated that longitudinal plaque shape
s also important for predicting the location of stress
oncentration within plaques.

Our study showed that increasing either plaque volume
r the severity of stenosis decreased the degree of stress
oncentration. These findings were compatible with
hose of a previous cross-sectional structural analysis of
laques (13). According to the LaPlace law, the tensile
tress on the wall of a luminal structure is correlated with
uminal pressure and diameter, and is inversely related to
he thickness of the wall. Increasing plaque volume thus
ncreases the thickness of a wall and decreases the luminal
iameter (unless there is vessel remodeling), thereby

eading to a decrease in the surface stress of the plaque.
he present results may therefore account for previous

erial angiographic analyses showing that the culprit
esion before the acute event frequently had �50%
iameter stenosis (3– 8). Based on recent IVUS studies, it

s likely that plaque regression or less progression that
ay not lead to stress attenuation is associated with a

ecrease in the risk of future cardiac events (9 –11).
herefore, this paradoxical consequence could be attrib-
ted to simultaneous changes in plaque composition and

rounding tissue. The size and the place of the lipid core remained constant.
ue at the plaque surface just above the lipid core (arrow). (Aa, Ab) Plaque
el.
he sur
brous cap thickness.
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igure 7. Representative examples of the three-dimensional IVUS images and the color mappings of longitudinal stress distribution. The arrows show rupture
oints. In case 1, the critical thickness of the fibrous cap in terms of rupture was 50 �m (A). However, the thickness in case 2 had to be reduced to �10 �m to reach the

ritical point in terms of plaque rupture (B). Thus, case 2 seemed to represent a less vulnerable plaque than case 1, although the fibrous cap thickness was the same. (A)
ase 1; (B) case 2.
able 2. Ruptured Plaque Characteristics Detected by IVUS and Its Simulated Critical Fibrous Cap Thickness

ase
Coronary

Artery
Longitudinal Plaque

Length
Plaque

Thickness
Vessel

Diameter
Ulcer

Diameter
Superficial

Ca
D

(mm)
Deep

Ca
Critical Fibrous

Cap Thickness (�m)

1 LAD 14.6 2.6 5.2 3.1 � 0.8 � �1
2 RCA 21.0 1.9 4.1 3.2 � 0 � 40
3 LAD 40.0 1.7 4.6 1.8 � 2.4 � 50
4 LAD 12.3 1.2 4.9 2.1 � � � 200
5 RCA 26.4 2.0 4.1 0.8 � � � �10
6 LAD 13.2 2.1 5.1 1.7 � 0.7 � 20
7 LAD 5.9 1.2 4.0 0.9 � 2.0 � 15
8 LAD 5.3 1.4 3.6 0.7 � � � 60
9 LAD 5.1 1.3 3.3 0.8 � � � 60

10 LAD 15.5 2.6 4.0 1.5 � � � �10
11 LAD 12.0 2.1 3.9 1.0 � � � �10
12 LAD 8.2 2.1 3.5 1.8 � � � �10
13 LAD 10.6 1.3 2.9 1.7 � � � 20
14 LAD 11.0 1.5 5.2 1.2 � 1.2 � 140
15 LAD 11.3 1.7 3.3 0.6 � � � �10
a � calcification; D � distance between edge of superficial calcification and orifice of ulceration; IVUS � intravascular ultrasound; LAD � left anterior descending artery; RCA
right coronary artery.
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In this study, when the plaque thickness remained con-
tant, expansive remodeling led to a greater concentration of
tress than did constrictive remodeling. Expansive remod-
ling is frequently observed as a compensatory process for an
ncrease in plaque thickness. In such a case, stress attenua-
ion by the increase in plaque thickness is canceled by
xpansion in vessel diameter, which consequently maintains
r enhances stress value on the plaque surface. Therefore,
he present results may be consistent with the findings of
revious reports (9–12) showing that unstable plaques are
sually associated with expansive remodeling.
ubintimal plaque structure and stress. The significant

mpact of decreases in fibrous cap thickness on stress
oncentration within plaques has been widely shown in
arious studies using postmortem pathological analyses and
ntravascular imaging modalities (4,13–17). Our findings
howed that the stress on a fibrous cap was dramatically
ncreased when its thickness was �80 �m. This value of 80
m actually depends on the vessel diameter. The range of

ap thickness of 60 to 100 �m corresponds to vessel diameters
f 2.5 to 4mm. Previous empirical cross-sectional studies have
hown that a fibrous cap thickness of less than 65 to 150 �m
s critical in terms of the risk of plaque rupture (15,16,25–27).
herefore, the critical thickness of fibrous caps in terms of
laque rupture might be similar in both the cross-sectional
nd the longitudinal direction. However, the present study
sing longitudinal IVUS showed that the critical thickness
f a fibrous cap leading to rupture varies greatly because of
ifferences in the distribution of surrounding calcifications,
ven with the same vessel diameter. The involvement of
alcification, and variabilities in plaque thickness and shape,
ay account for inconsistencies regarding the critical thick-

ess reported in several previous studies, which has been
hown to vary between 65 and 150 �m (15,16,25–27). The
ffect of vessel size would also account for a range of the
ritical thickness varying from 60 to 100 �m as noted above.
urthermore, our results suggest that the measurement of
brous cap thickness alone is inadequate for identifying
laques vulnerable to rupture.
The presence of a lipid core was also an important factor

n stress concentration, according to our study of the
ongitudinal vessel axis. However, increasing the size of a
ipid core did not affect the surface stress of plaques,
rovided the thickness of the fibrous cap remained constant.
hese studies, as well as our own, may support the findings
f previous reports showing that plaque rupture can be
bserved in the region of a fibrous cap, even in the presence
f a very small lipid core (18,25,28).
Calcification is commonly found in atherosclerosis, but

he role of calcification in plaque rupture is still unknown.
ome studies indicate beneficial effects in stabilizing plaque
19,23,29), whereas some suggest its worsening effects to
laque vulnerability (30–34). In our study, calcification
ignificantly affected the stress on fibrous caps that were

ither adjacent to or at a slight distance from calcifications. Y
he exact mechanisms of the attenuation of stress by surface
alcification are unclear.
linical implications. Although a variety of factors may
articipate in the process of plaque rupture, including
emodynamic shear stress (20), turbulent pressure fluctua-
ions (35), transient compression (36), sudden increase in
ntraluminal pressure (37), rupture of the vaso vasorum (38),

aterial fatigue (4,18,39), and cellular inflammatory reac-
ions (3,4,22,40), this study suggests that assessment of
tress concentration within a plaque along the longitudinal
xis of a vessel is also important for identifying vulnerable
laques. Therefore, this approach may help identify vulner-
ble plaques or even help predict the point of future rupture.
tudy limitations. To simplify the present finite element
nalysis, the materials were assumed to be isotropic, incom-
ressible, and uniform solids. By assuming that plaques,

ipids, calcium, and normal arterial walls could each be
haracterized by a single set of structural parameters, spatial
nd interspecimen variations within a particular component
ere not considered here. However, the assumptions used

n this study have been widely accepted as allowable for the
ssessment of the biomechanical properties of atheroscle-
otic lesions (13,23). The model used in this study was a
inear one, although almost all of the biomaterials have
onlinear properties. Actually, there are only limited data
vailable with regard to the nonlinear biomechanical behav-
or of atherosclerotic lesions. Furthermore, in the present
tudy, we examined factors affecting relative stress values
nd not exact absolute stress magnitudes.

In this study, we used an axisymmetric model, although
linical plaques are not always axisymmetric in geometry.
he purpose of this study was limited to assess the longi-

udinal determinants of plaque vulnerability, but not cross-
ectional determinants, which were already clarified in the
umerous previous studies. Therefore, the axisymmetric
odel was used to exclude the cross-sectional determinants

f stress distribution within plaques.
It was also assumed in this study that there were no shear

tresses, torques, time-varying forces, or flow-related forces;
nly static blood pressure was considered to be acting on the
esion in the models. It has been documented that the effect
f fluid shear stress is insignificant when compared with the
ffect of tensile wall stresses (19) as a direct component in
laque fracture dynamics. The estimation of stresses in-
uced by static pressure load alone has already shown its
sefulness in identifying stress concentration in human
esions (23), because the location of stress concentration
oes not significantly differ between the single static pres-
ure model and the complex dynamic pressure model.

eprint requests and correspondence: Dr. Takafumi Hiro, Depart-
ent of Molecular Cardiovascular Biology, Yamaguchi University
raduate School of Medicine, 1-1-1 Minami Kogushi, Ube,

amaguchi, 755-8505, Japan. E-mail: thiro@yamaguchi-u.ac.jp.
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