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Abstract

The role of atherosclerotic calcification in plaque rupture remains controversial. In previous analyses us-
ing finite element model analysis, circumferential stress was reduced by the inclusion of a calcium deposit
in a representative human anatomical configuration. However, a recent report, also using finite element
analysis, suggests that microscopic calcium deposits increase plaque stress. We used mathematical mod-
els to predict the effects of rigid and liquid inclusions (modeling a calcium deposit and a lipid necrotic
core, respectively) in a distensible material (artery wall) on mechanical failure under uniaxial and biaxial
loading in a range of configurations. Without inclusions, stress levels were low and uniform. In the ana-
lytical model, peak stresses were elevated at the edges of a rigid inclusion. In the finite element mode],
peak stresses were elevated at the edges of both inclusions, with minimal sensitivity to the wall distensi-
bility and the size and shape of the inclusion. Presence of both a rigid and a soft inclusion enlarged the
region of increased wall stress compared with either alone. In some configurations, the rigid inclusion re-
duced peak stress at the edge of the soft inclusion but simultaneously increased peak stress at the edge
of the rigid inclusion and increased the size of the region affected. These findings suggest that the pres-
ence of a calcium deposit creates local increases in failure stress, and, depending on relative position to
any neighboring lipid pools, it may increase peak stress and the plaque area at risk of mechanical failure.

Keywords: plaque rupture, vulnerable plaque, atherosclerosis, vascular calcification

CALCIUM DEPOSITS, WHICH OCCUR commonly in atherosclerotic plaque, introduce mechanical discontinu-
ities with compliance mismatch where they interface with the surrounding distensible tissue. Mechanical
vulnerability is a central determinant of myocardial infarction and other acute coronary syndromes (14),
and it has been shown to increase when the plaque has a lipid pool under a thin cap (23, 31). Some re-

cent evidence points to calcium deposits as also playing a role in mechanical vulnerability. In balloon an-



gioplasty imaged dynamically by intravascular ultrasound, plaque failure is seen to occur along the edge
of calcium deposits (15). On the basis of computed tomographic scanning of coronary arteries, the sever-
ity of calcification in coronary arteries correlates with cardiovascular events (1) at least as well as, and
possibly better than, conventional risk factor analysis (28). Extensive histopathological analyses per-
formed by investigators at the Armed Forces Institute of Pathology have suggested that calcification may
contribute, in part, to human plaque rupture (6). On the basis of intravascular ultrasonic images, patients
with stable angina have greater circumferential arcs of coronary calcification than patients with unstable
angina (3). Also using intravascular ultrasound, Ehara et al. (12, 13) found that patients with stable
angina have fewer, larger contiguous deposits, whereas patients with acute coronary syndromes have
many more and smaller deposits, which they termed “spotty calcification.” These findings support the
concept that interfacial area of calcium deposits is a determinant of plaque stability (29).

Theoretical analyses also indicate complex effects of calcium deposits. Huang et al. (17) used finite ele-
ment analysis of a two-dimensional model of plaque with both lipid and calcium deposits based on the
geometry of 20 actual patients. Results predicted that calcium deposits reduce maximal circumferential
stress. Similarly, Imoto et al. (19), using the concept of “equivalent stress” in both idealized and realistic
models of plaque, found that superficial calcification reduced surface stress in a fibrous cap, whereas cal-

cium deposits at the abluminal side of a plaque had little or no effect on the level of surface equivalent
stress. However, a mathematical model of a thin fibrous cap with microscopic calcium deposits predicted
that 10-pum-diameter rigid inclusions nearly double the circumferential stress (35). Thus the predicted ef-
fects of calcium deposits vary even among theoretical analyses.

An important determinant of the mechanical consequences of calcium deposits on the plaque stability
may be location within the vessel wall. Recent work by Li et al. (22) assessed the importance of the loca-
tion of a calcified nodule on stress distribution within the atherosclerotic vessel wall. In their finite ele-
ment model analysis, peak stresses were highly concentrated in the region immediately adjacent to the
vessel wall, and changes in stress distribution were primarily found in this high-stress area. Their model
predicts that calcification within a thin fibrous cap can increase peak stress in the cap by ~50%, whereas
calcification in regions more distant from the lumen have no significant effect on peak stress. However,
rupture is not limited to regions experiencing maximal stress, probably because of regional variation in
mechanical strength; multiple groups have used computational models to demonstrate that plaque rup-
ture may occur in regions that are not predicted to experience the highest stress (7, 32). The presence of
calcified deposits, even if distant from the region experiencing maximal circumferential stress, may intro-
duce local peak stresses on regions of the vessel wall that are less capable of handling them. The local en-
vironment of these deposits, which commonly includes neighboring lipid pools, may contribute signifi-
cantly to the stress distribution that results from the presence of calcification.

In this study, we hypothesized that macroscopic calcium deposits introduce local elevations in peak stress
at their edges as do microscopic deposits and that effects on neighboring lipid deposits depend on their
proximity and respective distances from the lumen. We used analytical and numerical analyses to theo-
retically determine the peak stresses (maximal principal and von Mises stresses) and their distributions
during loading of a basic, generalizable model of an elastic artery with round calcific (rigid) and/or li-
pidic (soft) inclusions. Rather than using a single example of plaque geometry, we allowed geometric pa-
rameters, such as location of deposits relative to lumen and to one another, to vary over physiological
ranges, allowing greater generalization of findings. This characterization of the effects of plaque composi-
tion and geometry on the stress distribution in an atherosclerotic lesion may allow for more accurate
identification of vulnerable plaques.



METHODS

The physical problem is that of a deformable vessel, under distending pressure, with a rectilinear axis
and a circular cross section containing a rigid inclusion, a soft inclusion, or both, with variable proximity
to one another and to the vessel lumen.

Analytical model. For the analytical model, we considered a rectangular domain of the vessel wall topo-
logically approximated by a thin, flat, rectangular membrane, representing a circumferential slice of the
vessel, under uniaxial or biaxial tension, as would be generated by arterial blood pressure (Fig. 1). The
calcium deposit was modeled as a circular inclusion of rigid material of equal thickness to and fused to
the distensible material subject to remote stresses.

The stresses at the interface between the rigid circular inclusion and the vessel wall were calculated by

standard techniques (25). For a rigid inclusion, the polar components of the stress at a general point (r,
0) (Fig. 1) are expressed in the form

0i(r, 0) = o) fir, 6) + 0 fi(r, 6-90°) t

where the indices i and j are either r or 6, 6,° and 6,° are the remote applied stresses, and the functions
fij are given by
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The parameters a and 3 are related to the Poisson's ratio, v, of the vessel material through

&_’:—,)8:— (3)

The Poisson's ratio is constant for a particular material. When a material is stretched in a given dimen-
sion, the other two dimensions contract passively. The Poisson's ratio is the ratio of the contraction vs.
the stretch. For a perfectly incompressible material, this ratio is 0.5. On the basis of values for vascular



tissue in the literature, the Poisson's ratio, v, was initially assumed to be 0.45. However, to allow for vari-
able properties and to assess the robustness of the model-based results, we repeated the simulation for
values of Poisson's ratio ranging from 0.25 to 0.49.

Failure analysis was carried out in a technical computing environment, MATLAB (MathWorks, 2001), us-
ing the maximum principal stress theory or von Mises theory (34). The maximum principal stress theory
of failure assumes that the material fails when the maximum principal stress, 0,45, €xceeds a failure
threshold, of, characteristic of that material, where

l
Tinax = iMax (07 + Tg)t (07 - Tp) o, (4)

The von Mises theory provides a failure criterion for ductile materials and indicates that failure occurs
when, at any point in the body, the distortion energy per unit volume in a state of combined stress be-
comes equal to that associated with failure under a uniaxial tension test; this allows for prediction of me-
chanical failure based on the level of von Mises stress, which is a combined term calculated from the
stresses acting in each of the principal axes as well as shear stress terms. Thus failure occurs if oy = oy,
where the von Mises stress, oy, is related to the stress components through the equation

2 2 2 2
0y = (0, + Ty — 070 + 30@)” - (4b)

The von Mises stress was calculated to show the sites of expected failure based on assessing failure crite-
ria at each point in models with and without the rigid inclusion. The stresses were determined relative to
the applied stress, oy, which was taken to be 1.0 arbitrary units.

For the biaxial loading case, stress was applied along the x-axis (longitudinal) and the y-axis (circumfer-
ential). In a closed-ended, thin-walled cylindrical vessel under internal pressure, the circumferential (o)
and longitudinal (o) stresses are (pRy,)/(t) and (pRy,)/(2t), respectively, where p is internal pressure, R,
is the mean radius, and t is the vessel thickness. Thus, for the biaxial case, the longitudinal stress can be
estimated as half of the applied circumferential stress.

The rigid inclusion was given a radius of 1.0 arbitrary unit centered at coordinates (0, 0). Stresses were
analyzed in the entire domain, from the inclusion-vessel interface (r = 1) to the edge of the local domain
(r = 4). The radial and angular positions were varied, and stresses were determined for each position.
Data were generated for polar plots of radial (o,,), circumferential (ogg), shear (o,5), normalized maxi-
mum principal (o,,,4%), and von Mises (oy) stresses for a membrane with and without a planar, circular,
rigid inclusion and compared on the same scale.

Finite element model. The analytical model described above idealizes the vessel wall as a thin solid, fo-
cusing on the distribution of stress in the plane tangent to the vessel boundary. To study the effects of
lipid and mineral geometry on stress distributions through the thickness of the vessel, a finite element
model was built of an arterial cross section. Consistent with previous studies (17) deformation along the
vessel axis was neglected through the adoption of a two-dimensional plane-strain framework. As shown
schematically in Fig. 2, a portion of the vessel wall is modeled as an elastic strip under an applied circum-
ferential tension of circumferential tension (t) of 10 kPa produced by arterial blood pressure. Within the
vessel wall were placed a soft inclusion modeling a lipid core and a hard inclusion modeling a mineral de-



posit. The relative size, separation, and orientation of the two inclusions were varied over a wide range,
as shown in the schematic, and the deformations and resulting stress distributions were computed with
the finite element analysis software package ABAQUS (ABAQUS/Standard; DS Simulia, Providence, RI).

Following Huang et al. (17), the nonlinear elastic constitutive behavior of the vessel wall, the lipid inclu-
sion, and the mineral inclusion were described via an incompressible hyperelastic strain energy model.
In particular, Huang et al. made use of the strain-energy function (W) suggested by Delfino et al. (10),

b
W=—{exp 5(11—3) -1

, where [ is the first invariant (i.e., the trace) of the right Cauchy-Green deformation tensor and o = 44.2
kPa and 3 = 16.7 are constants determined experimentally for an artery wall (9). The properties of the
mineral and lipid inclusions are taken from Huang et al.

In the present work, a three-term Taylor-expanded approximation of this model was employed with use
of the Yeoh form available in ABAQUS

w=4a -3+ %y %)%“bZ(I 3)
B T R

The top and bottom boundaries of the vessel were assigned traction-free boundary conditions, and the
entire assembly was meshed with eight-node quadrilateral finite elements. The mesh density (number of
elements) was iteratively refined until convergence of peak stresses was attained.

Parameter studies were performed, computing deformations of the vessel wall and the corresponding
stress distributions for various combinations of the parameters (Fig. 2) determining the geometry of the
inclusions: relative size, separation distance, and relative orientation.

Biological models. For in vitro analysis, calcifying vascular cells (CVC), a subpopulation of purified bovine
aortic medial smooth muscle cells, were cultured as described previously (33). Briefly, CVC were grown
in Dulbecco's modified Eagle's medium (Invitrogen) containing 15% fetal bovine serum (HyClone) for 30
days with fresh media added every 3-4 days. In culture, CVC spontaneously form discrete, three-dimen-
sional, mineralized nodules arising from a cellular monolayer (33). After 30 days, ascorbic acid (50
ng/ml) was used to detach the culture intact from the plastic dish. The cell layer, including mineralized
nodules, was transferred to a strip of parafilm, which was subjected to gradually increasing uniaxial
stress until cell layer rupture.

As an ex vivo model, IdIr{/~) mice were placed on a Western diet (Teklad no. TD90221) for 2 mo. At the
end of the diet, corresponding to 4 mo of age, the mice were euthanized. The pericardium was opened
and the ascending aortas were separated from mediastinal attachments, leaving intact attachments to the
great vessels, descending aorta, and heart. Uniaxial stretch was applied by gradually increasing caudal
displacement of the heart until vessel rupture. After rupture, the ascending aorta was removed, mounted
and stained with Oil Red O. All experiments were conducted in accordance with the protocols approved
by the UCLA Institutional Review Board and the UCLA Animal Research Committee.



Additionally, to assess the effect of increased circumferential stress on human calcified atherosclerotic
plaque ex vivo, human coronary arteries obtained from autopsy were subjected to intraluminal balloon
inflation (PowerSail RX, 4.0 mm; Abbott Laboratories). Cross sections of the specimens were visualized
before and after balloon inflation by intravascular ultrasound (IVUS; Galaxy, Boston Scientific), with an
Atlantis SR Pro catheter (Boston Scientific). IVUS images were processed with OsiriX Imaging Software.

RESULTS

Analytical model. Computational analysis using this model showed that, under uniaxial loading, radial
stress was increased by addition of the rigid inclusion (Fig. 34), with the greatest increase (~40%) at the
ends of the deposit facing the loading axis. Circumferential stress was slightly decreased by the rigid in-
clusion (Fig. 3B) particularly along the edges perpendicular to the loading axis, consistent, although not
directly comparable, with the findings of Huang et al. (17). Shear stress was similar with and without the
inclusion (Fig. 3C). Both indicators of failure stress, the maximum principal and the von Mises stresses,
were increased by the inclusion, with highest concentration at the edges of the deposit facing the loading
axis (Fig. 3, D and E). Importantly, in the absence of the deposit, normalized maximum principal stress
and von Mises stress were low and distributed uniformly without sites of concentration (Fig. 3, D and E).

Under biaxial loading, radial stresses were distributed more widely, but the pattern of all stresses was
similar. Stress distribution and degree also changed with inclusion of the rigid deposit in a manner simi-
lar to that in the uniaxial case (Fig. 4). As with uniaxial loading, radial stress was increased with the rigid
deposit (Fig. 44). Circumferential stress was slightly decreased at the edges perpendicular to the axis of
greater loading (Fig. 4B). Shear stress was lower with biaxial vs. uniaxial loading in the presence or ab-
sence of the deposit. Shear stress magnitude was minimally affected by the deposit (Fig. 4C). Both indica-
tors of failure stress were greater in the presence of the rigid deposit, and they were concentrated at the
ends of the deposit facing the axis of greater load (Fig. 4, D and E). These failure stresses were ~20%
greater with biaxial vs. uniaxial loading.

In general, radial stress, normalized maximum principal stress, and von Mises stress were greater than
circumferential and shear stress (Fig. 3). Radial stress exhibited the greatest dependency on theta (
Figs. 34 and 4A4). Radial stress was maximal in the direction of the loading axis, circumferential stresses
were maximal perpendicular to the load axis, and shear stresses were maximal at 45° from the load axis
(Figs. 3, A-C and 4, A-C) under both loading conditions.

The domain size of four arbitrary units (radii) was selected for ease of viewing the stress pattern.
Beyond the image limits, stresses remain positive but diminish with distance from the inclusion. In the
uniaxial stress model, radial, circumferential, and shear stresses were compared on one scale (0-1.25
0yp), and the normalized maximum principal stress and von Mises stress were compared on another scale
(0-1.5 0p), even though the highest values differ, to allow comparison without compromising the full
scale. Similarly, in the biaxial stress model, radial, circumferential, and shear stresses are compared on
one scale (0-1.4 0y) and the normalized maximum principal stress and von Mises stress are compared
on another scale (0.8-1.4 o).

Because the Poisson's ratio of the material may vary with the type of atherosclerotic plaque and degree
of fibrosis, stress was recalculated for a range of values of Poisson's ratio (from 0.25 to 0.49) at several
representative locations in the domain, including points at 1.1 and 2.5 radii from the origin at theta an-

gles of 0°,45°,90° 135° and 180°. At all values of Poisson's ratio, the failure stress remained greater in
the presence of the rigid inclusion and remained concentrated at the same edges of the deposit. In both



the presence and absence of the rigid deposit and in the uniaxial and biaxial cases, at the position de-
fined by r = 1.1 and 6 = 0°, radial stress, maximum principal stress, and von Mises stress decreased
slightly as Poisson's ratio was increased, whereas circumferential and shear stresses increased slightly.
Similarly, for 6 = 90° at the same radial position, the radial stress and normalized maximum principal
stress decreased whereas von Mises and shear stress increased with increasing Poisson's ratio.
Interestingly, circumferential stress increased slightly with Poisson's ratio in the biaxial model but tended
to decrease slightly in the uniaxial model irrespective of the presence of the deposit. Importantly, the
finding of increased von Mises stress in the presence of a rigid inclusion for both uniaxial and biaxial
load models was not affected by changes in the value of Poisson's ratio.

Finite element model. Parametric studies using the finite element model described above showed that
varying both the sizes of and the separation distance between the mineral and lipid inclusions led to min-
imal change in the peak values and distributions of the resulting stresses. Similarly stresses are insensi-
tive to variations in the shape of inclusions (data not shown), provided that their boundaries are smooth
(sharp features can produce local concentrations of stress). Analysis of the model showed that the most
striking changes in stress patterns are linked to variation of the orientation of the pair of inclusions, as
represented by the angle 6 between the center-to-center axis and horizontal (see Fig. 2). This is demon-
strated in Fig. 5, which shows plots of the von Mises stress calculated for a lipid inclusion alone (Fig. 54)
and for mineral and lipid inclusions in three different orientations: 8 = 0° (Fig. 5B), 6 = 45° (Fig. 5C), and
6 =90° (Eig.5D).

From Fig. 5, it is clear that in all cases the peak stresses occur in regions of the tissue closest to the top
and bottom edges of the lipid inclusion. This is understandable, because the weakened load-bearing ca-
pacity of the softer neighboring lipid material will cause additional stress to be “channeled” into the sur-
rounding tissue. This same pattern is observed even with a lipid inclusion in the absence of any mineral
inclusion (Fig. 54), in which case the maximum von Mises stress above and below the lipid inclusion is 88
kPa. As is evident from the legends of Fig. 5, B-D, addition of the mineral inclusion can produce peak
stresses that are sometimes larger and sometimes smaller than for the lipid alone: whereas mineral in-
clusions at 6 = 0° and 6 = 45° reduce the peak stresses at the edge of the rigid deposit, the inclusion at 6
= 90° increases the peak stress at that edge. These results suggest a variable role of calcium deposits in
stabilizing (or destabilizing) arterial plaques. Furthermore, beyond the simple comparison of peak
stresses, analysis of the results reveals that the location of the rigid inclusion has a pronounced effect on
the distribution of stresses in the tissue surrounding the lipid inclusion. Namely, in the cases of 6 = 0° and
0 = 45°, the reduction of peak stresses at the edge of the rigid deposit appears to occur because of a re-
distribution of stress into a larger region of surrounding tissue. This is evidenced by the increased area
of green pseudocolor in Fig. 5, C and D, where the stresses are at least twice the magnitude of the applied
tension. Figure 5E shows a close-up view of this region of elevated stress from Fig. 5D.

Biological models. To test whether the site of failure predicted by the model corresponds with actual rup-
ture sites biologically, we tested three models of vascular calcification: calcified nodules in vascular cell
culture, mouse aortic calcification, and human coronary calcification. In the in vitro culture model, uniax-
ial loading produced failure at the edge of a calcified nodule facing the direction of applied stress (Fig. 64
), as predicted by the analytical model. Similarly, in the ex vivo mouse model of calcific atherosclerosis,
uniaxial loading of the ascending aorta produced a full-thickness tear at the edge of an aortic calcium de-
posit facing the direction of applied stress (Fig. 6B), as predicted by the analytical model. Lastly, in the ex
vivo samples of human coronary calcification, circumferential stress applied by intraluminal balloon infla-
tion induced full-thickness rupture at the interface between a calcium deposit and adjacent soft tissue (
Fig. 6, C and D), also as predicted. The geometry of the calcified deposit in this ex vivo model was found



to be similar to the geometry used in the analytical model (Fig. 1). It should be noted that the stress ap-
plied by the balloon is transmitted circumferentially to the vessel wall, and failure is seen to occur at the
circumferential edge of the calcium deposit.

DISCUSSION

These theoretical analyses suggest that addition of a circular rigid deposit to a thin, flat distensible mate-
rial under load introduces high local peak stress at its edges, independent of the magnitude of applied
stress, the size of the inclusion, and the elastic properties of the distensible material. The lack of sensitiv-
ity to material properties is consistent with the results of Williamson et al. (37). Previous studies also
tension than controls (11, 20, 30). This is further supported by the finding that mice with extensive aortic
calcification due to matrix GLA protein deficiency almost uniformly die prematurely of aortic rupture

(24).

Several studies have addressed the effects of calcification on the stability of atherosclerotic plaques by
calculating changes in global maximal stress (17, 22, 32, 35). However, mechanical failure is determined
by the balance of mechanical stress vs. material strength, with rupture occurring where stress exceeds
strength. Thus global maximal stresses may be concentrated in strong, nondiseased regions in the vessel
wall, and rupture has been shown to occur in regions not predicted to experience the highest stress (7,
32). As such, Tang et al. (32) have proposed a “local maximal stress hypothesis,” in which they emphasize
the importance of analyzing local maximal stresses in critical locations of atherosclerotic plaque. Using
sections of human specimens of atherosclerotic vessels to design their finite element model, they pre-
dicted local maximal stresses on the order of 60 kPa in critical areas. In our finite element analysis, stress
near calcium deposits was of the same order of magnitude; however, the actual peak stress immediately
adjacent to the rigid deposit would be underestimated owing to the partial volume effect of mesh ele-
ments, with greater underestimation with larger mesh size. Cheng et al. (7) previously estimated that
plaque rupture requires a global maximal stress of 300 kPa, on the basis of analysis of human plaque
rupture, primarily at the fibrous cap. Since strength is expected to be higher in the fibrous cap, the stress
required for rupture would be higher there. In deeper areas of plaque, where macroscopic calcium de-
posits tend to occur, the strength, and hence the threshold for intraplaque rupture, may be lower than in
the fibrous cap. Thus the present analysis focuses on macroscopic calcium deposits located at varying
depths and at varying orientations relative to the lumen and adjacent lipid deposits, distinguishing it from
prior analyses focused on specific human anatomy and on microscopic deposits within the fibrous cap.
This analysis provides the novel information that, whereas large calcium deposits may reduce the maxi-
mum stress at the edges of adjacent lipid deposits, they increase the area affected by failure stress, espe-
cially when located at greater depths in the artery wall.

Ectopic calcification within the vessel wall has long been known to share developmental features with
bone formation, a key element of which is the invasion of heavily vascularized young connective tissue
into calcified tissue (4, 5). More recent work has addressed the mechanisms involved in the neovascular-
ization of calcified atherosclerotic plaques, and Wilkinson et al. (36) have proposed a potential inhibitory
role for vascular calcification associated factor. The presence of fragile neovessels in the tissue surround-
ing a calcium deposit would resultin 1) a lower threshold for rupture of that tissue and 2) a greater like-
lihood of intraplaque hemorrhage, which is a common cause of myocardial infarction. This could explain
the intriguing finding of Davies et al. (8) that myocardial infarction in the absence of intracoronary



thrombus was almost always associated with severe coronary calcification of the culprit artery.
Intraplaque hemorrhage also contributes to the destabilization of plaques and the progression to plaque
rupture (21).

The models in this study have certain limitations. In the computational models, the deposits were ideal-
ized as circular, which is reasonable given the lack of any one typical or representative geometry for
atherosclerotic calcium deposits and the lack of sensitivity of the results to the shape of the deposits
(data not shown). Another limitation is that the distensible material surrounding the deposits, represent-
ing either atherosclerotic plaque or normal artery wall, was assumed to be homogeneous and isotropic,
although plaque is heterogeneous and normal artery wall is anisotropic (18). Incorporating anisotropy
and/or deposits of different shapes in the model are expected to alter only details of the distribution of
the increase in peak stresses but not the overall conclusions. Since values for fluid shear stress in small
arteries (~1 Pa) are orders of magnitude less than those calculated in this study (>10,000 Pa), effects of
fluid shear stress at the lumen are expected to be minimal and thereby were not incorporated. In the bio-
logical models, the applied tension was not mechanized or quantified; however, the analysis predicts the
results to be independent of rate and amplitude of the applied tension.

These findings suggest that addition of a rigid deposit to a distensible material under stress may increase
or decrease risk of mechanical failure at different locations in the material, depending on proximity and
orientation of the rigid deposit relative to a liquid inclusion. By bearing load, a rigid deposit decreases
peak stress in some areas. By introducing compliance mismatch, it increases peak stress at other sites.
Thus atherosclerotic calcification is expected to have complex effects on plaque vulnerability, with failure
risk increased at some sites and decreased at others and with dependence on location and orientation
relative to lipid deposits.
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Figures and Tables

Fig. 1.
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Schematic diagram of the hypothetical model used to assess mechanical stress around a calcium depositin a distensible vessel. A:
the cylinder (left) represents a model vascular segment. The shaded circle represents a calcium deposit, simplified to a thin circular
disc. The dashed square represents the region evaluated for mechanical stress, including both vessel and deposit. A cross-sectional
view is shown on the right. The shaded pattern on the right corresponds with the dashed square on the left. B: the rectangle corre-
sponds with the shaded square in A. Polar coordinates (r, 0), diameter of the deposit (2a), and orientation of stresses (0,°} and 0,°)

are indicated.



Fig. 2.
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Schematic of finite element model. All parameters were varied over a specified range (some results not shown); values from the
simulations presented in Fig, 5 are as follows: the inclusion diameter, a = 0.3 mm; the distance of the soft (lipidic) inclusion to the
lumen, h = 0.05 mm; the distance between inclusions, d = 0.36 mm; height and width of the entire model, H=1 mm and L = 1.95
mm; and the applied tension, T = 10 kPa.
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Fig. 3.
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Stress distribution for uniaxial loading of distensible material with (left) and without (right) a rigid inclusion. Radial (4), circumfer-
ential (B), shear (), normalized maximum principal (D), and von Mises (E) stresses. Vertical bars are pseudocolor scales for stress

o, normalized to the applied stress o, in A-C and separately for stress in D and E (v = 0.45).



Fig. 4.

]
RN

-
2
o 1
b
Jos 1
L |
{as i
il
2
I2
o
ala”

0.5

d
.

Stress distribution for biaxial loading of distensible material with a rigid inclusion (left) and without (right). Radial (4), circumfer-
ential (B), shear (), normalized maximum principal (D), and von Mises (E) stresses. Vertical bars are pseudocolor scales for stress

o, normalized to the applied stress g in A-C and separately for stress in D and E (v = 0.45).



Fig. 5.
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Von Mises stress distributions computed by finite element analysis. A uniform tension load of T = 10 kPa was applied to the left and
right edges to model the circumferential stress in the arterial wall, and the resulting deformation and stress states were computed by
using the hyperelastic constitutive model described in the text. A: with only a soft (lipidic) inclusion and no stiff (calcific) inclu-
sion. B: soft inclusion with neighboring stiff inclusion (arrowheads) equidistant from the lumen (6 = 0°). C: soft inclusion with stiff
inclusion to one side and at greater distance from the lumen (6 = 45°). D: stiff inclusion abluminal to the soft inclusion (6 = 90°). E:

magnified view of D focusing on a region of nominally high stress.
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Biological models. A: in vitro model showing failure at the edge of a calcified nodule in a culture of calcifying vascular cells, con-
taining mineralized nodules on a lawn of monolayer cells and extracellular matrix. Representative example of 3 cultures tested.
Double-headed arrow indicates stress loading axis. Arrowheads indicate the calcified nodule, and distance between arrowheads is
~2 mm. B: ex vitro model showing failure at the edge of a calcified lesion in the Oil Red O stained ascending aorta from a hyperlipi-
demic (high fat-fed ldlr/~) mouse following uniaxial loading. Representative example of 3 aortas tested. Double-headed arrow indi-

cates stress loading axis. Great arteries and aortic arch (cephalad) are on the left. Arrowheads indicate torn edges. Scale bar = 1 mm.



C: intravascular ultrasound images of atherosclerotic calcification in a human coronary artery obtained before and after intraluminal
balloon inflation. After balloon inflation, failure (dashed arrow) is seen at the edge of the calcium deposit (solid arrows). Scale bar =
1 mm. D: Von Kossa staining of calcified human coronary artery after intraluminal balloon inflation. A circumferential arc of calcifi-
cation (arrowheads) is seen in the vessel wall, with failure (arrow) seen at the end of the calcified arc facing the direction of the ap-

plied stress where compliance mismatch would be expected. Scale bar = 0.5 mm.





