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T he acute coronary syndrome (ACS), in up to
two-thirds of cases, results from plaque cap
rupture and acute coronary thrombosis;

microcalcification in the fibrous caps when present
facilitates plaque disruption. In up to one-third of
cases, thrombosis occurs due to plaque erosion.
Rarely, as reported by Torii et al. (1) in this issue of
the Journal, the fibrous cap disruption results from
calcified nodule (CN), wherein a dense, fragmented
calcific mass erupts through the fibrous cap and is
complicated by an overlying luminal thrombus. The
CN has to be distinguished from nodular calcification
(the nodule is covered by an intact fibrous cap and
there is no thrombus), and fibrous cap microcalcifica-
tion (embedded in thin fibrous caps, which renders
the cap susceptible to rupture). Although uncommon,
CNs are clinically recognizable by intracoronary imag-
ing (2), and potentially associated with a worse prog-
nosis compared with superficial plaque calcification
(3). Besides the role of microcalcification and CN in
ACS, presence of coronary artery calcification (CAC)
remains a disease marker, and in patients treated
with statins, large calcific plates in absence of
necrotic core ensure stabilized plaques (4).
SEE PAGE 1599
THE CALCIFIED NODULE

Torii et al. (1) described 25 CNs from their sudden
death registry of 1,200 victims collected over 20
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years. Rarity of CN as the basis of ACS arises from the
need for a combination of multiple unusual features
including (but not limited to) its situation at the knee
of a tortuous vessel, its origin in the large necrotic
core flanked both proximally and distally by fibro-
calcific collagen-rich plaques, and the systemic
milieu of chronic kidney disease (CKD) and diabetes.
In the absence of any other coronary or myocardial
pathological finding in itself sufficient to explain the
fatal event, eruptive CN accompanied by non-
occlusive luminal thrombus was accepted as the
cause of sudden death.

CN NESTLED IN NECROTIC CORE. The authors have
proposed that the CNs evolve within the necrotic
cores of eccentric plaques (1). Although calcification
within the necrotic core is a relatively common
accompaniment of atherogenesis, inflammation, and
cell death, the uniqueness of the lesion comprises an
assembly of calcific fragments popping through the
fibrous cap. The loss of continuity of the cap exposes
the calcific smithereens and necrotic core to produce
luminal thrombus. Two of the features—the overlying
mural thrombi and the calcific mass as a whole (but
not as fragments)—can be recognized by intravascular
imaging (3). On the other hand, the fragmentation of a
CN is evidenced pathologically by the presence of
fibrin identifiable between the calcific fragments (1), a
feature that cannot be identified by in vivo imaging.

THE CORONARY ARTERY TORTUOSITY. In addition
to coronary bifurcation or branching sites, the CN
occurred in tortuous coronary segments (1), suggest-
ing that the changes in shear stress produced by the
loss of flow linearity could result in fragmented
nodular calcification with fibrous cap disruption.
Although the contribution of shear stress to the
atherosclerotic plaque development and plaque
rupture is widely researched, this study proposes that
shear force exerts maximum effect when the direc-
tion of the flow abruptly changes in tortuous vessels
(5,6). This logical mechanism of the flow dynamics
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FIGURE 1 Fibrous Cap Microcalcification and Necrotic Core Nodular Calcification, and the Mechanical Modeling of Plaque Instability in Linear Versus Tortuous

Coronary Segments

(A) 2-dimensional (2D) finite element model of plaque rupture due to local stress concentration around microcalcifications embedded in the fibrous cap. Plaque rupture

occurs mainly in proximal segments with low tortuosity, when circumferential stress in the fibrous cap resulting from blood pressure exceeds the local tissue strength.

(B) Advanced 3-dimensional (3D) model of calcific nodule located in a tortuous vessel incorporates complex lesion morphology and loading conditions. In addition to

circumferential stretch generated by blood pressure, axial stretch, torque, and cyclic bending may contribute to critical stress variations responsible for the frag-

mentation of necrotic core calcification and subsequent plaque disruption. NC ¼ necrotic core; Ca ¼ calcification; CN ¼ calcified nodule.
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equally affects nonlinear atherosclerotic vessels or
monogenic autosomal recessive SLC2A10-related
arterial tortuosity syndrome (7). Whereas the shear
stress may squeeze dense calcific deposits out of
relatively softer cores from within tortuous athero-
sclerotic vessels, it could further weaken and dilate
tortuous vessels in aneurysmal hereditary connective
tissue disorders.

CN FLANKED BY FIBROCALCIFIC PLAQUES. The
loose necrotic cores homing the CN compared with
the circumferential sheet calcium and collagen-rich
matrix of the flanking fibrocalcific plaques create
substantial disparity in local tensile strength (1). The
in vivo characterization of such tortuous coronary
segments is feasible with intravascular imaging (8).

PRESENCE OF CKD AND DIABETES. In patients with
CN-based ACS, Torii et al. (1) observed CKD in 53% of
cases and diabetes in 58%. CKD patients are well
known to carry a high risk of morbidity and mortality
for cardiovascular disease, and are characterized by a
substantially higher calcification burden both in the
peripheral and coronary vessels. Intravascular
ultrasound–based retrospective studies have reported
CN in 5.3% of patients presenting with ACS, wherein
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the coronary risk factors included CKD and mainte-
nance hemodialysis (9); patients had a higher coro-
nary artery calcification burden when diabetes
coexisted with CKD. The risk of coronary calcification
further increased in patients receiving warfarin (10).

MECHANICAL BASIS OF FIBROUS

CAP DISRUPTION

The rupture of a fibrous cap is a mechanical event that
occurs if the local stress levels within the cap exceed
the local tissue strength. Biomechanical models based
on histology of plaque rupture have suggested that a
large millimeter-size calcification in the plaque (i.e.,
macrocalcification) does not increase fibrous cap
stress. In contrast, a necrotic core is associated with
increased stress levels locally (11). The small micron-
size calcifications embedded in the thin fibrous cap
covering the necrotic cores (i.e., microcalcifications),
could contribute to plaque rupture. The role of
microcalcification was proposed in a simplified
analytical model based on micro–computed tomog-
raphy (CT) images (12). The small rigid inclusions
(10 mm in diameter) in elastic tissue of fibrous cap
have been shown to act as stress concentrators facil-
itating cap disruption through local increase in stress
(Figure 1A). Subsequent computational studies based
on a higher resolution micro-CT showed that only
5- to 15-mm diameter microcalcification oriented along
the tensile axis in fibrous caps could increase the local
stress levels >5 fold (13).

The possibility that a large necrotic core calcifica-
tion can fragment into multiple pieces under the
external mechanical forces and could erupt through a
thick fibrous cap is intriguing and would require the
development of advanced biomechanical models for
future validation. Most of the previous numerical
simulations of calcified plaques have used 2-
dimensional cross sections of the lesions and only
considered circumferential stresses in the vessel wall
arising from radial expansion with cyclic variation in
blood pressure (Figure 1A, black arrows). Calcified
nodular lesions in highly calcified tortuous coronary
arteries between flanking areas of stable fibrocalcific
plaques represent a distinctively unique morphology
requiring advanced 3-dimensional modeling with
more complex loading conditions (Figure 1B). In
addition to the circumferential stress (Figure 1B, black
arrows), a tortuous artery in vivo experiences axial
stress arising from longitudinal stretching of vessels
exposed to cyclical blood flow, cyclic bending, and
torque caused by cardiac motion, as well as shear
stress generated by blood flowing through the vessel
(Figure 1B, red arrows). In a 3-dimensional fluid-
structure interaction model of a coronary plaque
with cyclic bending, axial stretch and anisotropic
material properties could lead to more than a 4-fold
increase in maximal stresses compared with an
isotropic model without bending and axial stress (14),
suggesting the possibility of local stresses in a
nodular calcified lesion exceeding the local tissue
strength and leading to rupture of the necrotic core
calcification through even a thick cap.

SUMMARY

Whereas the microcalcification of thin fibrous cap
might deceptively act as a stress concentrator, the
fragmented calcification very infrequently could stab
through the fibrous cap regardless of the cap thick-
ness. Unlike these rupture-prone shades of coronary
calcification, plate-like calcification guards the pla-
que stability. Although their study is based on a small
number of observations, we congratulate Torii et al.
(1) for an elegant morphological description of CN,
and believe that further studies would confirm the
pathophysiological and mechanical basis of evolution
of ACS associated with CN.
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