Microvessels As atherosclerotic lesions advance, abundant plexi of
microvessels develop in connection with the artery’s vasa vasorum.
Newly developing microvascular networks may contribute to lesion
complications in several ways. These blood vessels provide an abundant surface area for leukocyte trafficking and may serve as the portal
for entry and exit of white blood cells from the established atheroma.
Microvessels in the plaques may also furnish foci for intraplaque
hemorrhage. Like the neovessels in the diabetic retina, microvessels
in the atheroma may be friable and prone to rupture and can produce
focal hemorrhage. Such a vascular leak can provoke thrombosis in
situ, yielding local thrombin generation, which in turn can activate
smooth-muscle and endothelial cells through ligation of proteaseactivated receptors. Atherosclerotic plaques often contain fibrin and
hemosiderin, an indication that episodes of intraplaque hemorrhage
contribute to plaque complications.
Calcification As they advance, atherosclerotic plaques also accumulate calcium. Microvesicles derived from lesional cells can stimulate
calcification, and this process co-localizes with regions of heightened
inflammation. Mineralization of the atherosclerotic plaque recapitulates many aspects of bone formation, including the regulatory participation of transcription factors such as Runx2.
Plaque Evolution Smooth-muscle cells and macrophages die in the
atherosclerotic plaque. Indeed, complex atheromata often have a
mostly fibrous character and lack the cellularity of less advanced
lesions. This relative paucity of smooth-muscle cells in advanced
atheromata may result from the predominance of cytostatic mediators such as TGF-β and IFN-γ (which can inhibit smooth-muscle cell
proliferation) and also from smooth-muscle cell apoptosis. Thus, during the evolution of the atherosclerotic plaque, a complex and highly
regulated balance between entry and egress of lipoproteins and leukocytes, cell proliferation and cell death, extracellular matrix production, and remodeling, as well as calcification and neovascularization,
contribute to lesion formation. Many mediators related to atherogenic
risk factors, including those derived from lipoproteins, cigarette smoking, and angiotensin II, provoke the production of proinflammatory
cytokines and alter the behavior of the intrinsic vascular wall cells
and infiltrating leukocytes that underlie the complex pathogenesis of
these lesions. Thus, advances in vascular biology have led to increased
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Figure 291e-2 Plaque rupture, thrombosis, and healing. A. Arterial
remodeling during atherogenesis. During the initial part of the life history of an atheroma, growth is often outward, preserving the caliber of
the lumen. This phenomenon of “compensatory enlargement” accounts
in part for the tendency of coronary arteriography to underestimate the
degree of atherosclerosis. B. Rupture of the plaque’s fibrous cap causes
thrombosis. Physical disruption of the atherosclerotic plaque commonly
causes arterial thrombosis by allowing blood coagulant factors to contact thrombogenic collagen found in the arterial extracellular matrix and
tissue factor produced by macrophage-derived foam cells in the lipid
core of lesions. In this manner, sites of plaque rupture form the nidus for
thrombi. The normal artery wall has several fibrinolytic or antithrombotic
mechanisms that tend to resist thrombosis and lyse clots that begin to
form in situ. Such antithrombotic or thrombolytic molecules include
thrombomodulin, tissue- and urokinase-type plasminogen activators,
heparan sulfate proteoglycans, prostacyclin, and nitric oxide.
C. When the clot overwhelms the endogenous fibrinolytic mechanisms,
it may propagate and lead to arterial occlusion. The consequences of
this occlusion depend on the degree of existing collateral vessels. In a
patient with chronic multivessel occlusive coronary artery disease (CAD),
collateral channels have often formed. In such circumstances, even a
total arterial occlusion may not lead to myocardial infarction (MI), or it
may produce an unexpectedly modest or a non-ST-segment elevation
infarct because of collateral flow. In a patient with less advanced disease
and without substantial stenotic lesions to provide a stimulus for collateral vessel formation, sudden plaque rupture and arterial occlusion commonly produces an ST-segment elevation infarction. These are the types
of patients who may present with MI or sudden death as a first manifestation of coronary atherosclerosis. In some cases, the thrombus may lyse
or organize into a mural thrombus without occluding the vessel. Such
instances may be clinically silent. D. The subsequent thrombin-induced
fibrosis and healing causes a fibroproliferative response that can lead to
a more fibrous lesion that can produce an eccentric plaque that causes a
hemodynamically significant stenosis. In this way, a nonocclusive mural
thrombus, even if clinically silent or causing unstable angina rather than
infarction, can provoke a healing response that can promote lesion fibrosis and luminal encroachment. Such a sequence of events may convert
a “vulnerable” atheroma with a thin fibrous cap that is prone to rupture
into a more “stable” fibrous plaque with a reinforced cap. Angioplasty of
unstable coronary lesions may “stabilize” the lesions by a similar mechanism, producing a wound followed by healing.
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s timulate the proliferation of resident smooth-muscle cells or resident
stem cells in the intima as well as those that may migrate in from the
media. Transforming growth factor β (TGF-β), among other mediators, potently stimulates interstitial collagen production by smoothmuscle cells. These mediators may arise not only from neighboring
vascular cells or leukocytes (a “paracrine” pathway), but also, in some
instances, from the same cell that responds to the factor (an “autocrine” pathway). Together, these alterations in smooth-muscle cells,
signaled by these mediators acting at short distances, can hasten transformation of the fatty streak into a more fibrous smooth-muscle cell
and extracellular matrix—rich lesion.
In addition to locally produced mediators, products of blood
coagulation and thrombosis likely contribute to atheroma evolution
and complication. This involvement justifies the use of the term atherothrombosis to convey the inextricable links between atherosclerosis
and thrombosis. Fatty streak formation begins beneath a morphologically intact endothelium. In advanced fatty streaks, however, microscopic breaches in endothelial integrity may occur. Microthrombi rich
in platelets can form at such sites of limited endothelial denudation,
owing to exposure of the thrombogenic extracellular matrix of the
underlying basement membrane. Activated platelets release numerous
factors that can promote the fibrotic response, including PDGF and
TGF-β. Thrombin not only generates fibrin during coagulation, but
also stimulates protease-activated receptors that can signal smoothmuscle migration, proliferation, and extracellular matrix production.
Many arterial mural microthrombi resolve without clinical manifestation by a process of local fibrinolysis, resorption, and endothelial
repair, yet can lead to lesion progression by stimulating these profibrotic functions of smooth-muscle cells (Fig. 291e-2D).

