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Fig. 9. Computational fluid dynamics (CFD) simulation of blood flow through the
coronary artery of a patient with an atherosclerotic lesion (right column) and where
the plaque has been digitally removed (left column). (A): Streamlines show increased
blood velocity across a stenotic lesion. (B): In a healthy patient, wall shear stress (WSS)
magnitude is relatively low where the lesion is known to form but is higher over a stenotic
plaque. (C): Oscillatory shear index (OSI) reveals a region of oscillatory flow over the
cardiac cycle in a healthy patient that is colocalized with the site of a lesion. Adapted
from Ref. 68.
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composing the walls as well. These internal stresses have been shown to
modulate cell proliferation and vascular remodeling, and a comprehensive
examination of the biomechanics of atherosclerosis is not complete without

consideration of solid mechanics.”

4.1. Solid Wall Mechanics and Atherosclerotic
Responses to Stretch

As vessels become distended by the pressure pulse from each heart beat,
wall tissues sense and respond to strains.? While arteries are naturally
compliant, lesion formation replaces components of the media and intima
with new tissue, typically made of less compliant materials.”? Consequently,
biological processes regulated by stretch become dysregulated, especially
when a plaque is located eccentrically towards one side of the
artery.” The distribution of stresses and strains within the wall of
the artery resulting from blood pressure becomes uneven as result of

56,72 Such dysregulation

the heterogeneous arrangement of wall components.
further contributes to asymmetric remodeling of arteries. Among other
targets, an association between activated NF-xB, which is a marker of
inflammation, and mechanical stress has been described.”

The relationship between mechanical stresses within the walls of
arteries and the progression of atherosclerosis may be more complex than
a simple monotonic relationship between stress and protein regulation,
however. As each stage of plaque formation carries a unique set of
morphological properties, so too may each stage correspond to a particular
biological response to mechanical stress.”! As described by Glagov and
colleagues, arteries tend to remodel outward and preserve lumenal diameter
until the vessel reaches a threshold of plaque burden, after which point
inward remodeling commences and the plaque becomes stenotic.?3

An additional mechanical consideration in vascular research is the effect
of cyclic loading. Much as a rubber band becomes weakened after repeated
stretching, so too might the walls of blood vessels become weakened in
response to repeated distension from pulsing blood. While the difference
between a rubber band and an artery is that the artery can heal itself and
regenerate its walls, such cyclic effects might still weaken areas of the vessel
over human timescales. A heart beating once per second will cause nearly
one billion pulses in 30 years, and human lifetimes are often three times this
amount. Computational studies of fatigue in lipid-rich plaques suggest that
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geometric shapes and locations of lipid pools under fibrous caps increase
the likelihood of fissuring under cyclic loading.”

4.2. Plaque Composition Influences Solid Wall
Mechanics and Risk for Rupture

Besides the remodeling response to stresses within vessel walls,
cardiovascular researchers also take interest in the solid mechanics of
plaques because of its role in plaque rupture. When stresses become too
great, mechanical failure may occur and result in fissuring of the plaque.”:76
Although blood vessels are coated with antithrombotic proteins on the
surface of endothelial cells, fissuring of the fibrous cap over a lipid core will
expose blood in the lumen to thrombogenic components inside the plaque
and may form a thrombus.”?* Thrombosis that results in occluded blood
flow will likely cause morbidity or mortality, so it is of clinical interest to
identify such lesions for intervention before a clinical event.

Vascular researchers have identified a specific phenotype of plaques
that tends to rupture most frequently: lesions with a thin fibrous cap
over a large necrotic core, also known as the thin-cap fibroatheroma.'?
Ruptured lesions also tend to exhibit minimal stenosis but notable outward
remodeling.'?13 However, not all thin-cap fibroatheromas rupture, and
many plaques remodel outward and subsequently inward without ever
rupturing, suggesting that differences beyond gross phenotype influence
vulnerability to rupture. Computer modeling of mechanical stresses within
plaques has revealed that the size, shape, and geometric distribution
of lesion components all impact the magnitude and location of stress
concentrations within the wall (Fig. 10).”"7® The thin-cap fibroatheroma
ruptures more readily than other plaque phenotypes because stresses are
concentrated on the fibrous cap, so material failure will expose the lipid
core.” Typically, the site of greatest stress where rupture occurs is located
at the shoulder of the plaque where the thin fibrous cap ends.®® The
thickness of the fibrous cap as well as the area, thickness, and angle of
the lipid core all affect the magnitude of the stress experienced within
vessel walls containing pressurized blood.?® 758! Stresses tend to be highest
around calcified nodules, and some have suggested that calcification of
advanced lesions is a biological mechanism to redistribute stresses away
from the vulnerable fibrous cap and stabilize the plaque.” Conversely,
others have proposed that microcalcifications within the thin fibrous cap
itself may result in material debonding and cause the plaque to rupture.’2:83
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Fig. 10. Solid wall stresses are linked to fibrous cap fissuring that leads to plaque rupture. (A) A histological cross-section of a
ruptured plaque demonstrates a break (black arrow) in the fibrous cap (grey arrow) over a large necrotic core (asterisk). When
the plaque is digitally reconstructed (B), the stresses within the wall may be calculated using computational structural mechanics
techniques (C). A map of wall stresses reveals the greatest stress magnitude almost exactly colocalized with the site of known rupture
(black arrow). Two other regions of high stress (grey arrows) are also identified at the shoulders of the plaque, regions where plaques

are known to rupture frequently.”®
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4.3. Fluid-solid Interaction Provides Additional
Biomechanical Insight into Atherosclerosis

Numerous studies have demonstrated the critical nature of both fluid
mechanics and solid mechanics in the initiation, progression, and
potential disruption of atherosclerotic plaques. However, neither of these
properties alone can provide a comprehensive understanding of the
biomechanics of atherosclerosis. The interplay between both fluid and
solid biomechanics, called fluid-solid interaction (FSI, alternately called
fluid-structure interaction using the same acronym) can provide additional
insight into the pathogenesis of atherosclerosis. Traditional computational
fluid dynamic analysis simulates blood flow through a rigid vessel lumen
and neglects the effects of compliance on blood flow. Similarly, traditional
computational structural mechanics simulates vessel stretch based on
average lumen blood pressures rather than pressures that vary with spatial
location as result of the complexity of flowing blood. By coupling these
computer models in FSI, an investigator can more robustly model the
biomechanics within and against compliant vessel walls resulting from
pulsatile blood flow.84:8% FSI can provide more comprehensive insight into
plaque disruption events such as rupture or erosion that may be due in large
part to mechanical failure of plaque materials. For example, the fibrous cap
over a plaque lipid core experiences both wall shear stress from viscous
blood flowing over it as well as solid mechanical deformation as pressurized
blood pushes on the cap and compresses it into the lipid pool.®¢ Each single
force alone may not explain why such caps sometimes become disrupted.
Not only does FSI potentially enable investigators to model blood flow
with greater physiological accuracy, but also studies of the simultaneous
effects of fluid and solid stresses become possible. Tarbell and colleagues
have investigated the role of stress phase angle (SPA), a measure of
the temporal lag between maximum fluid shear stress and maximum
circumferential solid stress, in the progression of atherosclerosis. Such
studies indicate that endothelial response to biomechanics varies from
responses predicted by either fluid mechanics or by solid mechanics alone.87
In wvitro studies have shown that cells experiencing large magnitudes of
SPA produce less nitrous oxide (NO) in endothelium, a condition linked
to atherogenesis. Atherosclerosis-prone regions of the human vasculature
such as the coronary arteries, the outer edge of the carotid artery, and the
descending aorta all characteristically experience relatively larger SPA,| and
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FSI studies have shown that under hypertension, a traditional risk factor for
atherosclerosis, SPA magnitude increases further.®8:8 This colocalization
of high SPA with atherosclerosis and its related processes suggests that
fluid mechanics and solid mechanics alone are not sufficient to characterize
the details of atherogenesis. However, the complexity of implementing
FSI models has prevented more widespread use at present, and further
understanding of the role of properties like SPA is currently an unmet need
in cardiovascular research.

5. Current Dilemmas and Future Directions
for Atherosclerotic Research

Because morbidity and mortality resulting from cardiovascular disease
affect so many people in the modern world, a large volume of research
has investigated the causes, progression, and potential thrombogenic
disruption of atherosclerotic plaques. Despite such focused effort by the
research community, uncertainty remains about details in the pathology
of atherosclerosis. Current techniques to identify and treat lesions thought
likely to present clinical symptoms can benefit from further consideration
and optimization. Future research will improve our ability to target
vulnerable lesions by means of a better understanding of the role of fluid
and solid stresses in atherosclerosis.

5.1. Need for Better Understanding of Plaque
Disruption Events

Retrospective clinical studies and computer modeling analyses have
identified a phenotype of atherosclerotic plaque most vulnerable to rupture,
the thin-cap fibroatheroma. However, clinicians still lack the ability to
predict exactly when or where such plaques will become disrupted. More
selective identification of vulnerable lesions will eliminate unnecessary
interventions and better target plaques not currently recognized as potential
problems. As fluid and solid mechanics are both implicated in the
pathogenesis of plaque disruption, further research exploring how FSI
impacts rupture is necessary. Lesser-studied thrombogenic events like
plaque erosion and formation of calcified nodules may also be influenced
by the biomechanics of flow, but the mechanisms for these events are not
well understood.
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5.2. How Do Flow-mediated Mechanisms of Atherogenesis
Occur on Human Timescales?

A large body of in wvitro work has explained how mechanoreceptors in
vascular tissue regulate atherogenic biological processes in response to
flow conditions. In culture conditions, formation of reactive oxygen species
results in molecular signaling cascades that are detectable within hours of
onset of low or oscillatory shearing flow conditions. Expression of proteins
directly associated with atherogenesis occurs inside of very short and
precisely measurable timescales in response to flow stimuli. However, in
humans, development and progression of lesions to full atherosclerotic
plaques takes decades — AHA Type IV plaques are rarely observed
in individuals less than 40 years of age, although Type I and Type II
initial lesions are often observed in children.'” Why does flow modulate
macrophage recruitment within days in wvitro, while large necrotic cores
resulting from lipid-laden macrophage invasion only appear over a period
of years in vivo, even when flow conditions are seemingly identical? Why do
other atherogenic processes, when isolated in wvitro, not produce the same
effects in humans on the same timescale? Are other processes, undetectable
within in vitro timescales and currently undiscovered as result, essential for
atherosclerotic lesion formation? Future research must reconcile the orders
of magnitude difference in timescale of response to flow conditions between
i vitro and in vivo systems.

5.3. How Much Does Directionality of Flow
Contribute to Atherosclerosis?

Evidence suggests that both low and oscillatory wall shear stress are
atherogenic conditions. However, oscillatory flow can expose arteries to
higher instantaneous magnitudes of WSS than in unidirectional low
WSS regions. These higher magnitudes can reach levels experienced in
atheroprotected regions of vasculature, and yet plaques form anyways.
Because flow direction is changing in regions of oscillatory flow, the average
wall shear stress endothelial cells experience over the cardiac cycle may be
very low, and yet instantaneously it may be quite high. How do mean WSS
and instantaneous WSS affect plaque formation and localization? Is one
factor more important than the other? In both in vitro and in vivo work,
different phenotypes of endothelial cells have been shown to grow under
laminar flow and oscillatory flow conditions. Do these phenotypic differences
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translate to different types of plaques? More research is needed to study
plaques that form under oscillatory and under laminar flow conditions
and answer questions such as: Do plaques form more readily in one flow
environment? Are plaques experiencing certain types of flow more likely to
become disrupted and form a thrombus? Does flow modulate calcification
or formation of additional fibrous tissue?

6. Conclusion

Atherosclerosis is a multifactorial disease that is related to over 12 million
deaths annually and affects nearly all people in the modern world. In 2009,
estimated direct and indirect costs for clinical care of cardiovascular disease
in the United States alone are $475.3 billion.? As obesity, hypertension,
and diabetes become more prevalent, so too will the need for care for
atherosclerosis-related morbidity. Although atherosclerosis is a heavily-
researched disease, more work remains. Clinicians require still better tools
to identify and treat plaques that are likely to cause morbidity or mortality.
While much is now understood about how mechanical flow conditions
modulate biological responses that result in atherogenesis, investigators
should strive for an increasingly comprehensive understanding of vascular
biomechanics in order to further improve treatment. Vessels may be
biological tissues, but in cardiology, one must always consider the effects of
flow .61
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