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Abstract

Forces generated by blood flow are known to contribute to cardiovascular development 
and remodeling. These hemodynamic forces induce molecular signals that are 
communicated from the endothelium to various cell types. The cardiovascular system 
consists of the heart and the vasculature, and together they deliver nutrients throughout 
the body. While heart valves and blood vessels experience different environmental 
forces and differ in morphology as well as cell types, they both can undergo pathological 
remodeling and become susceptible to calcification. In addition, while the plaque 
morphology is similar in valvular and vascular diseases, therapeutic targets available for the 
latter condition are not effective in the management of heart valve calcification. Therefore, 
research in valvular and vascular pathologies and treatments have largely remained 
independent. Nonetheless, understanding the similarities and differences in development, 
calcific/fibrous pathologies and healthy remodeling events between the valvular and 
vascular systems can help us better identify future treatments for both types of tissues, 
particularly for heart valve pathologies which have been understudied in comparison to 
arterial diseases.

Introduction

The cardiovascular system consists of a complex network 
of blood vessels that facilitates the flow of blood from the 
heart to the rest of the body. As the first fully functional 
organ system to form during embryonic development (1), 
blood vessels are essential to the transport of nutrients 
and metabolic waste products throughout life (2). 
Pathological tissue remodeling in arteries as well as in 
heart valves leaflets is a frequent cause of morbidity and 
mortality in humans; indeed, cardiovascular disease is still 
the most common cause of death in Western countries 
(3). However, the etiology of acquired valve diseases can 
be quite distinct from arterial atheroma progression. The 
objective of this review is to compare the similarities and 
differences in calcific pathological development between 

heart valves and blood vessels. Of particular focus is the role 
that oscillatory blood flow patterns play in biomechanical-
induced activation of diseased pathways in valvular vs 
vascular components in the systemic circulation. Unlike 
unidirectional or steady laminar flow, oscillatory flow 
consists of forward and reverse flow patterns with a range 
of oscillation intensities. While blood flow patterns are 
unsteady or time-dependent, they are cyclical and follow 
a distinct pulsatile pattern. This pulsatility can in turn 
lead to temporal blood flow oscillations when the flow 
direction is reversed at specific spatial locations within the 
cardiovascular system (e.g. fibrosa side of aortic valves). 
A preceding event that leads to oscillatory blood flow 
patterns is that of substantial blood flow deceleration 
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at these specific cardiovascular sites, thereby initiating  
flow reversal.

Aortic heart valves, aorta, and coronary arteries

Heart valves are cardiac structures that consist of leaflets 
to ensure unidirectional blood flow during each cardiac 
cycle (4). Movements of heart valves are primarily driven 
by surrounding forces from the blood flow and pressure 
generated by cyclic contraction of heart muscles. The 
aorta is the largest artery that begins at the left ventricle 
and supplies oxygen-rich blood to the rest of the body. 
Coronary arteries immediately branch off from the aorta 
to deliver oxygen-rich blood to the entire heart. Vascular 
and valvular functions are regulated by both biochemical 
and hemodynamic factors that initiate during embryonic 
development and continue throughout adulthood (5, 6).

The aortic valve is located between the left ventricle 
and the aorta. They are semi-lunar valves generally 
composed of three separate leaflets. As the left ventricle 
contracts during systole, the mitral valve closes and 
the aortic valve opens, allowing blood flow into the 
aorta. During diastole, the left ventricle relaxes and the 
atrium contracts. The aortic valve also closes in diastole 
to prevent regurgitation, while the mitral valve opens 
to allow blood flow from the left atrium into the left 
ventricle. The sequence of systole and diastole repeats 
for each cardiac cycle in maintaining blood circulation, 
and the aortic valve plays a crucial role in determining 
the direction of blood flow. The aortic valve is the most 
studied valve type as it is most commonly diseased, and 
aortic stenosis is currently one of the most prevalent 
cardiovascular disease (7).

Cell and extracellular matrix make-up
The arterial wall structure is divided into three layers: 
tunica intima, tunica media, and tunica adventitia  
(Fig. 1). The layers consist primarily of elastin, collagen, and 
myofibroblasts, and together they form the extracellular 
matrix that regulates vascular elasticity. The tunica 
intima is primarily lined with vascular endothelial cells, 
which play a major role in recruitment and patterning of 
vascular smooth muscle cells (8). Studies have shown that 
smooth muscle cells are associated with formation and 
maintenance of vascular extracellular matrix (9).

In the systemic circulation, the aortic valve facilitates 
unidirectional blood flow during the systolic phase of the 
cardiac cycle. Each of its three leaflets consists of three 
layers: the ventricularis, the fibrosa, and the spongiosa 
(Fig. 2) (10). The ventricularis layer consists largely of 

radially aligned elastin-rich fibers facing the ventricular 
compartment of the heart. The fibrosa layer, located on 
the aortic side of the leaflet, consists of circumferentially 
arranged fibroblasts and collagen. The spongiosa is a layer 
of loose connective tissue and proteoglycans sandwiched 
between the ventricularis and the fibrosa layers.  

Figure 1
Structure of the arterial wall. The endothelial cells are in direct contact 
with blood flow in the intimal layer, while smooth muscle cells lie within 
the tunica media layer. Image was created from Servier Medical Art 
Commons (http://smart.servier.com). Servier Medical Art by Servier is 
licensed under a Creative Commons Attribution 3.0 Unported License.

Figure 2
Aortic valve leaflet consisting of fibrosa, spongiosa, and ventricularis 
layers (12), which contain valve endothelial cells (VEC) on the surfaces and 
valve interstitial cells (VIC) deep within the tissues. The fibrosa layer is 
enriched with collagen, while the spongiosa layer mainly consists of 
glycosaminoglycans (GAGs) and the ventricularis has a high concentration 
of elastin fibers (11). Flow on the ventricularis side induces laminar shear 
stress, while the fibrosa side experiences oscillatory shear stress. The 
fibrosa side which is dominated by relatively lower shear stresses and 
disturbed, oscillatory flow patterns is a common site for calcified nodules 
in the manifestation of calcific aortic valve disease (CAVD). Figure 
reproduced with permission from Ohukainen P, Ruskoaho H & Rysa J. 
Cellular Mechanisms of Valvular Thickening in Early and intermediate 
Calcific Aortic Valve Disease. Current Cardiology Reviews 2018 14 264–271. 
Published by Bentham Science (12).
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The outermost layer on both the fibrosa and ventricularis 
surfaces is covered with valve endothelial cells (VEC), 
which serve as a barrier to infiltration and accumulation 
of foreign substances. The middle layers contain valve 
interstitial cells (VIC), which are the most abundant cell 
type in heart valves and are responsible for regulating 
homeostasis of valve leaflet integrity (11).

Calcific aortic valve disease (CAVD) 
and atherosclerosis

Atherosclerosis involves narrowing of arteries due to plaque 
buildup. These plaques mainly consist of cholesterol, fatty 
substances, cellular waste products, calcium, and fibrin. 
They can occlude blood supply to the distal bed, and 
plaque rupture can activate thrombus deposition that 
further interrupts blood flow. Plaque deposition begins 
with endothelial dysfunction and unusual smooth muscle 
cell behavior due to environmental cues (13), in which loss 
of smooth muscle cell contractility leads to cell migration, 
plaque formation, and vascular calcification (14).

Aortic valve stenosis occurs when valve tissues 
become thickened or stiff, limiting blood flow from the 
heart to the rest of the body (Fig. 3). CAVD is a progressive 
disorder that ranges from mild valve thickening to severe 
formation of calcium phosphate nodules that impair leaflet 
movement (10). Formation of calcium nodules involves 
multiple factors, including endothelial dysfunction, 
inflammatory responses, as well as oxidative stresses on 
the valve that lead to valvular remodeling (15). Other risk 
factors for CAVD include hyperlipidemia, hypertension, 
chronic inflammation, and diabetes. Prevalence of CAVD 

is increasing worldwide, and therapeutic methods other 
than surgical valve repair or replacement are not currently 
available. In the United States alone, CAVD is the most 
predominant valve disease affecting over 5.2 million 
people with 50,222 reported deaths in 2013 (15).

Calcified nodules prevent valve leaflets from 
opening or closing properly. This leads to stenosis and 
regurgitation, and blood delivery becomes less efficient. 
This phenomenon is most commonly found in aortic or 
mitral valve locations, even though it can occur in any of 
the four valves. Research has been conducted in order to 
better understand how calcified nodules are formed as a 
result of alterations in valve extracellular matrix (ECM) 
biochemistry, and to a lesser degree, with respect to 
changes in regional biomechanical conditions.

Vascular vs valvular development

Vasculogenesis

Vasculogenesis is a process involving formation of the 
first primitive blood vessels from the mesoderm in the 
early embryonic stage (16). These mesodermal cells 
differentiate into precursors of blood vessel endothelial 
cells, angioblasts, and hematopoietic cells in the lumen. 
Angiogenesis, on the other hand, refers to the formation of 
new blood vessels from preexisting ones. Previous studies 
have demonstrated that vasculogenesis and angiogenesis 
are independent processes during ontogenesis (17). During 
vasculogenesis, angioblasts aggregate into cords, which 
develop into tubular structures and blood islands. Two 
types of vasculogenesis processes have been identified. In 
type I vasculogenesis, angioblasts associate to form blood 
vessels in situ without migration. In type II vasculogenesis, 
angioblasts migrate significant distances from the original 
site before initial formation of the vascular plexus (18). 
Formation of blood vessels via type I or type II differ 
between species. However, both types of vasculogenesis 
involve endothelial cells as the building blocks of blood 
vessel formation (2), in addition to a family of vascular 
endothelial growth factors (VEGFs) in all species, which 
are required for angioblast differentiation, regulation of 
endocardial-to-mesenchymal transformation (EMT), and 
valve elongation (16, 19).

Blood flow and vascular development
Vascular development and maintenance require blood 
flow, as blood vessels regress in the absence of flow 
(20). Studies have shown that shear stresses due to 
blood flow are an essential environmental factor that 

Figure 3
Closed healthy tricuspid aortic valve (A) and calcified tricuspid aortic valve 
(B). Calcified valves cannot open or close properly due to hardened 
leaflets from calcium deposition. These calcium nodules prevent the 
leaflet from movement or deformation. The cell types involved in 
pathological changes are primarily VECs and VICs; however, their specific 
pathological mechanisms remain unclear. Image was created from 
Servier Medical Art Commons (http://smart.servier.com). Servier Medical 
Art by Servier is licensed under a Creative Commons Attribution 3.0 
Unported License.
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activate the vascular endothelium. However, in addition 
to mechanotransduction properties, flow also directs 
secondary effects associated with chemical signaling, 
such as, for example, the transport of VEGF, which 
play a crucial role in development of vascular tissue  
morphology (21).

Valvulogenesis

Valve development occurs simultaneously with changes in 
cardiac morphology and hemodynamics. In early stages of 
embryonic development, the heart is a single tube which 
consists of endocardial cells in the myocardium (22). The 
endocardial cells which are similar to endothelial cells, 
originate from multipotent cardiovascular progenitors 
from the neural crest that arise from the ectoderm layer 
(23). The tube is surrounded by the primary myocardium 
which, under the presence of controlled VEGF expression, 
secretes a gelatin ECM known as the cardiac jelly to form 
cushions that later act as primitive valves. Studies have 
shown that an optimal physiological window of VEGF 
expression is essential for valve development. Within 
the first 4 weeks of embryonic development, a portion 
of endocardial cells, which originate mainly from the 
neural crest (24), migrate into the cardiac jelly, where they 
repopulate and transition into mesenchymal phenotypes 
(25). This process is known as the endocardial-to-
mesenchymal transformation (EMT) (Fig. 4). Formation 
of semi-lunar valves begins with expression of TBX2 and 
NOTCH1 to induce EMT, followed by elongation of the 
thick endocardial cushions into thin leaflets that exhibit a 
fibrous ECM structure (26).

Blood flow and valve development
Hemodynamics is one of the driving forces to valve 
development, and evidence has shown that blood fluid-
induced stresses are essential for proper valve maturation 
(28). Developmentally, the outflow streams of early 
ventricular chambers mold the gelatin-rich cardiac jelly 
to shape the outflow lumen (29). The endocardial cushion 
subsequently becomes populated by mesenchymal 
cells, which thereby facilitates structured ECM for 
valve development (30). Investigations have shown 
fluid-induced, oscillatory shear stresses to be essential 
stimuli of valvulogenesis, via direct upregulation of the 
transcription factor, klf2a (31). Klf2a is a flow-sensitive 
gene necessary for the synthesis of fibronectin and heart 
valve formation. According to Steed et al. (32), a lack of 
klf2a expression leads to impaired cell clustering and loss 
of fibronectin deposition in the cardiac jelly, which are 

critical stages of early valve development. Other studies 
have further shown that Bmp4 and Notch1b are additional 
oscillatory flow-sensitive genes critical for valve tissue  
formation (33).

Despite a higher lateral pressure from blood, absence 
of laminar flow parallel to the surface on the fibrosa side 
of the aortic heart valve leaflets may explain the cuboidal 
orientation of endothelial cells on its surface (29). On 
the other hand, valve patterning on the ventricularis 
surfaces exposed to unidirectional pulsatile flow exhibits 
high elastin expression, in contrast to the predominant 
collagen fibrils on the fibrosa surface that has considerably 
less exposure to unidirectional flow (34). Moreover, studies 
have shown that unique flow conditions in congenital 
valve anomalies such as in bi-cuspid aortic valves, which 
are prone to CAVD, regulate the valve’s tissue phenotype 
(35). Indeed, as was previously eluded to, the formation 
of a bi-cuspid rather than a normal tri-leaflet aortic valve 
is itself associated with irregularities in developmental 
hemodynamics, which subsequently trigger altered cell 
signaling events (36).

Similarities and differences

Both vascular and valvular development begin with their 
respective endothelial cells, which require VEGF as a potent 
cytokine. In vasculature, early vascular endothelial cells 
derived from the mesoderm are referred to as angioblasts 
that aggregate to form blood islands and vascular plexus (2).  

Figure 4
The cardiac jelly consists of an extracellular matrix which separates the 
outer myocardium layer from the inner endothelium layer. During valve 
formation, a small portion of the endocardial endothelial cells delaminate, 
differentiate, and migrate into the cardiac jelly, where they repopulate 
and differentiate to remodel valve tissues. Oscillatory flow-sensitive genes 
include WNT, NOTCH, BMP, and VEGF, which are essential components in 
various stages of cardiac development. Figure reproduced with 
permission from Armstrong EJ & Bischoff J. Heart valve development: 
endothelial cell signaling and differentiation. Circulation Research 2004 95 
459–470. Published by American heart Association (27).
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In valves, on the other hand, the endocardial cells 
migrate into the ECM cardiac jelly and transform into 
mesenchymal phenotypes to form the endocardial 
cushion. Research has shown that endocardial cells in 
the heart are derived from early vascular endothelial cells 
during embryonic development (37). This may suggest 
that the endocardium and vasculature share a common 
progenitor and that valve leaflets are descendants of the 
vascular endothelium. Moreover, both endothelial cell 
types regulate inflammatory genes in response to abnormal 
hemodynamic environments, which play important roles 
in vascular and valvular pathogenesis (38).

Vascular vs valvular disease

Vascular pathology

Vascular diseases often initiate with damage to the 
endothelium. The vessel wall consists of two major cell 
types, endothelial cells (EC) and smooth muscle cells 
(SMC). ECs form monolayers that line blood vessel walls, 
while SMCs form multiple layers that cover the outer 
surface of the lumen. The ECs secrete signals required 
for migration and proliferation of SMCs (39). The 
endothelium is known to play critical roles in initiation 
and progression of diseases (40). During vascular injury, 
smooth muscle cells undergo a process of contractile-to-
synthetic phenotypic switching. The synthetic vascular 
smooth muscle cells tend to migrate and proliferate to 
enhance vascular repair (41). Under normal conditions, 
the synthetic phenotype returns to the non-proliferative, 
contractile state. However, this plasticity in smooth muscle 
cells allows cells to respond, resulting in remodeling or, 
in some cases, pathology, which leads to atherosclerosis, 
stenosis, or hypertension (42). Environmental cues 
including growth factors, inflammatory mediators, and 
mechanical stresses may trigger phenotypic changes 
in vascular smooth muscle cells. Disruption of EC-SMC 
paracrine communication can also lead to arterial tissue 
destabilization and regression (39).

Biomechanical context
Blood vessels maintain integrity and function via SMC 
contractions and relaxations (43). Studies have found 
that large production of basal nitric oxide in combination 
with α1‐adrenergic responses facilitates high compliance 
and prevents stiffening effects of SMC contractions 
at high pressures (44). Other studies have suggested a 
significant correlation between arterial stiffness and blood 
pressure, smoking, and circadian rhythms (45, 46, 47).  

Nonetheless, the hemodynamics have shown to influence 
plaque formation and regression in blood vessels, 
specifically the effects of absolute wall shear stresses and 
levels of oscillations on vascular lesions (48). The linkage 
between blood flow oscillations and atherosclerosis are 
based on two premises: the mass transport theory and the 
shear stress theory (49). The mass transport theory suggests 
that prolonged contact between blood components and 
the vessel wall under oscillatory flow conditions increases 
transport of certain substances. For instance, transport of 
bioactive compounds such as low-density lipoproteins 
may increase at sites of high oscillatory flow due to 
prolonged exposure of these compounds to the vessel wall. 
The shear stress theory, on the other hand, focuses on the 
effects of mechanical forces due to blood flow on vascular 
physiology. Some studies suggest that regions exposed 
to low wall shear stress magnitudes in combination with 
blood flow oscillations promote plaque progression (50). 
Other studies showed an inconclusive correlation between 
oscillatory wall shear stress and intimal thickening (51). 
The two theories are not mutually exclusive, as both 
influence plaque formation. Shear stresses can also alter 
the permeability of blood vessel walls, thereby indirectly 
affecting molecular mass transport (52). The combined 
effects of both hemodynamic parameters in the initiation 
of atherosclerosis remains unclear. It should be noted that 
hemodynamic parameters other than wall shear stress 
and oscillatory flow may also be involved in the onset of 
atherosclerosis (53).

Valvular pathology

Heart valves are subject to various ranges of mechanical 
stresses. In response to cyclic changes in mechanical 
loading, the valves undergo continuous remodeling, which 
can lead to pathology (54). Valve anomalies are generally 
associated with inflammation, osteogenesis, apoptosis, 
necrosis, leaflet thickening, or formation of calcium 
nodules (55). Early calcific lesions are characterized by 
increase in expression of cell adhesion molecules as well as 
pro-inflammatory cytokines such as transforming growth 
factor-β1 (56) and bone morphogenetic proteins (57). These 
cytokines can then induce valve interstitial cells to switch 
to a fibrotic or osteoblastic phenotype (58, 59), which 
results in loss of valve tissue homeostasis, upregulation of 
cathepsins (60), and formation of calcific lesions.

Biomechanical context
As valve formation involves mechanically dependent 
processes of ECM maturation, it has been observed that 
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valve maintenance relies heavily on mechanotransduction, 
which initiates from a healthy hemodynamic environment 
(61). Valve injury, on the other hand, can also be caused by 
changes in the hemodynamic environment that induces 
wear-and-tear of the endothelial valve tissue (62). Once 
endothelial injury occurs, numerous active mechanisms 
are triggered, such as inflammation, lipid accumulation, 
and changes in growth factors and cytokines, resulting 
in valve degeneration and calcification (63, 64). Studies 
have revealed that earliest calcium deposits form at the 
cusp attachments of the valve leaflets, which experience 
the maximum level of flexural stress. These stresses  
may induce tissue degeneration and ultimately 
calcification (63, 65).

The responses of the valvular endothelium are, in 
some respects, similar to the vascular endothelium. For 
example, in both cases, the transport of compounds 
depends on the direction of blood flow on the valve 
endothelial surface (66) and the alignment of VECs is 
dependent on the magnitude and direction of shear stress 
(67). However, an important distinction is the fact that 
aortic VECs align perpendicular to the direction of blood 
flow, whereas their vascular counterparts align in the 
parallel direction (68).

Blood flow and valve disease
Aside from mechanical stresses from bending, valve 
endothelial dysfunction can also result from altered blood-
induced shear stresses. Valve leaflets primarily consist of 
VECs and VICs, in which the VECs are mechanosensitive 
cells that are in direct contact with shear stresses from 
blood flow. VICs, on the other hand, are located within 
the layers of the leaflets at a higher density in the fibrosa 
and ventricularis than in the spongiosa (58).

Similarities and differences in valve vs 
vascular pathology

In both vascular and valvular systems, it has been 
observed that regions exposed to oscillatory shear forces 
are most affected by plaque development or progression 
of calcification (69). Physiologically relevant blood-
induced shear stresses are required for proper functioning 
of the endothelium. In aortic valves, fibrosa layers are 
consistently exposed to oscillatory shear stresses. This 
also correlates to a finding that the fibrosa layers have 
lower strain than other parts of the leaflet (70). On the 
other hand, in arteries, bifurcation regions experience 
the highest blood oscillatory forces (Fig. 5C). In both the 
valve and the artery, these regions of oscillations are most 

prone to plaque formation (71, 72). Studies have shown 
that areas of low shear stress are prone to vascular plaque 
formation (73). Low shear stresses have also been found 
to upregulate genes associated with pro-atherosclerotic 
markers, wherein augmented matrix metalloproteinases 
(MMPs) activity has also been found (74, 75). Interestingly, 
while both oscillatory and low shear stress are needed 
to induce atherosclerotic plaque creation, the former 
induces plaque that is stable, whereas low wall shear stress 
is largely responsible for unstable or vulnerable plaque 
formation (74).

In valvular pathology, the VECs upregulate production 
of inflammatory cytokines that ultimately disrupt the 
endothelium with increased infiltration of inflammatory 
cells, mainly macrophages, into valve tissues (78). This 
infiltration can lead to changes in valve tissue mechanical 
properties, VIC proliferation, and calcification. Similar 
to valve pathology, loss of physiologically relevant shear 
stress in blood vessels can result in EC dysfunction, which 
leads to unbalanced nitric oxide production and further 
stimulates the formation of atherosclerotic plaques due to 
infiltration and proliferation of SMCs (79, 80). Therefore, 
a fundamental parallel that exists between vascular 
and valvular systems is the paracrine communications 
that occur between the endothelium and with smooth 
muscle cells or with valve interstitial cells, respectively. 
In this context, important mechanobiological triggers to 
pathology vs healthy tissue remodeling will depend on the 
magnitude of shear stresses and shear stress oscillations 
that are present. While a lower wall shear stress has shown 
to induce diseased pathways (74), it still remains unclear 
if the association between oscillatory force magnitudes 

Figure 5
Regions of oscillatory blood flow in valve vs in blood vessel bifurcations. 
(A and B) Illustrate oscillatory flow on the leaflet’s fibrosa side and the 
distribution of flexural compression (fibrosa) and tensile stresses 
(ventricularis) during valve open and closed states, respectively. (C) 
Depicts a straight segment of vasculature that experiences laminar flow. 
Oscillatory flow is formed at bifurcation sites downstream of the straight 
segment. It is observed that regions of flow oscillations are most 
vulnerable to plaque formation or calcification (76, 77).
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and vascular/valvular pathology is a linear relationship 
(e.g. higher oscillations imply more tissue degeneration) 
or, conversely, if there is a specific magnitude or ‘sweet-
spot’ of blood fluid-induced, oscillatory shear stresses that 
serve as a trigger to initiate disease (or for that matter, 
if there is a sweet-spot that promotes healthy vascular/
valvular tissue remodeling) (81).

A major difference between vascular and valvular 
pathology is the cell types involved in the progression 
of disease. Vascular pathology is associated with 
paracrine communication between EC and SMC, whereas 
valvular pathology involves regulation between VEC 
and VIC. Other differences include characterization 
of disease progression, in which vascular tissue forms 
atherosclerotic plaques, while valvular tissues form bone-
like nodules. These pathological features are mainly 
based on differences in growth pattern, cell proliferation, 
and adhesion properties exhibited by vascular SMCs vs  
VICs (58).

Vascular vs valvular remodeing

Heart valve biomechanics

Proper heart valve function ensures unidirectional blood 
flow while minimizing fluid resistance and maximizing 
flow volume (82). The continuous opening and closing 
of heart valves present repetitive deformations on 
valve leaflets, and the leaflets remodel according to 
hemodynamic forces to maintain proper function. With 
continuous adaptation of the valve leaflet ECM in addition 
to the complex hemodynamic environment that activates 
remodeling, these tissues exhibit non-linear mechanical 
stress-strain relationships (83).

Physiological forces and cyclic leaflet stresses
Heart valve movements are directed by physiological 
blood shear stresses. Unlike the vasculature, valves 
experience various mechanical stresses that are caused by 
internalized distribution of forces from blood flow. When 
valve leaflet flexure occurs during the cardiac cycle, the 
leaflets undergo regionally varying levels of tension, 
compression, and fluid-induced shear stresses (Fig. 5A 
and B).

Studies have shown that the effective modulus E, a 
measure of leaflet stiffness, is significantly lower in the 
commissural region than the belly region (84). This allows 
an increase in flexural angle of the leaflet as the valves 
open and close. It is also observed that collagen fibers are 
more aligned at the commissural region compared to the 

belly region (85). The commissural regions also remodel 
at a faster rate than the belly region, suggesting that these 
two regions experience different time-averaged stresses 
(85) and, specifically, that commissural regions are subject 
to higher stress magnitudes (86).

Pulsatile blood fluid-induced leaflet shear stresses
Shear stress from blood flow is defined as the tangential 
force generated from blood flow on the endothelial 
surface of the valve leaflets (87). Studies have shown 
that, at constant heart rate, an increase in stroke volume 
increases shear stresses on valve leaflets. However, at 
constant stroke volumes, an increase in heart rate actually 
reduces systolic peak shear stress (88). This may be due 
to a shorter systolic duration at higher heart rates which, 
in turn, results in shorter time frame for enabling high 
velocities to be generated, thereby reducing peak shear 
stress on leaflets (88). Research has also shown fluid shear 
stress to be protective against valvular endothelial cell 
inflammation (38). Nevertheless, disturbed patterns of 
shear stresses were found to be pro-inflammatory (89). 
One of the major effects of shear stress is realignment 
of endothelial cells and actin fibers of the cytoskeleton 
(90). It is observed that valvular endothelial cells align 
perpendicularly in response to flow (91), while vascular 
endothelial cells elongate in the direction of flow (92). 
Studies have also shown that flow patterns are governed 
by valve geometry, thus flow pattern quantification may 
help us evaluate function and health conditions of the 
valve (93).

In blood vessels, normal stresses from blood pressure 
act perpendicularly to the vessel wall, while shear stresses 
from blood flow are parallel to the vessel wall surface. 
While normal stresses are transferred to all vessel wall 
layers including the intima, media, and the adventitia, 
shear stresses are applied to the inner endothelium in 
contact with blood flow (94). In heart valves, normal 
stresses from transvalvular pressure of 80 mmHg is 
applied perpendicularly on the aortic valve leaflet surface 
during diastole. During systole, peak shear stresses from 
blood will be exerted onto the aortic leaflet surfaces on 
the ventricular and aortic sides, which are in the order 
of 64–71 dynes/cm2 and 20 dynes/cm2, respectively 
(62). Leaflet surfaces on the aortic side also experience 
oscillatory shear from disturbed flow patterns, while  
flow on the ventricular side remains distributed in the 
forward flow direction. A method developed by He & 
Ku (95) to quantify the extent of blood flow oscillations 
is known as the oscillatory shear index, which is  
defined as:
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where τw = wall shear stress, T = duration of cycle, and 
t = time (95).

Shear stress serves as a principal hemodynamic 
stimulus in tissue remodeling. When endothelial cells 
are exposed to laminar physiological shear stress (15–40 
dynes/cm2) (96), the cells become elongated and align in 
one direction. In contrast, oscillatory shear stresses tend 
to disrupt cell alignment pattern, and the extent of these 
oscillations may also have an impact on the severity of 
endothelial dysfunction.

Vascular remodeling

Vascular remodeling is the overall adaptation of blood 
vessels in response to environmental stimuli. Variations 
in vessel wall shear stress, circumferential stress, and 
metabolic status can induce a response in changes in 
blood vessel diameter and wall thickness (97). These 
blood vessels react by undergoing structural changes in 
order to maintain their functional demands.

Biomechanical context
Studies have shown evidence that vascular remodeling is 
driven by variations of blood flow-induced shear stresses 
(98, 99). However, the mechanistic details of how blood 
vessels sense flow and respond to it in vascular remodeling 
is not clearly understood. Distinct markers have been 
found in the vascular endothelium, such as ephrinB2 
and EphB4 receptors, which are specific to arterial and 
venous tissues, respectively (100). Analyses also suggests 
that differentiation of arterial or venous phenotype 
is mainly regulated by flow (6). For instance, vascular 
remodeling in zebrafish has shown transformation of 
arterial intersegmental vessels into venous phenotypes to 
create efficient blood circulation (101). This phenomenon 
demonstrates the plasticity of the vascular endothelium 
and that arterial and venous expressions may be reversible, 
depending on the flow environment (102, 103).

Valvular remodeling

Valvular remodeling is the overall adaptation of valve 
tissues to maintain homeostasis and undisrupted 
function. It involves changes in structure or form of 
valve components, such as the distribution of collagen 

and elastin within the ECM, as well as the migration 
or infiltration of cells. Various studies have shown that 
valve tissue structures undergo constant remodeling 
under mechanical loading (104), in which leaflet 
areas of stress correlate to synthesis of proteins and 
glycosaminoglycans (105).

Biomechanical context
Similar to vascular remodeling, valvular remodeling 
involves gene expression of shear-responsive factors in 
response to changes in blood flow. It is observed that aortic 
stenosis results in abnormal blood flow and an elevated 
load for the left ventricle. To compensate for stenotic 
conditions, the change in hemodynamics due to stenosis 
can also lead to left ventricular remodeling (106). For 
instance, gene expression of Tie1 in valvular endothelial 
cells may be essential for ECM remodeling in valve tissues 
(107), as Tie1 is found to be necessary for endothelial cell 
proliferation (108). However, due to its orphan receptor 
status, Tie1 is still poorly characterized (109).

Blood flow and valve remodeling
An increase in demand for blood flow has shown to 
affect heart development. Studies have revealed that as 
pregnancy increases maternal cardiac output demand due 
to the developing fetus, the changes in hemodynamics 
lead to cardiac enlargement and an increase in valve 
leaflet size (110, 111). In addition, an increase in blood 
volume in the developing heart has shown to change 
collagen architecture and leaflet composition (112, 113). 
These results indicate a strong evidence for high collagen 
turnover rate and complex restructuring of valvular tissue 
matrix due to increases in cardiovascular loading.

Statistics show that individuals with bicuspid aortic 
valves are more likely to acquire CAVD as compared to 
tri-leaflet aortic valves, due to altered blood flow patterns 
(114). However, the correlation between valve leaflet 
biomechanics and calcification remains largely unknown 
and remains an active area of investigation.

Similarities and differences in valve vs 
vascular remodeling

Vascular and valvular ECs exhibit similar morphology 
in static conditions, and both cell types change cell 
alignment and orientation in response to flow. However, 
alignment of vascular ECs and VECs in relation to flow 
direction differ in both direction and signaling pathways 
(92). Alignment of vascular ECs is dependent on calpain, 
rho-kinase, and PI3K, while VEC alignment is solely 
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dependent on calpain and rho-kinase (92). VECs align 
perpendicular to fluid flow direction, whereas vascular 
ECs assemble in a parallel manner (92).

Our laboratory’s experience in valve 
regenerative medicine

Currently, treatment advances for valve diseases beyond 
mechanical or bioprosthetic replacements is scarce. 
There are over 250,000 heart valve replacements every 
year (115). Mechanical heart valves require patients to 
be on life-long anticoagulant medication; bioprosthetic 
valves are less durable and more prone to re-calcification. 
Scientists and engineers have been exploring alternative 
treatments such as tissue engineered heart valves using 
bioreactor systems to deliver the proper flow, flex, and 
stretch conditioning (116, 117).

Some of the major in-house findings of tissue 
engineered heart valves show that when bone marrow 
stems cells seeded in scaffolds are exposed to a combination 
of flex and flow environments, the shear stresses from both 
flex and flow conditions generated a significantly higher 
amount of collagen compared flex only or flow only 
samples. In addition, under static (no flow) conditions, 
very little collagen is produced (116). This suggests that 
physiologically relevant flex-flow conditions promote 
early valvular tissue matrix development. In addition to 
flex-flow conditions, our laboratory has also investigated 
the effects of pulsatile shear stress in comparison to non-
pulsatile shear on tissue cell alignment. It is observed 
that bone marrow stem cells respond to pulsatile shear 
stress with an increased level of actin filaments and a 
decrease in filament length, suggesting transition from 
a mesenchymal to endothelial phenotype, which is a 
crucial process in the formation of the endothelium in 
tissue engineered heart valves (118).

It is important to make the distinction between 
pulsatile flow and oscillatory flow. Fluid pulsatility 
may not necessarily yield oscillatory flow patterns 
downstream. Moreover, the specific nature of oscillatory 
flow patterns may elicit either a healthy or pathological 
cellular/tissue remodeling response. With our laboratory’s 
(http://cvpeutics.fiu.edu/) emphasis in cardiovascular 
regenerative medicine applications, we have previously 
shown that specific oscillatory flow conditions 
(intermediate OSIs in the range of 0.18–0.23) promote 
the valvular phenotype in differentiating human bone 
marrow mesenchymal stem cells, as evidenced via gene 
expression results (81). Part of our on-going efforts are 

to assess if oscillatory flow conditions can additionally 
enhance the stem cell secretome, such as, for example, 
via exosome production for delivery of molecular factors, 
that could potentially enhance cardiovascular repair and 
regenerative processes.

Concluding remarks and future outlook

Heart valves and blood vessels are dynamic biological 
structures that play important roles in efficient blood 
delivery. Dysfunction and dysregulation of cellular 
functions lead to vascular and valvular diseases (58, 
119), particularly atherosclerosis and valve stenosis 
(120). Early works focused on understanding cellular 
and ECM responses to various mechanical environments 
of valvular and vascular systems. The mechanisms 
involved in physiological or pathological conditions 
due to environmental adaptation remains unclear. 
While remodeling may repair the original vascular or 
valvular tissues, due to cell plasticity, they also pose a 
risk of developing pathology. Inflammatory cells are 
also known to play active roles in both ECM remodeling 
and calcification (121). However, determination of the 
pathways that lead to mineralization or remodeling 
require further assessment. While tissue deformation is 
an important factor involved in vascular and valvular 
repair or disease (122), variables such as the presence of 
cyclical flexural stresses, pulsatile blood-induced stresses, 
cyclical tensile stresses, inflammatory cytokines, and 
macrophages present major challenges in recapitulating 
vascular and valvular pathology in vitro. Future work 
will involve detailed designs of bioreactors that better 
simulate the mechanical and biochemical environment 
of native vascular and valvular tissues, with the goal of 
developing pharmacological therapies. Additionally, the 
emerging studies on the role of neuronal cell regulation 
and specific ECM structures in tissue remodeling (123, 
124, 125) should also be considered in these in vitro 
vascular/valvular tissue model systems.
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