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Abstract

Heart valves control unidirectional blood flow within the heart during the cardiac cycle. They have 

a remarkable ability to withstand the demanding mechanical environment of the heart, achieving 

lifetime durability by processes involving the ongoing remodeling of the extracellular matrix. The 

focus of this review is on heart valve functional physiology, with insights into the link between 

disease-induced alterations in valve geometry, tissue stress, and the subsequent cell 

mechanobiological responses and tissue remodeling. We begin with an overview of the 

fundamentals of heart valve physiology and the characteristics and functions of valve interstitial 

cells (VICs). We then provide an overview of current experimental and computational approaches 

that connect VIC mechanobiological response to organ- and tissue-level deformations and improve 

our understanding of the underlying functional physiology of heart valves. We conclude with a 

summary of future trends and offer an outlook for the future of heart valve mechanobiology, 

specifically, multiscale modeling approaches, and the potential directions and possible challenges 

of research development.

Introduction

Heart valves are complex multilayered structures that serve to prevent retrograde flow in the 

right and left ventricles by their opening and closing motion caused by differential blood 

pressure on each side. The heart has four valves, two atrioventricular: the mitral valve (MV) 

and tricuspid valve (TV), and two semilunar: the aortic valve (AV) and pulmonary valve 

(PV). Although they function as simple check valves that control the unidirectional flow of 

blood during the cardiac cycle, they are in fact complex structures that are uniquely adapted 

to withstand demanding mechanical and hemodynamic environments unlike any other found 

in the body. Their unique structure and shape enables them to maximize flow rate while 

minimizing flow resistance. With every heartbeat, valve leaflets experience three distinct 

tissue stress states: tension (closed valve to prevent retrograde flow), flexure (opening and 

closing motion), and shear stress (due to blood flow) (165). The duty cycle of heart valves 

highlights their remarkable ability to withstand mechanical demands. The MV, for example, 
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opens in ∼50 ms and remains open for ∼600 ms during diastole, closes in ∼50 ms and 

remains closed for ∼300 ms during systolic ejection (215). Each heart valve opens and 

closes more than 40 million times per year, demonstrating the valves’ ability to function in a 

demanding environment by consistently remodeling and repairing its functionally adapted 

extracellular matrix (ECM), which consists of collagen, elastic fibers, proteoglycans, and 

glycosaminoglycans.

ECM and collagen in particular play a vital role in the function and durability of heart 

valves. As in all soft tissues, the valvular ECM is a dynamic environment with fibrous 

proteins being continuously degraded and replaced. The ECM provides structural and 

functional characteristics to valve tissue that include cell support, mechanical integrity, and 

biological signaling (98). Altered mechanical forces due to age (5,239,240), disease, or 

pathology (200,202,203) are associated with phenotypic changes of valve interstitial cells 

(VICs). To fully understand valve behavior and tissue remodeling during pathophysiological 

alterations in mechanical loading, it is necessary to gain insight into VIC mechanobiology 

and link it to tissue- and organ-level mechanical stimuli (Figs. 1 and 2). Despite its clinical 

importance and relevance, the interrelation between organ level stresses and cellular 

responses remains relatively unexplored, with most computational models focusing on tissue 

level stresses only. Investigating HV biomechanics with a multiscale approach will answer 

important questions on the biological impact that mechanical stimuli have at the organ, 

tissue, and cellular scales. Thus, the focus of this review is on heart valve biomechanics and 
the underlying mechanobiology, specifically the link between disease-induced and surgically 

induced alterations in valve geometry and the VIC mechanobiological response that leads to 

tissue remodeling and in the long term, valve tissue homeostatic state.

Abbreviations used throughout this article can be found in Table 1.

Heart Valve Functional Physiology

Heart valve structure and function

The average adult heart beats at approximately 60 beats per minute. To maintain 

unidirectional blood flow in this dynamic environment, heart valves must open and close 

more than 100,000 times a day (253). The structure-function relationship between the valve 

cells and the surrounding ECM enables heart valves to function and maintain a homeostatic 

state in different hemodynamic and biomechanical environments. All heart valves have 

similar functional demands; yet, their structures are very different and distinct. The 

atrioventricular valves (AVVs) separate the atria from the ventricles and prevent retrograde 

flow from the ventricles into the atria. The MV is located on the right side of the heart and 

has two leaflets, whereas the TV is on the right side and has two leaflets. AVV also have 

external supporting chordae tendineae that attach the underside of the valve leaflets to the 

papillary muscles within the ventricle (8). The semilunar valves (SLVs) separate the 

ventricles from the great arteries and prohibit reverse blood flow into the ventricles. The 

SLV consist of the aortic and PVs, which are on the left and right sides of the heart, 

respectively. Each SLV has three leaflets, also known as cusps. Unlike the AVV, SLV lack 

external support, though the AV has a unique supporting structure within the aortic root, 

known as the fibrous annulus, which holds it in place (150).
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The coordinated movement of the different structures of heart valves enables them to 

maintain unidirectional blood flow during the cardiac cycle and function as control valves in 

the heart. HVs must open and close at least 3 × 109 times in a lifetime, highlighting their 

complex and multimodal biomechanical function. The high atrial pressure that exists in 

diastole causes the papillary muscles to relax and results in the opening of the AVV, which 

then allow blood to flow from the atrium to the ventricle. The sudden increase in ventricular 

pressure leads to AV valve closure, which is caused by chordal tension, and maintains AVV 

leaflets closed and coapted to prevent the backflow of blood into the atria. Ventricular 

contraction leads to the opening of the SLVs. The pressure changes that occur from systole 

to diastole throughout the cardiac cycle expose heart valves to a variety of forces and a 

constant change in hemodynamics. Heart valves must have the necessary biomechanical 

properties to withstand and function efficiently in the complex mechanical environment 

described earlier. Heart valve leaflets develop and maintain an intricate and highly organized 

connective tissue system that allows them to do so (253).

Heart valves are multilayered structures of specialized ECM with interspersed differentiated 

VICs, all surrounded by an outer layer of valve endothelial cells. The AV, for example, 

consists of three histologically distinct layers, whereas the MV has four (Figs. 2 and 3). The 

fibrosa layer, which is located on the ventricular side of AVV and the atrial side of SLV, is 

composed of circumferentially aligned collagen fibers that provide the leaflets with the 

necessary tensile strength to open and transmit forces during coaptation while closed. The 

spongiosa layer is situated adjacent to the fibrosa and though it contains some collagen, its 

main constituents are the hydrophilic glycosaminoglycans and proteoglycans, which give the 

valve its compressive properties and allow it to absorb high forces during coaptation. The 

ventricularis and atrialis are the layers that are adjacent to blood flow in AVV and SLV, 

respectively. These layers are rich in radially oriented elastin fibers and facilitate the closure 

movement by extending the valve leaflet as it opens and recoils when it closes. The annulus 

and chordae tendineae of the AVV and the connection between the leaflets and the 

surrounding myocardium in the SLV provide additional support.

Valve cells, which consist of endothelial and interstitial cells, play a major role in 

maintaining homeostatic state that is necessary for heart valve function. Collectively, VICs 

and the ECM provide heart valve leaflets with the necessary biomechanical properties to 

open and close during the cardiac cycle. This important structure-function relationship 

facilitates normal heart valve functional physiology. Both VICs and leaflet ECM interact 

with a peripheral layer of valve endothelial cells. These cells maintain valve homeostasis in 

the embryo and throughout adult life by responding and adjusting to the different 

hemodynamic environments (253).

Developmental origin of heart valves

Endocardial cushion formation—During embryonic development, the heart is the first 

organ to function. The first step in heart valve development is endocardial cushion 

formation, a process during which the myocardial and endocardial cell layers of the 

primitive vertebrate heart tube are separated by specialized ECM, known as cardiac jelly 

(187, 188). Endocardial cushion formation begins after the end of rightward looping and is 
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mediated by cellular activities, such as adhesion, signaling, migration, secretion, replication, 

differentiation, and apoptosis (188). The first indication of valve development is the 

formation of endocardial cushions in the outflow tract (OFT) and atrioventricular canal 

regions of the primitive heart tube (111). Myocardial cells localized within the 

atrioventricular canal and OFT regions increase ECM biosynthesis, particularly 

proteoglycan and glycosaminoglycan deposition, ultimately giving rise to cardiac jelly 

“swellings” (253). Once formed, the endocardial cushions become populated by not only 

myocardial cells but also valve precursor cells through an epithelial-mesenchymal transition 

(EMT), which invade the underlying cardiac jelly and proliferate to populate endocardial 

cushions. These cells undergo directed growth and remodeling to enable the cushion 

structures to serve as physical barriers that drive unidirectional blood flow in the primitive 

heart tube and later, to form the valvular structures and membranous septa of the mature 

heart (188). A total of four endocardial cushions form in the atrioventricular canal: the 

superior, inferior, left, and right lateral cushions; whereas only two form in the OFT: the 

proximal and distal cushions (156). The septation of the OFT and fusion of the AV canal 

cushions leads to the formation of valve primordial which correspond to the distinct leaflets 

of the four valves. The thinning and elongation of the valve primordial and the remodeling 

of the ECM into layers rich in elastin, fibrillar collagen, and proteoglycans characterize 

valve leaflet formation (111).

Valvular precursor cells—Heart valve cells in the developing embryo originate from 

multiple sources. The major cell provider is, however, the endothelial cell lineage, which 

plays an essential role throughout heart valve development. The endothelial cells that 

surround valve leaflets form a continuous epithelial cell layer with the endocardium (9). The 

endocardial and myocardial precursors of the OFT arise from the secondary heart field 

(276). Lineage tracing analysis with Tie2cre;ROSA26R mice has shown that the majority of 

mesenchymal cells that form the AV and OFT endocardial cushions and later give rise to the 

mature valve structures are derived from endothelial cells (62,144,233). Extensive cell 

mapping has revealed that VICs in mature AVV are not only derived from Ti2-Cre 

expressing endothelial cells (62, 144) but also other alternative sources. Chick-quail chimera 

studies in avian embryos highlighted the existence and important contributions of 

epicardium-derived cells in developing AVV (87, 233). In mice however, there is little 

contribution of epicardially derived cells in AVV as indicated by Wilms Tumor 1 (WT1)-Cre 
lineage analysis (301). Wnt1-Cre lineage tracing studies have shown that there is a 

significant number of neural crest-derived cells in the developing OFT endocardial cushions 

(62,117,233). Cells of neural crest origin also exist in mature SLV and are concentrated in 

individual cusps of the PV and AV (172). Although lineage-tracing studies indicate that the 

majority of VICs arise from endothelially derived progenitors, there is increasing evidence 

that specific subpopulations arise from distinct embryonic sources. It is not known, however, 

if these diverse embryonic origins give rise to different VIC subpopulations with specific 

contributions to valvular structure and function (111).

Valvulogenesis regulation—Signaling pathways play a critical role in endocardial 

cushion induction and EMT. The initial induction of EMT in the OFT and the AV canal 

requires BMP2 signaling from the myocardium to the endocardium (152). Both canonical 
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Wnt and transforming growth factor (TGF)-beta signaling are required for EMT and the 

proliferation of mesenchymal endocardial cushion cells (116,142,188). In the endocardium, 

Notch signaling regulates the repression of endothelial cell gene expression and is required 

for EMT (273). Endocardial cushion mesenchymal cells express Twist1 and Msx 

transcription factors, which are characteristic of mesenchymal progenitor cells (48,296). 

These cells are highly proliferative and express many of the genes of mesenchymal cell 

types that are involved in both development and regeneration as well as tumor metastasis. 

Twist1 and Tbx20 are transcription factors that promote cell proliferation, migration, and 

primitive ECM gene expression in the endocardial cushions—they are all downregulated 

during valve remodeling (36,228).

Several key events occur at the end of endocardial cushion formation. Endothelial cells stop 

undergoing EMT and form an uninterrupted endothelium lining that is strengthened by cell-

cell contact (188). The individual endocardial cushions in the atrioventricular canal region 

fuse and elongate into MV and TV primordial, whereas those of the OFT region form the 

primitive aortic and pulmonary structures (144). The cells in these developing valvular 

structures continue to proliferate and undergo remodeling. This said, much less is known 

about the regulation of remodeling, especially with respect to VECs, since most of the recent 

studies have been focused on VIC remodeling (253). VICs begin to downregulate and lose 

mesenchyme genes, including Twist1, Tbx20, Msx1, and Msx2, and start expressing 

differentiated lineage markers that are characteristic of chondrocyte and tendon cells (36, 

115, 143, 146, 169). The transition from endocar-dial cushion formation to heart valve 

remodeling requires the transcription factor NFATc, which promotes the expression of the 

ECM remodeling enzyme cathepsin K (49, 61, 206). Several key studies have highlighted 

the striking similarities that exist between connective tissue, such as cartilage, tendon, and 

bone, and the developing valve (146). These include but are not limited to signaling 

molecules, transcription factors, and structural proteins. Some examples include BMP2 

signaling, which activates both the Sox9 transcription factor and aggrecan gene expression 

in cartilage and valve progenitors, and FGF4, which activates Scleraxis and tenascin in 

developing tendons and remodeling valves (143, 300). Studies on mature avian hearts have 

revealed compartmentalization of gene localization, in which cartilaginous genes such as 

Sox9 are localized in the maturing valve leaflets, whereas the tendon-associated genes (i.e., 

Scleraxis) are in the supporting structures (143). This distinction however, was not made in 

the smaller mouse valve. In this case, both Sox9 and Scleraxis were highly expressed 

throughout the valve leaflets as well as the supporting structures (138,145).

The ECM of the valves also undergoes extensive changes during valve remodeling, which 

include the degradation of the primitive cardiac jelly by matrix metalloproteinases (MMPs) 

and the deposition of collagen and proteoglycans to form the spongiosa and fibrosa layers 

(64,200). Wnt signaling is active in the developing valves and early bone formation and is 

critical for the expression of genes that are characteristic of the collagen-rich fibrosa layer 

(7). The initiation of valve leaflet stratification is affected by the hemodynamics and the 

biomechanical forces acting on the valve, the elastin fibers and thus, the atrialis/ventricularis 

layers, will not be deposited until late postnatal stages when the valves becomes stratified 

(111). An important feature of late embryonic valve development is the reduced cell 

proliferation. After birth, little if any cell proliferation occurs (5,111). Cellular processes and 
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transcriptional pathways and networks play a key role in the regulation of heart valve 

maturation. However, the influence of mechanical flow is just as important in mediating 

valve cellular function throughout development and maturation.

Heart Valve Disease and Clinical Relevance

Overview of heart valve disease

More than five million people are diagnosed with heart valve disease in the United States 

(US) each year (89, 175), with approximately 95,000 annual valve replacement surgeries, 

and 20,000 deaths per year (148). Although valve disease can occur in any of the four 

valves, diseases of the AV and MV are the most common. Diseased heart valves are 

characterized by disruption in ECM layer stratification, VIC disarray, and VEC denunadion 

(111). These structural disruptions have an effect on the function of heart valves and cause 

them to become stenotic, restricting the one-way flow of blood, and/or regurgitant, allowing 

blood to flow backward. Various conditions can cause regurgitation and stenosis including 

but not limited to degenerative valve disease, calcification, and myocardial infarction (MI).

Heart valve defects are clinically diagnosed at birth or become apparent later in life. About 

2% of live births have a congenital heart disease, these include bicuspid AVs, isolated 

anomalous lobar pulmonary veins, or a silent patent ductus arteriosis (113). Bicuspid AV 

disease, which is characterized by the presence of two instead of the normal three leaflets, is 

the most common congenital heart defect among the adult population with a reported 

incidence of 1% to 2% (113,253). These valves are highly susceptible to calcification due to 

the osteoblast-like VIC phenotype and matrix mineralization (205). The pathological 

disruption of the AV’s normal structure leads to calcification causing the tissue to become 

thicker and stiffer, ultimately leading to a decreased orifice area and thus, stenosis. The 

resulting abnormal biomechanics cause lifelong valvular dysfunction, which will ultimately 

require surgical valve replacement. Other congenital heart valve defects, such as MV 

prolapse, are not apparent at birth and remain latent until late adulthood. The increased 

deposition of collagen and proteoglycans and the resulting biomechanical weakening of the 

valvular leaflet tissue characterize MVP, which affects more than 2% of the American 

population and leads to regurgitation, ultimately causing prolapse into the left atrium.

Mitral regurgitation, defined as the abnormal reversal of blood flow from the left ventricle to 

the left atrium, can be caused by the dysfunction or modifications in any part of the MV 

apparatus (i.e., annulus, chordae, leaflets, papillary muscles, left atrial wall, or ventricular 

myocardium). In the United States, nearly 40,000 patients undergo MV repair or 

replacement each year due to MR (89,199). In the past, replacement of the valve with a 

bioprosthetic or mechanical valve was the procedure of choice. However, both types of 

replacements have disadvantages that include a limited lifespan for bioprosthetic valves and 

complications caused by anticoagulant therapies associated with mechanical valves (199). 

As a result, cardiac surgeons have gradually shifted their focus to MV repair, mainly ring 

annuloplasty, which restores normal annular size, shape, and function by facilitating more 

natural leaflet motion and coaptation (33, 34). Despite the benefits of MV repair, recent 

studies have indicated that the long-term durability of this procedure is less than previously 

thought (2,71,73,84). Patients undergoing MV repair for myxomatous disease had a 10% to 
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16% recurrence rate of MR that required reoperation within 10 years of surgery (73,85). 

Patients with ischemic MR, caused by systolic traction on the mitral leaflets secondary to 

ventricular distortion (38), had a 30% recurrence rate at 6 months postsurgery, which 

increased to 60% after 3 to 5 years (161). More recently, Goldstein et al. have reported 

findings from a 2-year randomized trial that compares MV repair with MV replacement in 

more than 251 patients with severe ischemic MR (90). Echocardiographic and clinical 

outcomes data showed no significant differences in the left ventricular end-systolic volume 

index, survival, or adverse events at 1 year postsurgery. This said the rate of recurrence of 

moderate or severe MR was significantly higher in the repair group than in the replacement 

group (58.8% vs. 3.8%), leading to more heart-failure-related adverse events (24% vs. 

15.2%) and clinical admissions. Repair failure, caused by excessive tissue stress that result 

in the disruption of the suture lines in both leaflets and the annulus (83), suggest that this 

method can be improved upon. Moreover, these findings suggest that baseline clinical or 

echocardiographic data can be used as predictors for MR recurrence and for selecting the 

patients that will benefit from MV repair instead of replacement. Recent work by Bouma et 

al. showed that preoperative three-dimensional echocardiography combined with a novel 

valve-modeling algorithm could be used to predict ischemic MR recurrence 6 months after 

repair (25). The results highlight that although preoperative annular geometry was the same 

in all IMR patients, the degree of leaflet tethering was higher in patients that had a recurrent 

IMR 6 months postsurgery (tethering index of 3.91 vs. 2.90 in patients without MR 

recurrence). More importantly, the use of multivariate logistic regression analysis 

highlighted the preoperative P3 tethering angle as a strong independent predictor of IMR 

recurrence after undersized ring annuloplasty, whereby 29.9° is the optimal cutoff for 

prediction. The combination of imaging and computational techniques, such as the ones 

demonstrated in the work by Bouma et al., can provide surgeons with unique tools that will 

allow them to perform detailed patient-specific preoperative analyses—such analyses can 

complement intraoperative valve analytic techniques and inform surgical repair outcome.

Calcified aortic valve disease (CAVD) is a slow, progressive, multifactorial disorder that is 

more common with age, without being an inevitable consequence of aging (16, 76, 77, 129, 

274). Initial phases of the disease include mild thickening of the valve, whereas more 

advanced stages are associated with impaired leaflet motion, valve tissue adaptation, and 

resistance to blood flow (82, 96, 189, 193). These conditions are known as aortic valve 

sclerosis (AVSc) and calcific aortic valve stenosis (CAVS), respectively. Many 

cardiovascular conditions, such as MI, chronic heart failure, and severe CAVS exhibit AVSc 

as one of the major hallmarks of the condition in the presence of other major cardiovascular 

risk factors (16, 77, 129, 183, 210). AVSc affects a large portion of the population: 25% to 

30% of patients over the age of 65 and up to 40% over the age of 75 are diagnosed with 

AVSc. Although it causes significant thickening of the AV leaflets, there is little to no 

change in the mechanical properties of the valve in AVSc, making the disease relatively 

asymptomatic. Recent statistics have shown that within 10 years of their initial diagnosis, 

10% of AVSc patients reach a state of severe CAVs that requires immediate AV replacement 

once symptoms emerge (82). Despite its clinical prevalence, a limited number of studies 

have investigated the active cellular process underlying the progression of this disease. In 

addition, specimens from, subclinical AV diseases are generally not available to investigators 
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since these valves are not surgically replaced until moderate to severe stenosis occurs. We 

now understand that AS is just the end-stage of a disease that progresses from the 

microscopic early changes of AVSc to, in a subset of patients, asymptomatic and then 

symptomatic AS (4, 129, 183). Once AVSc is detected (Fig. 4), there is an increased risk of 

cardiovascular events, as shown by deviation of the survival curve (purple line in Fig. 4) 

from the expected event-free survival (light blue line in Fig. 4). In early AS, when mild 

symptoms begin to present, survival rates deviates much more than expected and decline 

dramatically with the onset of severe symptomatic AS. Over the last decade, several clinical 

trials, mostly extensions of atherosclerosis-related studies, have been performed to halt the 

progression of CAVD with randomized studies showing substantial equivalence between 

treatments and placebo (19, 51, 170, 186, 212). Cardiovascular risk factors initiate 

atherosclerosis-like mechanisms that promote valvular lesions and lead to CAVD. Oxidative 

stress leads to transcriptional upregulation of specific pathways (i.e., Wnt/β-catenin, Runx2/

Cbfa1, and Msx2) that promote osteochondrogenic matrix remodeling and activate 

myofibroblast transdifferentiation into osteogenic phenotype (185). This said, calcium 

deposition can occur through several noncellular mechanisms, including but not limited to 

epitaxial calcification and osteopontin (185). These recent pathological findings have 

provided important mechanistic insight into the human disease progression and have 

strengthened the paradigm that CAVD is not necessarily due to a degenerative process in 

which calcium accumulates and protrudes along the aortic surface, but rather a variety of 

mechanisms, one of which being relatively similar to the atherosclerosis mechanism (185, 

204). To affect the progression of the disease, we need to understand both subclinical and 

symptomatic stages so we can measure targeted therapy before AS proceeds to advanced 

stages. In all of these disease states, it is important to link organ-level and tissue-level 

stresses to cell response and ultimately, to VIC mechanotransduction, to fully understand the 

function and homeostatic response of heart valves to altered local tissue stress.

A Multiscale Approach to Understanding Heart Valve Biomechanical 

Functional Physiology

Organ-level hemodynamics

The surrounding hemodynamic environment controls the mechanisms that ensure proper HV 

function. Understanding the interactions between HVs and their local hemodynamic 

environment is critical to understand normal valve function and shed light on disease 

progression. Despite their profoundly different anatomical and functional characteristics, all 

four HVs function to facilitate the unidirectional flow of blood while maximizing flow rate 

and minimizing flow resistance. Although the effects of valve size and effective orifice area 

have a profound impact on the specific flow behaviors, for the purposes of this review, we 

choose to focus on general behaviors common to valve function and use the AV as an 

example to represent the hemodynamics of all four HVs.

Semilunar valve hemodynamics—In healthy individuals, the AV opens during 

ventricular contraction, also known as systole, and closes during ventricular relaxation, 

diastole, with blood flowing through the AV at a peak velocity of 1.35 ± 0.35 m s−1 (181). 

Valve closure occurs at the end of the deceleration phase of systole with minimal backflow 
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through the valve. This motion creates adverse axial pressure differences along in the 

developing boundary layer along the aortic wall, causing the inertial flow in this region to 

decelerate and then, reverse direction, creating vortices in the sinuses behind the AV leaflets. 

(209). The creation of these vortices facilitates the closing and coaptation of the AV leaflets. 

When coupled with the vortices that push the leaflet surfaces toward the closed position, this 

force leads to a very fast and efficient closure of the valve. In vitro studies have shown that 

the axial pressure difference alone is sufficient to close the valve during diastole (209). 

Although the AV remains functional in the absences of sinus vortices, its motion is not as 

efficient. This said, it is important to note that the AV must be considered a functional part of 

the left ventricular outflow track. Although the existence of aortic sinuses leads to important 

hemodynamic patterns that promote AV motion, particularly closure, they may have other 

functions as well. For example, the AV annulus expands and contracts during the cardiac 

cycle, altering AV leaflet function and possibly facilitating valve opening during systole. 

Characterizing the structural composition of the leaflet/sinus interface is key in 

understanding the importance of the geometry and structure of the AV. Histological data 

revealed a gradual transition from highly collagenous AV leaflets to the elastin-rich sinus 

wall (1), suggesting that the AV’s highly specific microstructure and geometry play an 

important role by reducing the effects of flexural stresses at the leaflet/sinus interface. 

Although they are different in structure and can have multiple functions, we must keep in 

mind that the many valvular components interact in a complex yet ultimately, functional 

manner to ensure proper and efficient heart valve function. The velocity profile at the level 

of the AV annulus is relatively flat with a slight skew that is less than 10% of the centerline 

velocity toward the septal wall. The skew in velocity is caused by the orientation of the AV 

relative to the long axis of the left ventricle (121). Three-dimensional magnetic resonance 

phase velocity mappings have been used to analyze flow patterns just downstream of the AV, 

which are of particular interest due to their complexity and relevance to arterial disease. 

Highly skewed velocity profiles and helical flow patterns were observed (121).

The PV has a similar flow profile to the AV with lower velocity magnitudes. Two-

dimensional and three-dimensional Doppler echocardiography was used to measure typical 

peak velocities at the valve outlets. In the healthy adult, the average peak velocity was found 

to be 0.75 ± 0.15 m s−1 (178). During acceleration, the peak velocity is observed inferiorly 

with this peak flow rotating counterclockwise throughout the remainder of the ejection phase 

(231). Although there is a region of reverse flow that occurs in late systole and that may 

represent flow separation, the mean spatial profile is relatively flat, with a slight skew to the 

profile. The peak velocity is generally within 20% of the spatial mean throughout the cardiac 

cycle. The pulmonary artery and its bifurcation can experience secondary flow patterns (i.e., 

minor flow patterns that are superimposed on the primary flow and that are significantly 

different in speed and direction from the flow that is predicted using analytical techniques). 

Several experiments that utilize in vitro laser Doppler anemometry have shown that the 

observed flow patterns are valve-specific and geometry dependent. These flow patterns are a 

good tool for the evaluation of the function and state of HVs (248–250).

Atrioventricular valve hemodynamics—We first examine the MV as the more studied 

AVV. Its functional demands: during isovolumic relaxation, the pressure difference between 
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the left atrium and the left ventricle causes the MV leaflets to open and allow blood to flow 

from the left atrium into the left ventricle during diastole. The active relaxation of the 

ventricle helps to maintain a positive transmitral pressure and enhances the initial filling of 

the ventricle. The flow reaches its peak during the early filling phase with normal peak 

velocities ranging from 50 to 80 cm s−1 (290). Soon after active ventricular relaxation, the 

fluid begins its deceleration and the MV partially closes. Late diastole is marked by atrial 

contraction during which the blood accelerates through the valve again to a secondary, lower 

velocity peak. In the PV, the major/minor velocity peak ratios range from 1.5 to 1.7 (290).

TV hemodynamics is similar to those of the MV, this said, TV flow profile velocities are 

significantly lower because of the larger tricuspid orifice area. Doppler echocardiography 

has been used to measure the peak early and late flow velocities across the TVT. These were 

found to be 051 and 0.35 m s−1, respectively (198), which is very similar to the ratios in the 

MV. Due to the lower peak pressure in the right ventricle, the right ventricular pressure falls 

below the right atrial pressure faster than the corresponding time for the left side of the 

heart, leading to significantly different opening timing for the TV than the MV. Since the 

electrical stimulation of the left ventricle precedes that of the right ventricle, TV closure 

occurs after the MV (178).

Fluid dynamic studies of the MV that use magnetic resonance imaging (MRI) have 

demonstrated the presence of a large anterior vortex at the onset of partial valve closure and 

soon after atrial contraction (122). In vitro models have suggested that vortices generated by 

ventricular filling aid the partial closure of the MV following early diastole and are essential 

for the closing of the valve—without these vortices, the valve would not be able to close 

during ventricular contraction (18). More recent in vitro models have shown that although 

vortices aid in initial valve closure, the adverse pressure gradient dominates the closure 

effect of the MV (104). Other valve structures must be taken into account when studying 

valve closure. In this case, a more complete theory of valve closure should not only include 

flow deceleration and ventricular vortices, but also the contribution of chordal tension, 

which is a necessary condition for the other two (297).

Flow characteristics—Due to the limited access, it is difficult to quantify and 

characterize the hemodynamic environment of the HVs experimentally. Imaging modalities, 

such as ultrasound and MRI can oftentimes capture flow patterns produced in the vicinity of 

a fresh valve; this said, these techniques lack the spatial resolution that is needed to fully 

capture and quantify the flow profile at a small scale. For this reason, many research groups 

have turned to computational methods to investigate HV hemodynamics. These groups have 

developed unique computational tools that simulate blood flow in complex HV geometries. 

These computational fluid dynamic (CFD) techniques permit flow characterization at the 

microscale throughout the entire valve region, a capability that is not feasible through 

experimental flow methods. This said physiological conditions, which are represented by a 

peak systole Reynolds number of 6000, are not easy to simulate due to the complexity of the 

valve geometry and motion. The Reynolds number is a dimensionless quantity that gives a 

measure of the ratio of inertial forces to viscous forces for given flow conditions and 

describes whether the flow conditions lead to laminar (less than 2300) or turbulent flow 

(more than 4000). Using a lower Reynolds number to predict blood flow results in 
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successful simulations that capture characteristics that have already been quantified in vitro. 

These simulations provide important insights into the small-scale hemodynamics of valvular 

leaflets. Recent CFD modeling developments include the simulation of flow through a 

tricuspid semilunar HV-like geometry (Fig. 5). In this case, the kinematics of the valve was 

prescribed and the unsteady flow solution was computed for the case of a peak systole 

Reynolds number of 3000. The instability of the shear layers emanating from the leaflets 

dominates the accelerating flow phase and gives rise to complex vortex shedding. The flow 

predictions highlight the drastically different hemodynamic stresses experienced by the 

aortic and ventricular sides. To fully elucidate the effect of hemodynamic differences in the 

different sides of the leaflet, limiting streamlines (i.e., lines tangent to the shear stress vector 

field) and the shear stress magnitude at two instances in time were computed on both the 

aortic and ventricular sides of the leaflets (Fig. 6). Simulation results indicate that the 

ventricular stress field during the open phase has a smooth, straight, accelerating flow that is 

consistent with the favorable pressure gradient experienced by the flow as it is pushed by the 

contracting ventricle to pass through the leaflets. The rapid cross-sectional area expansion in 

the sinus region of the aortic side imposes an adverse streamwise pressure gradient that 

gives rise to a very complex and disorganized flow. The stress field changes drastically as 

soon as the leaflets begin to close. Though it is less orderly than during opening, the flow on 

the ventricular side during the closing phase remains fairly straight. In addition to the 

different flow patterns on the atrial and ventricular sides of the leaflet, the simulations also 

suggest the existence of significantly different magnitudes of the shear stress fields. The 

aortic side is generally characterized by lower magnitudes but more complex patterns in the 

shear stress vector field than the ventricular side.

Diseased valve hemodynamics—AV pathology can be caused by inflammation or 

degenerative valve disease, both of which can be caused by increasing longevity coupled 

with rheumatic and infective endocarditis (295). Although a significant amount of progress 

has been made in the development of heart valves, there is yet to be an “ideal” heart valve 

replacement available (225). A good understanding of the hemodynamics of the normal and 

diseased HVs will be invaluable in the treatment of HV disease. As such, many groups have 

focused on characterizing the fluid environment of diseased SLVs. AV stenosis, a condition 

that is characterized by substantial calcification of the leaflets and surrounding aortic tissue, 

induces a reduction in the effective orifice area as well as a significant increase in leaflet 

stiffness, leading to incomplete valve opening. Obtaining hemodynamic flow measurements 

on diseased valves is difficult, as a result, bioprosthetic heart valves were used to mimic 

different degrees of aortic stenosis in vitro (298). Flow visualization indicated that under 

physiological conditions (heart rate of 70 beats min−1, systolic duration of 300 ms, and mean 

aortic pressure of 90–100 mmHg), the fluid exits from the stenotic valve as an asymmetric, 

angulated jet that has a diameter that decreases with the degree of stenosis. The flow field 

becomes more disturbed and chaotic as the degree of the stenosis increases. Additionally, 

laser Doppler anemometry data revealed that the stenotic valve is characterized by a jet-type 

flow field (maximum axial velocity of 7.0 m s−1) with regions of separations located around 

the jet and highly turbulent shear layers (maximum r.m.s. axial velocity of 2.0 m s−1). This is 

very different from the normal AV, which has an evenly distributed flow field at peak systole 

(maximum axial velocity of 1.2 m s−1). These high levels of turbulence that exist 
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downstream of the stenotic valves can cause damage to blood components (red blood cells 

and platelets) as well as the endothelial cells lining the wall of the ascending aorta. The 

hemodynamics of the diseased AV in vivo are certainly more complex due to the 

calcification that occurs nonuniformly throughout the leaflets, leading to irregular shapes, 

particularly on the ventricular side, ultimately increasing the complexity of the flow patterns.

Doppler echocardiography was used to study the hemodynamic characteristics of 

reconstructed bicuspid AVs both at rest and during exercise (223). At rest, patients with 

reconstructed bicuspid AVs demonstrate maximum and mean pressure gradients across the 

AV (14 ± 5.5 and 7 ± 2.6 mmHg, respectively) higher than those observed in controls (7 

± 2.5 and 3.6 ± 2.1 mmHg, respectively). Yet, the valvular resistance of the reconstructed 

valves was comparable to that of normal valves (13.4 ± 4.8 vs. 13.6 ± 2.9 dyn s cm−5, 

respectively). At exercise, the hemodynamic differences between repaired valves and normal 

valves are not as significant.

The hemodynamics of the Ross procedure, a surgery in which the diseased AV is replaced 

by a pulmonary autograft, have been extensively studied using echocardiography (294). 

Echo data have revealed that while the left ventricular diastolic volume decreases, the 

ejection fraction does not change significantly in young patient, but that it decreases 

significantly in older patients (more than 40 years old). On the other hand, pressure gradients 

across the valve were found to remain within a normal range after the procedure.

Pathologies of the MV can be characterized according to their hemodynamic properties and 

divided into two distinct groups: stenosis and regurgitation. Stenosis is the total or partial 

obstruction of the valve orifice and is oftentimes caused by rheumatic fever, endocarditis, 

ankylosing spondylitis, atrial myxoma, and Lutembacher syndrome. In severe, mitral 

stenosis, the mean pulmonary and transmitral pressures are raised significantly [greater than 

60 mmHg and up to 17.8 ± 6.5 mmHg, respectively (275)]. Pressures of up to 25 mmHg in 

the left atrium are required to maintain a normal cardiac output.

MR, one of the most common functional abnormality of the MV, leads to the malcoaptation 

of the MV leaflets during valve closure, resulting in orifices in the coaptation line, and 

subsequent regurgitation jets with peak velocities on the order of 4 m s−1. The velocity, 

volume, direction and duration of the regurgitation jets are highly variable and dependent on 

the patient and the nature of the pathology. MR is quantified by the ratio of the regurgitation 

volume to the stroke volume (regurgitation fraction). Regurgitation fractions of 20% are 

considered clinically significant and in severe cases of mitral regurgitation may be more than 

60%. M-mode echocardiography has been used to measure mean regurgitant flow 

propagation velocities in mild, moderate, and severe MR, which were found to be equal to 

26.4 ± 7, 43.3 ± 7, and 60.3 ± 7.3 cm s−1, respectively (6).

Tissue-level biomechanics

Dynamic leaflet strains—A complete understanding of normal valve dynamics is 

required to not only accurately diagnose and treat valve disease, but also to develop 

improved surgical strategies and techniques. Although various groups have taken on the task 

of studying MV dynamics and left ventricular fluid dynamics 
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(17,103,167,179,180,209,227), it is still difficult to determine the functional role and 

importance of each individual component (10). Although computational models (125, 126, 

128) present an exciting and efficient approach to elucidate the role of the many components 

of heart valves, they have not yet progressed to the point where fully dynamic function can 

be simulated and validated in vivo with available imaging technologies.

Different techniques have been used to quantify valvular dynamics and shed light on in vivo 
dynamic valve leaflet strains. To quantify dynamic valve function, Thubrikar et al. (258, 

265, 266) used biplane fluoroscopy; in which lead radiopaque markers were sutured directly 

onto the valve leaflets and tracked optically. It was observed that the leaflet radial length did 

not change significantly during maximum flow but that instead the radial length increased 

during diastole (267). The mid-diastole reference configuration was used to obtain the 

displacement of the circumferentially and radially oriented markers throughout the cardiac 

cycle. Circumferential and radial in vivo strains of 10.1% and 30.8% were measured over a 

period of approximately 20 to 25 ms. The corresponding circumferential and radial strain 

rates were calculated and found to be 440 ± 80.0 and 1240 ± 160.0% s−1, respectively. 

Subtle variations between species are expected to exist; this said, it is safe to assume that the 

strain rates are comparable. Since the measurements were based off of only two markers 

sutured at the basal and belly region of the leaflet, the in vivo measurements by Thubrikar et 

al. (258, 265, 266) did not follow the entire leaflet surface and underestimated actual 

changes in the leaflet. Even though the two markers were sutured directly to the leaflets and 

were spaced significantly apart, only straight distance measurements were possible. More 

recent work involves the use of high-resolution approaches, such as biplane X-ray imaging, 

which highlights the significant regional complexities that exist in valve motion (232). This 

said the number of markers used in these studies was small, leading to insufficient spatial 

resolution that did not allow detailed surface strain studies. Such detailed studies are 

considered critical considering the high degree of structural and mechanical heterogeneity in 

HV leaflets (22,217,235,277), which suggests an equally complex regional strain response 

over the cardiac cyclic.

To understand the complex and subtle deformations of HV leaflets, we used a combination 

of in vitro and in vivo techniques to quantify the in-surface strains of the MV anterior leaflet 

(MVAL) (105, 106, 214, 215). Using the in vitro technique, we focused on a 4 × 4 mm 

region of the center portion of the anterior leaflet and tracked the three-dimensional motion 

of 16 surface fiducial markers. We then used the resulting marker motion to compute the 

complete in-surface strain tensor along with the corresponding strain rates and related the 

principal strain directions to the underlying collagen fiber architecture. Key findings include 

the following:

i. The anterior leaflet experienced large, anisotropic (i.e., directionally dependent) 

stretches during closure.

ii. Once the valve is closed, further leaflet deformation ceases.

iii. The closing deformation behavior is essentially symmetrically reversed during 

valve opening.
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iv. The region of the anterior leaflet studied experienced relatively little shear 

throughout the cardiac cycle.

v. Peak stretch rates during the closing and opening phases were very high, 

reaching values of 500–1000% s−1.

The in vivo approach involved the use of a sheep model and sonomicrometry array 

localization to compute, for the first time, the dynamic strains of the anterior leaflet over the 

cardiac cycle at varying afterloads (141). Anterior leaflets of Dorsett sheep were 

instrumented with nine 1 mm hemispherical piezoelectric transducers in a 15 mm square 

array (Fig. 7A) and the three-dimensional crystal spatial positions were recorded over 

several cardiac cycles and used to calculate the in-surface Eulerian strain tensor was 

computed from the crystal displacements.

Data of peak stretch versus time response demonstrated that overall, leaflet deformations 

were smooth and that the complete loading of the leaflet occurred in approximately 50 ms 

(Fig. 7B). Similar to the in vitro experiments (215), we observed large anisotropic strains. 

Mean peak circumferential strains ranged from 2.5 to 3.3% and mean peak radial strains 

ranged from 16% to 22%. We defined an areal strain measure to be the change in the area 

defined by the sonocrystals expressed as percent reference area to quantify the net change in 

leaflet dimensions. Corresponding areal strain ranged from 15% to 20% (Fig. 7B) and the 

mean peak strain rates were approximately 300% to 400% s−1 in the radial direction and 

100% to 130% s−1 in the circumferential direction (Fig. 7C). Interestingly, the maximum 

pressure levels had little effect on either the peak stretches or the peak strain rates (Fig. 7C).

These leaflet deformation results were also qualitatively consistent with our previous in vitro 
work and key deformation patterns of the MV leaflet were very consistent between the two 

studies. In both studies, we observed large, very rapid strains to the point of full coaptation, 

followed by an absolute cessation of any deformation during systolic ejection. Deformations 

during the final valve opening phase are a mirror reversal of the loading phase, reflecting the 

overall behavior of the leaflet in which we observe an initial high-stiffness region that 

facilitates leaflet coaptation, followed by a rapidly stiffening region as soon as the valve 

coapts. Despite the qualitative similarities with our previous in vitro work, the magnitudes of 

peak stretches and stretch rates were found to be smaller in vivo than in our in vitro setup. 

These differences can be attributed to the different species (porcine, in vitro, vs. ovine, in 
vivo) as well as the strain measurement techniques that were used in each experiment. 

However, these differences also highlight the effect of the left ventricle on leaflet geometry 

and function, notably the deformation of the annulus and contraction of the papillary 

muscles. Although studies that involve fiducial markers, such as the ones used by our labs, 

can give unique information on valvular motion and function, the total number of markers 

needed to provide detailed regional information limits of this technique. As such, the fiducial 

marker approach should be viewed only as a first step to studying HV dynamic leaflet 

strains. Imaging heart valves with a high level of detail is beyond the forefront of what is 

possible with state-of-the-art imaging modalities for several reasons, including but not 

limited to the large anisotropic deformations, complex surface geometries, and highly 

dynamic motion. As progress is made in the imaging field, we anticipate progress in HV 

imaging as well, with the ability to image and quantify normal and diseased HVs in clinical 
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settings. This will not only result in major advancements in HV research, but will set the 

pace for improving patient care.

Functional tissue structure relevant to heart valve biomechanics—HVs have 

evolved into multilayered leaflet structures. These layers, which are composed of ECM 

components (collagen, elastin, proteoglycans, and glycosaminoglycans), are the 

ventricularis, spongiosa, and fibrosa (1, 224). The ventricularis layer faces the left 

ventricular chamber and is composed of a dense network of collagen and elastin fibers. The 

spongiosa layer contains a high concentration of proteoglycans and glycosaminoglycans and 

the fibrosa layer, thought to be the major stress-bearing layer, is composed predominantly of 

a dense network of collagen fibers (Figs. 2 and 3).

Although they have low torsional and flexural stiffness, collagen fibers can withstand high 

tensile forces. As a result, fiber orientation can be used to identify directions in which the 

tissue is able to withstand the greatest tensile stresses. In this technique, a laser light is 

passed through a tissue specimen and is then scattered. The spatial intensity distribution of 

the resulting scattered light represents the sum of all structural information within the light 

beam envelope. To quantify the changes that occur in AV leaflet structure with increasing 

transvalvular pressure (TVP), fresh porcine AVs were fixed at TVPs ranging from 0 to 90 

mmHg and imaged using small angle light scattering (SALS). Overall, increasing TVP 

induced the greatest changes in fiber alignment between 0 and 1 mmHg, and past 4 mmHg, 

there was no detectable improvement in fiber alignment (Fig. 8B–D).

We have previously used the method of Hilbert et al. (109, 110) to quantify the amount of 

collagen fiber crimp in the native pulmonary and aortic HVs by identifying the cross-

sectional regions that displayed observable crimp (119). We found that at 0 mmHg, 

approximately 60% of the AV transverse cross-sectional area was occupied by crimp 

structure (Fig. 8B). As the TVP increased, the percent crimp decreased rapidly until 20 

mmHg, with minimal decreases in percent crimp thereafter. For the AV, much of the 

observed change in collagen structure is due to the finely tuned straightening of the collagen 

fibers, which must occur at the right strain level and at the right rate to facilitate coaptation 

without allowing excessive tissue deformations that could lead to regurgitation. The unique 

structure of the commissure region, which approximately corresponds to the coaptation 

region, highlights the adaptive structure of HVs. Instead of undergoing TVP differences, the 

coaptation region is loaded in a uniaxial-like manner due to tethering forces generated at the 

attachment of the commissures to the aortic root. Unlike the biaxially loaded belly regions of 

the valve, the uniaxial loading of the commissures makes them more highly aligned, similar 

to tendon. Fiber uncrimping with stress occurs very rapidly for this highly aligned fiber 

network, as demonstrated by the short transition region from low to high stiffness. The 

highly aligned nature of the commissure region at unloaded state and the more rapid 

realignment with TVP in the commissure regions are consistent with the pretransition strain 

level behavior of tendon-like materials.
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Biomechanical behavior: Behaviors and models

Approaching heart valve biomechanics: To fully understand HV tissue-level 

biomechanics, it is useful to follow a two-way approach: first, focus on in-plane stretch and 

then, on flexural deformation modes. As the valve opens, it experiences not only flexure, but 

also surface shear stress from the local blood flow. When it closes, the valve experiences 

flexure and then tension during coaptation and full loading. Although these loading modes 

are common to all four valves, differing valve geometries, chordae tendineae tethering 

effects in the AVV suggest that the magnitudes and rates will vary from valve to valve and 

from patient to patient. Due to the higher prevalence of disease and surgical repair, most 

research on HV biomechanics has been carried out on the AV 

(3,21,22,43,165,217,277,279,280) and MV (91,92,215,235). Fortunately, several groups 

have also studied the PV in recent years (45, 54, 163, 246, 278). Overall, due to the 

extensive in vivo studies (255–257, 259, 261–264), we now have a good understanding of 

the full loading regimen required during both normal and pathological function. In the 

following, we present a summary of the three loading HV modes.

Planar biaxial tensile biomechanical behavior: The Mitral valve leaflet: Fundamental to 

the development of a deeper understanding of pathophysiological tissue remodeling for MV 

disease is the development of an accurate soft tissue constitutive model. We recently 

developed a novel mesoscale (i.e., at the level of the fiber, 10–100 μm in length scale) 

structural constitutive model for MV leaflet tissues, focusing on the contributions from the 

distinct collagen and elastin fiber networks within each tissue layer.

Details of this model have been recently presented (299). Briefly, as in previous structural 

approaches, we assume affine fiber kinematics. This assumption is supported by a recent 

study wherein we demonstrated that the MVAL collagen and elastin fibers all deformed in a 

manner consistent with affine deformation kinematics (135). We further assume each layer is 

structurally homogeneous (i.e., ignore intralayer structural variations). We derive the total 

individual layer response as a function of its collagen and elastin components by acquiring 

layer-specific information on (i) the structural composition (i.e., collagen and elastin mass 

fractions), (ii) the orientation distribution functions (ODFs) for collagen and elastin fibers, 

and (iii) the recruitment behaviors of the collagen fiber network. Using our current 

understanding of heart valve leaflets, we assume that all four layers of the MV are tightly 

bonded with no slippage (26) and no mechanical interactions between them, enabling them 

to deform with the bulk tissue. We also assume that the collagen fiber modulus is the same 

throughout the four layers and that fiber-fiber and fiber-matrix interactions are negligible.

Layer-specific mass fractions of the major ECM components were measured from Movat 

stained sections of the MV using color deconvolution techniques as described previously 

(299) (Fig. 9). Fiber ODFs for both collagen and elastin were quantified by SHG imaging 

using methods of Carruthers et al. (35) and Courtney et al. (50). Interestingly, we noted 

substantial layer-specific stress variations, with the fibrosa contributing most of the 

circumferential stress component and the atrialis layer contributing substantially to the radial 

stress component (Fig. 10). For the overall layer contributions, the mechanical response of 

the circumferential direction was mainly due to the elastin in the ventricularis at lower stress 
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and the collagen within the fibrosa, whereas the radial direction is a combination of collagen 

fibers in the fibrosa as they extend and rotate under physiological loading and collagen in the 

atrialis at higher strains (Fig. 10). The mechanical contribution from the spongiosa was, as 

anticipated, negligible for both leaflets. This modeling approach demonstrated excellent 

predictive ability over physiological and extra-physiological loading regimes not used in 

parameter estimation. Future utilization in computational models of the MV will aid in 

producing highly accurate simulations in nonphysiological loading states that can occur in 

repair situations, as well as guide the form of simplified models for real-time simulation 

tools for improving long-term durability of MV repairs.

Time-dependent behaviors: Our group, along with others (44, 158, 160) have conducted 

biomechanical tissue analyses at quasi-static (strain rates of 4%/s to 12%/s) experimental 

conditions and showed that heart valve leaflet deformations can reach strain rates as high as 

300%/s (Fig. 7C), raising an important question on the link between HV quasi-static leaflet 

mechanical properties and HV physiology. Although strain-rate dependence has been 

extensively studied in soft-tissue biomechanics, the literature indicates a wide range of 

findings that are dependent on the specific tissue composition and structure as well as the 

specific testing methods utilized to characterize it. Thus, to be able to model physiological 

functions and understand the strain rate dependence of a particular tissue, one needs to 

property investigate it and quantify its mechanical properties under realistic physiological 

loading states. Using a custom-built high-speed biaxial testing device, we explored the 

effects of strain rate (from quasi-static to physiologic) on the planar biaxial mechanical 

properties of the MVAL (94, 95). Results indicated that the stress-strain responses of the 

MVAL specimens were remarkably independent of strain rate (Fig. 11A). Hysteresis was 

low (∼12%) and did not vary with strain rate. These results were important and concluded 

that valve leaflets can be modeled as “quasi-elastic” biological materials. In a follow-up 

study, we performed biaxial stress-relaxation and creep experiments on porcine MVAL 

specimen to provide a more complete picture of the time-dependent mechanical properties of 

the MVAL. We found that while MVAL leaflets exhibited significant stress relaxation (Fig. 

11B), they experienced negligible creep over the 3-h test (Fig. 11C), supporting our initial 

claim that the MVAL functions as an anisotropic quasi-elastic material, rather than a linear 

or nonlinear viscoelastic material. These results were unique in the soft tissue literature, 

highlighting heart valves’ unique ability to withstand a remarkable amount of loading 

without any time-dependent material effects.

The underlying structural basis for this unique quasielastic mechanical behavior is yet to be 

understood. Since collagen is the major structural component of the MVAL, we used small 

angle x-ray scattering to investigate the relationship between collagen fibril kinematics 

(rotation and stretch) and MVAL tissue-level mechanical properties under biaxial loading 

(141). To do so, we developed a novel biaxial stretching noel device that was utilized to 

perform simultaneous measurements of tissue level forces and strain under different planar 

biaxial loading states. Collagen fibril D-period strain (εD) and fibrillar angular distributions 

were also measured under equibiaxial tension, creep, and stress relaxation to a peak tension 

of 90 N/m. The results indicate that under equibi-axial tension, collagen fibril straining does 

not begin until the end of the nonlinear region of the tissue-level stress-strain curve. At 
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higher tissue tension levels, εD increased linearly with increasing tension. Changes in the 

angular distribution of the collagen fibrils mainly occurred in the toe region of the tissue. 

Using εD, the tangent modulus of collagen fibrils was estimated to be 95.5 ± 25.5 MPa, 

which was ∼27 times higher than the tissue tensile tangent modulus of 3.58 ± 1.83 MPa. 

Creep tests were performed at 90 N/m equibiaxial tension for 60 min and the tissue strain 

and εD remained constant with no observable changes over the test length. On the other 

hand, the 90-min-long stress-relaxation tests that were performed indicated that εD rapidly 

decreases in the first 10 min and is then followed by a slower decay. Using a single 

exponential model, the time constant for the reduction in collagen fibril strain was 8.3 min. 

This is smaller than the tissue-level stress-relaxation time constants of 22.0 and 16.9 min in 

the circumferential and radial directions, respectively. No significant changes in fibril 

angular distribution were measured under creep and stress relaxation. These results reveal 

important information on the structure and function of HVs:

1. The collagen fibrils in HV leaflets do not intrinsically exhibit viscoelastic 

behaviors.

2. The removal of stress from the collagen fibrils causes valve leaflet tissue 

relaxation. This could be caused by a slipping mechanism modulated by 

noncollagenous ECM components, such as proteoglycans and 

glycosaminoglycans.

3. Valve leaflets exhibit a load-locking behavior under maintained loading 

conditions, as suggested by the lack of creep and occurrence of stress relaxation.

These unique mechanical characteristics are necessary for valve function. As such, further 

insights into these characteristics will lead to a better understanding of HV structure and 

function, and most importantly, will help guide and inform translational efforts, such as 

surgical repair and HV tissue engineered replacements.

Flexural response of native leaflets: Experimental measurements of the flexure of soft 

biological materials has two advantages over tensile mechanical testing: (i) the ability to 

discern very small changes in stiffness at low stress-strain and (ii) the ability to assess the 

contributions and interactions of individual layers of multilayered structures. Thus, multi-

layered tissue, such as the AV leaflet is expected to reveal a distinct bending response in 

each direction of bending. As a result, flexural mechanical testing techniques provide a 

sensitive way to explore the effects of layer-specific contributions to the overall 

biomechanical function of the AV. We used circumferential strips of porcine AV leaflets to 

quantify the flexural properties of the belly region (Fig. 8A)—experimental details have 

been previously reported (69, 88, 162). It is important to note that in the unloaded state, the 

AV leaflet is curved both in the circumferential and radial directions; hence the frequently 

used term “cusp.” We use the change in curvature Δκ (in units of mm−1) from the initial 

unloaded reference state to account for the initial curvature of the test specimen. Applying 

bidirectional flexure can subject both the fibrosa and ventricularis layers to alternate states of 

tension and compression (Fig. 12A and B). These flexural directions are referred to as “with 

curvature” (WC) and “against curvature” (AC), both of which are with rest to the direction 

of the natural leaflet curvature. The effective stiffness measured in the WC direction is 
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dominated by the ventricular tension with little contribution form the fibrillar collagen in the 

fibrosa, which is not designed to support compressive loads. On the other hand, when the 

leaflet is bent in the AC direction, the fibrosa is in tension and the ventricularis is in 

compression. Data from this study show how the applied bending moment (M) changes with 

Δκ. The Euler-Bernoulli equation M = EI Δκ (78), where E is the effective stiffness and I 
the second moment of inertia, can then be used to estimate the effective (i.e., total) bending 

stiffness.

Unlike the highly nonlinear in-plane tension tissue response (Fig. 9B), the moment (M)-

change in curvature (Δκ) response of the AV leaflet was found to be linear (Fig. 12C and D). 

This is due to how tissue layers are loaded and can be explained by the micromechanical 

mechanisms underlying the flexural response, which are quite different from those that play 

a major role in in-plane tension. Additionally, flexure induces small strains and possible 

interlayer sliding that can lead to profoundly different results. Continued work, along with 

an improved knowledge of tissue micromechanics, are necessary to provide insights into 

these mechanisms and have a better understanding of native heart valve functional 

physiology.

Valve tissue adaptation to stress—Under altered in vivo loading conditions, heart 

valves adaptively remodel to compensate for the elevations in mechanical stress. Although it 

is harder to control the native environment, in vivo studies provide important information 

that leads to a better understanding of valve pathophysiology and can link organ-level 

deformations to cell-level response, an aspect that is not readily feasible in in vitro studies. 

Three-dimensional echocardiography and biplane videofluoroscopy are commonly used to 

quantify leaflet shape and regional geometry in different pathologies 

(38,208,241,243,270,272). Clinical studies by Chaput et al. showed that mitral leaflet area 

increased by >30% in response to chronic tethering in patients with inferior MI and dilated 

cardiomyopathy (39). Similarly, the MV undergoes adaptive changes in hearts with inferior 

wall motion abnormality and LV dilation caused by inferior MI that translate to an increase 

in area (38) and annular dilation (208, 270) over time, both indicate leaflet and annular 

remodeling of the MV. These results highlight the need to understand the mechanisms of 

heart valve compensatory responses and ultimately, link these organ- and tissue-level 

alterations that underlie leaflet adaptation to VIC mechanobiology.

In a recent study, Wells et al. determined the remodeling capacity of mature heart valve 

leaflets under nonpathological conditions by examining the response of the MV during the 

volume loading and cardiac expansion of pregnancy in a bovine model (191,288). The 

maternal cardiovascular system in humans and other species undergoes striking 

physiological changes during pregnancy that allow it to accommodate the developing 

placenta and deliver the necessary oxygen and nutrients to both mother and fetus. 

Consequently, the heart undergoes dramatic dimensional changes in early pregnancy to 

account for this volume overload, one of which is the rapid remodeling of the MVAL. 

Pregnancy caused a 33% increase in leaflet area, thickness, and chordae tendineae 

attachments. Hydrothermal isometric tension test results indicated an increase in collagen 

cross-linking and remodeling. Pierlot et al. related these changes to structural alterations in 

the collagenous leaflet matrix using SALS and hydroxyproline assay to assess both collagen 
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fiber alignment and content (191). Results indicated a decrease in fiber alignment, loss of 

collagen fiber crimp accompanied by a thickening of the fibrosa layer, and an increase in 

total collagen concentration, suggesting that collagen is being synthesized. These studies 

highlight the compensatory response of the MV to increasing loading conditions associated 

with pregnancy by adaptively remodeling and consequently, normalizing leaflet stress and 

maintaining coaptation. Pregnancy-induced changes and remodeling of the MV parallel 

changes observed in pathological heart valves and thus, linking these organ-level changes to 

ECM remodeling is important.

Many groups have investigated the effect of abnormal mechanical stress on MV collagen 

synthesis (47, 108, 199). Willems et al. used Wistar Kyoto rats to characterize structural 

alterations in heart valves during acute left ventricular pressure overload (291). Results 

indicated an increased DNA synthesis and mRNA amounts of both Type I and III collagen, 

suggesting that valves adapt to new mechanical environments by increasing DNA synthesis 

and collagen turnover. In a pilot study, Quick et al. showed that procollagen, a precursor to 

Type I collagen, was upregulated by a factor of 1.8 after MR and abnormal ventricular wall 

motion with a greater upregulation in the MVAL compared to the MVPL (199). Stephens et 

al. studied this response in detail using a chronic ovine model to test whether isolated MR 

alone can stimulate mitral leaflet remodeling (241). MR resulted in a reduced expression of 

Type I collagen, which is consistent with the measured increase in MMPs and an increased 

expression of prolyl 4-hydroxylase, decorin, a PG involved in collagen fibrillogenesis, and 

Type III collagen. Both the fibrosa and spongiosa layers had an increase in elastin content 

and upregulation of elastin-degrading MMP-9. These results demonstrate that MR causes an 

increase in matrix degradation and remodeling, particularly of collagen and elastin. In a 

similar in vivo study, tachycardia-induced cardiomyopathy (TIC) was found to cause 

significant remodeling in MV leaflets, including collagen and elastic fiber turnover, VIC 

activation, greater cell density, and less delineation between leaflet layers (243). The cellular 

response observed in this study is in agreement with the organ-level dimensional changes 

measured with three-dimensional echocardiography that highlight the mitral annulus dilation 

and flattening caused by TIC (271).

Similarly, the MV compensates for the ventricular remodeling that occurs after left 

ventricular infarction or dilation by increasing in size and becoming regurgitant. Dal-Bianco 

et al. used a large-animal model to investigate leaflet adaptation to tethering over time and 

gain insights on the compensatory mechanism of functional MR (53). Organ- and tissue-

level alterations were linked to cellular response by quantifying leaflet area at different times 

using three-dimensional echocardiography and analyzing cell phenotype, more specifically, 

the expression of interstitial cell marker α-smooth muscle actin (α-SMA) by endothelial 

cells expressing CD31. At the organ- and tissue-level, pathological alterations to mechanical 

stress caused an increase in MV leaflet area and matrix thickness. At the cell level, results 

indicate cellular activation throughout the leaflet suggesting that the valve endothelium 

adapts to mechanical stress by adding interstitial cells through endothelial-mesenchymal 

differentiation and reactivation of embryonic developmental pathways (226). These results 

highlight the active adaptation of the MV to alterations in its local stress levels. 

Understanding how alterations in organ- and tissue-level mechanics lead to cell-mediated 
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remodeling of the ECM is important in developing new treatments and surgical repair 

techniques.

Cell-level mechanobiology

In biomechanics, the presence of normal tissue stresses is considered to be closely related to 

tissue homeostasis (46, 79, 131, 177, 251). Many studies have shown that 

pathophysiological alterations in mechanical loading lead to stress changes and tissue 

adaptation that affect tissue structure and composition (80,147). In heart valves, the ECM 

not only provides the tissue with its structural integrity, but it also influences cellular 

processes through three different mechanisms: (i) matricellular, in which the ECM signals 

through adhesion receptors, (ii) matricrine, which regulates growth factor and cytokine 

expression in cells, and (ii) mechanical, which can be characterized as either matrix 

elasticity or external forces (40). In mechanical signaling, the ECM can transmit external 

forces, such as stretch, shear stress, and pressure to the cells, but it can also regulate cellular 

function through its intrinsic composition and elasticity. The mechanical interaction of VICs 

with the surrounding ECM, particularly with the collagen fibrils, is fundamental to cellular 

response. The intrinsic ECM composition and its importance in modulating cellular response 

are apparent in ultrastructural studies by our group, which reveal the micromechanical 

environment of the cell and highlight the intimate contact between the collagen fibrils and 

the VIC. Collagen fibrils are circumferentially oriented and the VICs are aligned along the 

same direction. In heart valves, pathological factors, such as TIC (243), mitral regurgitation 

(MR) (241), and CAVD (242) have been shown to affect valve tissue structure and 

composition. The link between tissue-level deformations and ECM remodeling is essential 

in understanding cardiovascular and in particular, heart valve disease and pathologies. The 

reader is referred to previous reviews, particularly ones by Sacks and Yoganathan (218) and 

Sacks et al. (216) for a complete overview of valve biomechanics, Votta et al. (282) for 

patient-specific simulations of heart valves, and Sun et al. (247) for computational modeling 

of valve function.

Endothelial cells—Valve endothelial cells (VECs) play an important role in the 

establishment of valve structure during embryonic development and are essential for 

maintaining the valve’s lifelong integrity and function. Endothelial cells line the surfaces of 

both blood vessels as well as heart valve leaflets. These cells are critical in the maintenance 

of a nonthrombogenic surface, nutrient transport, and mechanotransduction (31). This said, 

VECs have been shown to be morphologically different from aortic ECs (28, 31, 43). In 

healthy valves, VECs form a continuous endothelium and have an important role, which 

consists of regulating vascular tone, inflammation, thrombosis, and remodeling (132). This 

function, however, is different in malfunctioning and diseased valves in which VECs are 

disrupted. Heart valve failure has been traced to endothelial dysfunction and denudation 

(31), giving rise to valve leaflet thickening (sclerosis) and/or calcification and leading to an 

attenuation of responses to molecular and hemodynamic cues (29, 81). Within the proximal 

third of the leaflets, in which innervation occurs, a feedback mechanism between VECs and 

VICs exists, wherein the nerves transmit information on released substances from VECs 

(157). Release of cytokines has been shown to cause changes in interstitial cell structure and 

function (56, 60) and it was speculated that there exists some physical VEC/VIC 
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communication. This said, no direct junctions have been observed to date between the two 

cell populations (72).

Many groups have made important insights on endothelial function in different mechanical 

environments using different in vitro experimental setups. Endothelial cells reorganize their 

cytoskeletal filaments and focal adhesion complexes to align parallel to the direction of 

unidirectional flow while secreting vasoactive agents, such as nitric oxide and prostaglandin 

(52, 86, 234). Biomechanical stimuli exerted by blood flow, blood pressure, and cyclic strain 

cause endothelial cells to alter their morphology, growth rate, metabolism, and gene 

expression profile to ensure proper morphogenesis but also homeostasis. This is done 

through the activation of surface glycoproteins, cell adhesion molecules, secondary 

messengers, and phosphorylation of surface receptors (253). Several groups have 

investigated the disruption of the endothelial cell mechanotransduction and its effect on cell 

mechanobiology through the oscillation of fluid flow direction and signal pathway blockade 

(37,58,59,107,151,194). Data from these studies suggested that disruptions in these 

signaling events inhibit focal adhesion reorganization and consequently, cell alignment and 

agent release (31).

Although a significant amount of information is available on endothelial cells, little is known 

about valvular endothelial cells. The work by Nerem et al. has been instrumental in 

understanding VEC morphology, mechanobiology, and mechanotransduction. In vitro, VECs 

grow into cobblestone-like morphology and align perpendicular to fluid flow but parallel to 

the leaflet collagen fibers (63, 118), in contrast to vascular endothelial cells, which align 

parallel to fluid flow. The differing shear stress response of valve endothelial stress and 

vascular endothelial cells is due to observed differential molecular profiles and functional 

responses of these cell populations (30, 70). Recent work by Butcher et al. indicates that 

unlike vascular endothelial alignment, VEC alignment to fluid flow is mediated by the 

reorganization of focal adhesions within the cell and though it is calpain- and Rho-kinase-

dependent like the vascular endothelial cells, it is independent of phosphatidylinositol 3-

kinase (31).

Pathological changes in vascular endothelial cell-mediated responses have been associated 

with atherosclerosis, thrombosis, stroke, and hypertension (253). Valvular heart disease, a 

major cause of morbidity in the United States and around the world, is not only due to 

dysfunctional changes in VIC proliferation and ECM organization, but also VEC 

histopathological alterations. Some light has been recently shed on the events that initiate 

VEC dysfunction in diseased valves. Both genetic mutations associated with NOTCH1, 

Gata5, and endothelial-nitric oxide synthase (eNOS or NOS3) (130,136) as well as 

atherosclerosis-related environmental risk factors, such as diet (176, 287), smoking, ageing 

(252,287), hypertension, and diabetes, have been associated with valve pathogenesis (245). 

This said hemodynamic flow across the endothelium is the major player in the injury and 

subsequent dysfunction of both vascular as well as valvular endothelial cells. It is known 

that in the healthy heart, the left side of the heart is subject to greater stress due to the high-

pressure difference that exists between the left atrium and the left ventricle. Thus, 

hemodynamic forces have a greater impact on the mitral and AVs than on the tricuspid and 

PVs (112, 165). Similarly, endothelia on opposing sides of the valves are subjected to very 
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different hemodynamics (57, 81, 173), which can be linked to the distinctly different 

patterns of focal calcification on the aortic side of the AV (184, 268, 269). Several in vitro 
studies have highlighted the link between hemodynamics and VEC molecular responses and 

linked it to valvular heart disease. Recent work by Simmons et al. and Butcher et al. 

indicates that VECs activate fibrocalcific responses to increases in hemodynamic forces (i.e., 

fluid shear stress, cyclic strain, and hydrostatic pressure) (32) and does so in a side-specific 

manner (i.e., VECs from the aortic side are protected from inflammatory processes 

compared to VECs isolated from the ventricular surface) (229).

VECs that line the surface of heart valve leaflets are unique in their ability to undergo 

endothelial-mesenchymal transformation (EMT) not only in valvulogenesis, as described 

above, but also as part of a regulatory mechanism that is necessary in pathological and stress 

overload scenarios such as ischemic cardiomyopathy and mitral regurgitation (12, 53, 139). 

More recently, Balachandran et al. have shown that valve tissue micromechanics plays an 

important role in EMT, whereby EMT induction in VECs occurs through different 

mechanisms when subjected to different strain levels: lower-strain induced EMT occurs via 

the TGF-β1 signaling pathway and higher-strain induced EMT via the wnt/β-catenin 

signaling pathway (12). These results suggest that VECs are sensitive to the 

micromechanical environment and initiate EMT differently in diseased and overstrained 

valve tissue than in healthy valves.

Interstitial cells—A heterogeneous population of interstitial cells, consisting of 

fibroblasts, smooth muscle cells, and myofibroblasts, resides within the different layers of 

heart valve leaflet tissue (72, 166, 171, 254). Studies of the interstitial cell population in both 

human and porcine subjects have revealed that this cell population is not localized to any 

one region or layer of the leaflet and is instead present throughout the leaflet tissue (11, 

165). Interest in VIC mechanobiology has grown in recent years, as they are believed to be a 

major driving force behind valve pathophysiology. VICs play a critical role in valve tissue 

homeostasis and pathophysiology by maintaining the structural integrity of the leaflet tissue 

via protein synthesis and enzymatic degradation, thereby providing durability. VICs function 

mainly to synthesize and secrete cytokines, chemokines, growth factors, ECM components, 

MMPs, and their inhibitors (TIMPs) (254). Each valve layer is enriched in a specific ECM 

component and has a distinct function. The MV for example, consists of four layers: atrialis, 

spongiosa, fibrosa, and ventricularis. The fibrosa is the load-bearing layer and consists 

mainly of collagen. The ventricularis and atrialis are thin elastin-rich layers and the 

spongiosa consists mainly of PGs and GAG. Studies of VICs in both human and porcine 

valve tissues have revealed that the cell population is not localized to any particular region or 

layer of the valve leaflets, but is present throughout the tissues (11,55). VICs have a diverse 

and dynamic phenotype ranging from smooth muscle cells to fibroblasts and myofibroblasts. 

In normal healthy valves, VICs are quiescent and predominantly fibroblast-like (200). They 

become activated and contractile myofibroblasts during valve development, disease, and 

remodeling, and express excessive levels of catabolic enzymes that regulate matrix 

degradation and remodeling (201, 203), α-SMA stress fibers (190), and osteoblast-like cells 

identified by their expression of osteoblast transcription factors and bone matrix proteins 

(168,205). Thus, the VIC phenotypic state at any given time is related to the current 
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remodeling demands of the valvular tissue (201). While their dualistic nature is not fully 

understood, the multifunctionality of VICs involves cell-cell communication, tissue 

remodeling, wound healing, and contraction (171).

VIC contractile behavior: Aortic VIC (AVIC) contractility has been qualitatively studied 

with cultured cells on silicone substrates in the presence of multiple contractile chemical 

agents (72, 166). In both of these studies, contraction occurred for most agents within 3 

minutes and reached a plateau within 10 min. The few cells that did not have an initial basal 

tonus did not respond to the administered vaso-constriction drugs. Isoproterenol was used to 

elicit relaxation from active cells, from which all cells recovered their previous basal tonus 

within 25 min. Although they do not provide any quantitative information, these findings 

were the first to demonstrate AVIC contractile response and shed light on VIC contractile 

behavior.

The flexural mechanical testing techniques described earlier are sensitive enough to explore 

the effects of cellular contraction on leaflet mechanical properties. These techniques were 

used by several groups, including our own, to investigate regional and directional receptor-

mediated contractile response of AV leaflet tissue (41, 42). As described previously (162), 

circumferential strips of porcine AV leaflets were mechanically tested under flexure in both 

the WC and AC directions in a normal state, under contraction (induced by potassium 

chloride), and without contraction (i.e., contraction inhibited by thapsigargin). Results 

revealed a 48% increase in leaflet stiffness with AVIC contraction (from 703 kPa to 1040 

kPa) when bent in the AC direction (P = 0.004) and only a 5% increase (from 491 kPa to 

516.5 kPa) when bent in the WC direction (not significant) in the active state (Fig. 12B). The 

thapsigargin treated group (contraction-inhibition) experienced a 76% (P = 0.001) and a 

54% (P = 0.036) decrease in leaflet stiffness, in the AC and WC directions, respectively, at 5 

mmol/L KCl levels. As expected, contraction was completely inhibited with the addition of 

90 mmol/L KCl as expected (Fig. 12C). We speculate that the observed layer-specific effects 

of AVIC contraction are primarily due to the varying ECM mechanical properties of the 

ventricularis and fibrosa layers. While these results demonstrate that AVIC contractile ability 

is a significant contributor to AV leaflet bending stiffness, its complete role in maintaining 

AV leaflet tissue homeostasis has yet to be elucidated.

VIC deformation under physiological loading: The extremely low forces generated by 

AVICs during contraction are unlikely to directly affect valvular function. This said, VICs 

are a dynamic source whose biosynthetic capabilities serve an important role in maintaining 

overall valve leaflet tissue homeostasis. In vitro studies of VICs indicate that these cells 

increase their collagen synthesis in the presence of vasoactive agents, suggesting that VICs 

use their contractile elements to mechanically communicate with the local 

microenvironment (102). The local stress-strain fields in the vicinity of a cell are dependent 

on a number of factor, including but not limited to, cell shape, orientation, and the relative 

mechanical properties of the cell and the surrounding ECM (97). Thus, it is not clear how 

the pressures imposed on different sides of the heart translate into local stress on the cells. 

To link valve leaflet tissue deformation to cell deformation (Figs. 1 and 2), our group 

performed a study on the effects of TVP on AVIC deformation (114). As described 
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previously (217), porcine AV leaflets were fixed under varying pressures and Movat stained 

histological sections were imaged and analyzed. We chose to use AVIC nuclear aspect ratio 

(NAR), defined as the ratio of the length divided as the width, as an index of overall cellular 

deformation. Since the AV leaflets consist of histologically distinct layers with different 

ECM structural components, we hypothesized that there may be a relationship between the 

valve tissue layer and the resulting deformation experienced by the cells that reside within 

that layer under varying applied TVP. Results, which were presented as AVIC NAR versus 

normalized thickness, indicated that AVIC nuclei underwent minimal deformation at low 

TVPs (0 and 4 mmHg) and in fact, maintained an almost constant level toward the 

ventricularis layer (Fig. 13A). While there were no detectable changes under 0 mmHg, 

fibrosa layer AVICs had a slightly higher NAR at 4 mmHg. As expected, high TVP (90 

mmHg) resulted in much higher aspect ratios in AVIC nuclei than the zero- and low-pressure 

groups, with a clear demarcation in the fibrosa layer. It is important to note the magnitude of 

NAR ∼5 at 90 mmHg, which highlights the profound region-specific cellular deformations 

that occur under physiological pressure levels. These deformations occur very rapidly, 

within ∼75 ms, further emphasizing the ability to VICs to withstand stress in a dynamic 

environment (Fig. 7).

VICs are known to be in intimate contact with their surrounding microenvironment and 

collagenous ECM (Figs. 3 and 14). Quantifying TVP-induced deformations of the ECM 

provides insights into VIC mechanobiology and the role of the ECM in VIC 

mechanotransduction. To quantify the degree of fiber orientation, we used the SALS 

technique and measured the normalized orientation index (NOI). A highly oriented fiber 

network has an NOI value of 1, while a more randomly oriented network has an NOI value 

that is closer to 0. Figure 13 depicts the effect of increasing TVP on collagen fiber alignment 

and AVIC NAR for comparison. Gross visual comparison yields three distinct regions: (i) an 

asymptotic region between 0 and 1 mmHg: little change in AVIC NAR (+5%) with large 

increases in NOI (+25%), (ii) a transition region between 1 and 4 mmHg, and (iii) a steep 

region between 4 and 60 mmHg: large increase in AVIC NAR with little change in NOI. 

These observations suggest that at very low-pressure levels, though fiber network 

straightening occurs, it has little effect on nuclear geometry. On the other hand, at higher-

pressure levels, an additional network effect induces large increases in AVIC NAR. Previous 

studies have also suggested that TVPs above ∼5 mmHg lead to collagen fibers uncrimping 

and becoming more taut and ultimately result in ECM compaction (217). The ECM 

compaction that occurs with increasing pressure causes significant changes in AVIC NAR 

(114): at 90 mmHg, the AVIC nuclei aspect ratio increased from 2:1 (at 0 mmHg) to 4.8:1. 

These results highlight the fact that valvular tissue stresses are translated into large cellular 

and subcellular deformations.

During valve development, disease, and remodeling, VICs, which are known to be 

phenotypically plastic, transdifferentiate from a fibroblast phenotype to a myofibroblast 

phenotype (203). Under normal physiological conditions, the TVPs on the right and left side 

of the heart are vastly different due to the differing hemodynamic needs of each side of the 

heart. We hypothesized that the higher left side TVPs impose larger local tissue stresses on 

VICs in the AV and MV, thus, increasing their stiffness through cytoskeletal composition 

and ultimately affecting their biosynthetic capabilities, mainly collagen. To evaluate this 
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hypothesis, we need to decouple VIC response from ECM response and thus, quantify the 

mechanical properties of VICs isolated from their surrounding ECM (Fig. 1). We used a 

combination of experimental techniques [i.e., micropipette aspiration (MA), cytoskeletal 

composition, and collagen biosynthesis] to char-acterize intrinsic differences that exist 

between VICs from the four different heart valves. Results indicate that VICs from the AV 

and MV were significantly stiffer (P < 0.001) than PV and TV VICs (Fig. 15), and contained 

significantly more (P < 0.001) α-SMA and heat shock protein 47 (HSP47), a collagen 

binding chaperone. Mean VIC stiffness correlated well (r = 0.973) with TVP; α-SMA and 

HSP47 also correlated well (r = 0.996) with one another. Moreover, assays were repeated for 

VICs in situ, and as with the in vitro results, the left side VIC protein levels were 

significantly greater (P < 0.05).

These findings indicate that VICs respond to local tissue stress by altering cellular stiffness, 

as suggested in this study, through α-SMA content and collagen biosynthesis. VICs are thus 

responsive to their local micromechanical environment and are able to maintain proper tissue 

homeostasis through their biosynthetic activity. Specifically, the increased α-SMA in left 

side VIC populations suggests that these cells have adapted to withstand the stresses 

imposed on them, while the increased HSP47 highlights the collagen synthesis that is 

needed to maintain HV structural integrity. α-SMA and HSP47 quantified from in situ VICs 

showed a similar correlation, indicating that the isolation of VICs hindered their normal 

function but was proportional among all populations. This functional VIC stress-dependent 

biosynthetic relationship may be crucial to maintaining valvular tissue homeostasis and also 

prove useful in understanding valvular pathologies.

VIC mechanosensitivity and response to local tissue stress: VICs sense and transduce 

extracellular mechanical stimuli into intracellular biomechanical signals directly and 

indirectly through mechanisms that involve receptors, ion channels, caveolin, G proteins, 

cell cytoskeleton, kinases, and transcriptional factors (140). Integrins, which are 

transmembrane signal receptors that physically link the cell surface to the surrounding ECM, 

sort and process these signals, and play a key role in transducing them to the cell interior, 

leading to a network of intracellular signaling pathways that result in the cell response. In 

the MV, for example, the integrin α2β1, which shows higher affinity for type I collagen, is 

the main collagen binding integrin (15,236). Mechanical stimuli activate the mitogen-

activated-protein kinase pathway, which controls gene expression (222). Cellular 

mechanotransduction pathways are beyond the scope of this review; however, the reader is 

referred to work by Juliano and Haskill (120) and others (24, 137, 213, 219) for a complete 

overview of signal transduction from the ECM. A normal mechanical environment results in 

constant tissue renewal in the valve leaflet to maintain tissue integrity whereas altered 

loading conditions may lead to valve dysfunction and disease (123,199). Several groups 

have characterized VIC response to alterations in the hemodynamic/mechanical environment 

in vitro and ex vivo to understand the link between tissue level deformations and cell 

response and help elucidate mechanisms of disease development and progression.

Collagen is the main load-bearing ECM component in heart valves. VICs respond and adapt 

to alterations in local tissue stress by increasing collagen biosynthesis to maintain valvular 

tissue homeostasis. Our group investigated this functional stress-dependent biosynthetic 
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response by using MA to link cellular stiffness to cytoskeletal composition and collagen 

biosynthesis, which were quantified using HSP47 and α-SMA, respectively. Left-side 

isolated VICs were stiffer and contained significantly more HSP47 and α-SMA than right-

side VICs (165): this is explained by the higher left-side TVPs which impose larger local 

tissue stresses on VICs. These differences were also observed between aortic and pulmonary 

VICs using atomic force microscopy (AFM) (163). These result demonstrate VIC 

mechanical adaptability and ability to sense and respond to tissue-level mechanical stimuli. 

In a similar study, Wyss et al. found that VIC elastic modulus measured using MA increased 

with pathological differentiation (fibroblast, osteoblast, and myofibroblast) in proportion to 

α-SMA content (293). Stephens et al. studied age- and valve-region specific response of 

VICs to substrate stiffness by seeding 6-week, 6-month, and 6-year old porcine VICs from 

the MVAL and posterior leaflet (MVPL) into poly(ethylene) glycol hydrogels of different 

stiffness and analyzing VIC activation and phenotypic markers α-SMA, HSP47 and prolyl 

4-hydroxylase (240). Results highlight the link between VIC phenotype and matrix-driven 

material properties in both age-and valve-region-specific cell responses. In the context of 

valve physiology, these age-related responses could explain the occurrence of certain valve 

diseases at particular ages (237, 238), whereas the valve-region-related responses could be 

due to the different loading patterns that these regions experience (158). Collectively, these 

studies suggest that the in vivo mechanical environment plays a fundamental role on the 

mechanobiology and responsiveness of VICs to external mechanical stimuli caused by 

aging, disease, or surgical repair.

Cyclic stretch alters ECM remodeling activity of AVICs: Mechanical forces modulate 

cell physiology and affect the biosynthetic activity of cells in tissue matrices. The AV is 

exposed to many hemodynamic forces during the cardiac cycle, one of which is cyclic 

stretch, which allows the valve leaflets to extend and form a coaptive seal with each other 

during diastole (257,260). Under normal physiological conditions, the AV experiences 

∼10% stretch during diastole (149) with a 5% increase for every 40 mmHg increase in 

pressure (14). To fully elucidate the role of cyclic stretch on ECM remodeling and VIC 

phenotype, Balachandran et al. quantified collagen, sulfated GAG (sGAG), and elastin 

contents of AV leaflets subjected to cyclic circumferential stretch in a sterile ex vivo 
bioreactor (15% strain for 48h) and examined cell phenotype (13). Circumferential cyclic 

stretch causes an increase in α-SMA expression, which enhances the contractile and fibrotic 

phenotype of VICs and alters ECM remodeling activity as seen by the increase in collagen 

content. Similarly, Ku et al. examined the ability of VICs to synthesize collagen in response 

to stretch by measuring the incorporation of [3H]-proline and assessing gene expression of 

different collagen types by RT-PCR. Ku et al. found that collagen synthesis by VICs depends 

on the degree and duration of stretch (124). Recent work by our group linked cellular 

deformation to biosynthetic response in the AV. We quantified VIC micromechanical 

environment in response to increasing strain by measuring the NAR and collagen orientation 

(216). AVIC response to increasing strain was found to be linear, along with the collagen 

fiber alignment. These results highlight the tight binding of the AVICs with their 

microenvironment.
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In AV disease (i.e., AS), there is an overexpression of proteolytic enzymes such as MMPs, 

TIMPs, and cathepsins, which are involved in key cellular processes such as apoptosis, 

proliferation, and cell differentiation and play an important role in valve disease progression 

pathways (74). To further elucidate the link between altered stretch and AV disease, 

Balachandran et al. used a tensile stretch bioreactor to investigate the acute effects of cyclic 

stretch on expression and activity of MMP-1, MMP-2, MMP-9, tissue inhibitor of MMP-1, 

and cathepsin L, S, and K at 10%, 15%, and 20% stretch (14). Normal cyclic stretch (10%) 

maintains the native levels of matrix remodeling activity whereas elevated levels of cyclic 

stretch cause activated cell phenotype that leads to altered cell turnover and MMP and 

cathepsin expression. These changes lead to a cascade of events including cellular 

proliferation and apoptosis that set the stage for valve degeneration.

AVIC plasticity as a hallmark of pathological progression in CAVD: The AV is a highly 

specialized structure composed of distinctive cellular population (mostly VICs) and complex 

ECM structures (23, 165, 171). VICs reside within the AV leaflets, where they synthesize 

and maintain the ECM that forms the tissue architecture. From the cellular and molecular 

points of view, the process of calcification follows a highly programmed sequence of events 

resulting in VICs adopting an osteogenic-like phenotype and subsequently, the formation of 

calcified nodules (171, 211, 292). In healthy adult valves, 95% of VICs have a fibroblast-like 

phenotype and the remaining 5% is divided in myofibroblast-like and smooth muscle cells 

(SMC). VIC phenotype is believed to be plastic and reversible, with fibroblasts in healthy 

valves representing the majority of the cells. Fibroblasts are a quiescent population (qVIC) 

that, in response to injury or disease, could acquire a secretory myofibroblast-like phenotype 

(aVIC), where the principal indicator for aVICs is α-SMA. This process allows the secretion 

and turnover of ECM proteins, which repair the tissue micro-damage and enable the long-

term durability of leaflet structure. During the pathogenesis of CAVD, the activation of VICs 

results in the expression of specific markers such as osteopontin (OPN), osteonectin (ON), 

runt-related transcription factor 2 (RUNX2), a-SMA, osteocalcin (OCN) and alkaline 

phosphatase (ALP). Notably, most of these markers are overexpressed in the subclinical 

presentation of the disease (i.e., ASCs), in the absence of noticeable calcium accumulation. 

Furthermore, activated VICs express and actively remodel fibronectin (FN), which is a 

major component of the insoluble ECM. Bone morphogenic protein 2 (BMP2) and 4 

(BMP4) are known to be potent osteogenic morphogens and to be present in ossified valves 

and directly affects osteogenic marker expression.

Impact of mechanotransduction on AVIC activation and calcification: Recent studies, 

including ours, have shown that altered AV loading forces, characteristic of a dysfunctional 

valve, induce biomechanical changes associated with tissue remodeling of the cusps. When 

applied to human subclinical specimens, uniaxial biomechanical stimulation promotes VIC 

activation ex vivo (192,193). The local environment (paracrine endothelium derived signals), 

inflammatory cytokines (TGF-β1 and BMPs), biochemical and biomechanical properties of 

the ECM, and mechanical stimuli induced by hemodynamic forces (normal or pathological 

stretching of the valve tissue) regulate VIC phenotype and function (27, 164, 192, 193). A 

combination of uniaxial mechanical stimulation and cytokines can induce the expression of 

markers that characterize end-stage disease in surgically resected AV leaflets from 
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asymptomatic AVSc patients (193). In addition, the fibrosa layer in non-calcified AVSc was 

found to be more susceptible to biomineralization similar to pathological accumulation in 

end-stage disease. The deposition of calcium on the aortic side of aortic sclerosis tissue is 

likely due to the presence of nucleation centers, which provide the starting point for calcium 

nodule formation. Similar results were obtained using a tissue-engineering approach based 

on ovine decellularized scaffolds repopulated with aortic sclerosis-derived VICs (193). 

Similarly, human isolated VICs could be seeded on a 3D scaffold and induced by 

biomechanical stimuli to transdifferentiate into osteogenic VICs.

GAG/PG upregulation in the MV in response to mechanical strain: In many valve 

pathologies (i.e., myxomatous valve disease, MR, CAVD), significantly altered profiles of 

ECM components accompany alterations in the mechanical strains within the tissue (93, 98, 

199, 238): these measured differences initiated numerous in vitro studies to fully 

characterize and link tissue-level deformation to cellular response. Static and cyclic tissue 

strains can profoundly influence the biosynthetic responses of VICs in vitro and modulate 

cell function through the synthesis of new ECM molecules and the degradation of matrix by 

MMPs and other proteases. Gupta et al. used an in vitro 3-dimensional tissue-engineering 

collagen model to investigate the effects of various static strain conditions (i.e., uniaxial and 

biaxial) on the production of specific GAG profiles by VICs isolated from MV leaflets and 

chordae separately (99). To fully elucidate the role of the in vivo environment on GAG/PG 

synthesis, Gupta et al. used a similar 3D culture model and a cyclic stretching device to 

analyze the strain response of these cells to cyclic stretch (100). Cyclic stretch induces 

upregulation of total GAGs and of individual GAG classes secreted into the culture medium. 

Chordal cells respond to cyclic strains more rapidly than cells from the MV leaflets, which 

is in line with the physiology of myxomatous valve disease in which chordal regions 

undergo the most change. The results from this study are important in understanding the role 

of GAG/PGs in valve remodeling.

MVIC plasticity in Myxomatous MV disease: The prolapse of the MV leaflet is a 

hallmark of several disorders affecting this heart valve, such as myxomatous mitral valve 

disease (MMVD) or the pseudo-prolapse in chronic ischemic mitral regurgitation (MR) 

among others, and is only treated surgically (75,101). MMVD is expected to occur in 

approximately 7.2 million individuals in the US, and over 144 million worldwide and is 

therefore an important clinical and social problem (101, 220). Myxomatous degeneration is 

defined by the accumulation of mucopolysaccharides responsible for the thickening and 

“proliferative” aspect of valve tissue. Increasing evidence suggests that MVICs play a 

critical role in the pathological remodeling of MV leaflets. Histological analysis and cellular 

characterization of human MV explants suggest that during myxomatous MVP development, 

healthy quiescent MVICs undergo a phenotypic activation via the upregulation of the 

BMP4-mediated pathway (20,48,220). Recent studies have suggested developmentally 

regulated expression of BMPs and Sox9 during the AVV formation (20). BMPs belong to 

TGF-β super family of cytokines and have been implicated in numerous developmental 

processes including proper septation and valvulogenesis. BMP2 and BMP4 are known to be 

potent osteogenic morphogens and are shown to be present in ossified valves (168). BMP4 is 

also a potent inducer of collagen, proteoglycan synthesis, and matrix mineralization and acts 
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as a signal from the myocardium directly mediating atrioventricular septation. Defects in 

this process are shown to cause one of the most common human congenital heart 

abnormalities, atrioventricular canal defect. A possible association of BMP signaling 

pathways is suggested in a MMP-2 transgenic mouse model of MVP (153). Histological 

analysis of human explants reveal that the structure of the MV leaflet is well preserved in the 

control tissues, while the prolapsed segment show an increase in PG, collagen degradation, 

and increased cellularity, predominantly in the spongiosa suggesting accumulation of VICs 

in myxomatous, but not in normal valves. Phenotypically MVICs are characterized by a 

chondro-osteogenic-like pathway, with elevated levels of α-SMA, Fibronectin and SM22α 
transcripts when compared to controls.

Multi-scale computational approaches

In the past two decades, many groups have conducted intensive research on predictive heart 

valve computational models. Advances in numerical modeling and experimental 

biomechanics have enabled these newly developed models to become increasingly 

comprehensive and accurate. For the MV for example, studies have included development of 

constitutive models (159, 196, 197, 230, 285), image-based patient-specific computational 

models (155, 244, 281, 284), fluid-structure interaction modeling (67,127), inverse models 

that enable the assessment of the in vivo biomechanical properties (133, 207), and coupled 

modeling of the left ventricle and MV for investigating ischemic MR (289). For example, 

Einstein et al. modeled the transient vibrations of the MV by constructing a dynamic 

nonlinear fluid-coupled finite element model of the valve leaflets and chordae tendineae (67, 

68). The application of physiological pressure loads results in valvular movement and small-

scale acoustic vibrations of the valvular structures. Material changes that preserved leaflet 

anisotropy were found to preserve overall valve function. On the other hand, material 

changes that altered leaflet anisotropy had a profound effect on valvular function. These 

changes were manifest in the acoustic signatures of the valve closure sounds. Abnormally, 

stiffened valves closed more slowly and were accompanied by lower peak frequencies. 

Driessen et al. (65, 66) developed a finite-element (FE) model that relates changes in 

collagen fiber content and orientation to the mechanical loading condition within engineered 

heart valve constructs, hypothesizing that collagen fibers aligned with principal strain 

directions and that collagen content increased with fiber stretch. Results from this study 

indicate that the computed preferred fiber directions are very similar to experimental data 

from native aortic heart valves. Although these models are a step toward the development of 

more physiologically relevant models of heart valve structure and function, there is a still a 

need for true dynamic models that couple tissue (solid) and blood (fluid) and include cell-

level interactions. This said, investigators face theoretical, computational, and experimental 

challenges that makes this a difficult feat.

A good understanding of myocardial biomechanics is necessary for modeling the heart and 

heart valves. The MV has a particularly complex structure that includes the left ventricular 

(LV) wall as a structural element. This said the majority of FE efforts have generated 

isolated MV models but assume that the papillary muscles fixed in space (125). These 

models have been useful in answering important questions on valve deformation with 

artificial chordae and the effects of annuloplasty ring shape (154, 195, 283), yet still lack the 
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important connection to the LV. More recently however, Wenk et al. used MRI to develop an 

LV FE model that not only includes myocardial contractility, but also the MV leaflets and 

associated chordae tendineae apparatus (289). The model was then used to answer specific 

questions on the effect of infarct stiffness on ischemic mitral regurgitation, mainly the 

degree of MR and the distribution of leaflet stress, whereby a decrease in infarct stiffness 

causes ventricular wall distension and a 30% increase in the gap area between the leaflets 

(289). Such work demonstrates the utility and power of computational techniques in 

answering important questions non-invasively.

Previous FE models of the MV have assumed that the papillary muscles are fixed in space.

Heart valves function at multiple length-scales, as a result, mechanical stimuli have a 

significant biological impact at the organ, tissue, and cellular levels. As in many 

physiological systems with responses at various length scales, multiscale-modeling (MSM) 

methodologies can be used to understand and characterize the dynamics of healthy and 

diseased heart valves and ultimately, predict VIC mechanobiological response. The ideal 

MSM will capture the overall behavior of heart valves by enabling communication between 

simulations at three different length scales: cell, tissue, and organ. Although there are many 

experimental tools that allow us to investigate the mechanical behavior and response of heart 

valves at individual scales, fewer techniques are available that span all three levels. For this 

reason, computational tools that link different scales together become a necessity. Weinberg 

et al. used a linked framework to create a set of multiscale simulations that examine the 

behavior of the human AV at all three scales (285, 286). This framework allowed them to 

compute organ-scale motion, from which they extracted tissue-scale deformations, which 

were then translated to cell-scale deformations (286). The organ-scale model predicts the 

motion of the blood, leaflets, and aortic root throughout the full cycle of closing and opening 

using a dynamic fluid-structure interaction approach. The tissue-scale model simulates AV 

leaflet response including the layer-specific undulated geometries. Finally, the cell-scale 

model predicts cellular deformation in the leaflets of the AV by integrating information from 

the increasing length-scales of the whole organ and tissue. Weinberg et al.’s model enables 

the analysis of the transient, three-dimensional behavior of the AV at the organ-, tissue-, and 

cell-scales and provides promising applications to further understand healthy and diseased 

AV function. The reader is referred to the review by Weinberg et al. (286) for a more 

detailed overview of multiscale modeling of heart valve biomechanics.

Integrated computational-experimental approaches—As in all areas of scientific 

inquiry, experimental data are necessary and must be used to acquire data on heart valve 

response to different stress levels in all size scales. When tightly integrated with 

computational models, it can give unique insights into the function and physiology of heart 

valves and provide a powerful platform that can generate confirmable predictions of heart 

valve physiological behavior and ultimately, link organ-level and tissue-level deformations 

to cellular response. Computational models that are linked to experimental data are formed 

during three distinct phases in the model development process: observation, fitting, and 

validation (174). We show two examples of this approach.
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Layer specific MVIC-ECM coupling: More recently, several groups have linked tissue-

level induced stress and the resulting MV interstitial cell (MVIC) deformation to abnormal 

biosynthetic activity that can lead to reduced tissue-level maintenance and subsequent organ-

level failure. To link tissue-level loading and cellular response and thus, gain more insights 

into MVIC mechanobiology, we developed an integrated experimental-computational 

approach that informs us on MVIC biophysical state. First, we quantified the in situ layer-

specific MVIC deformation for all four layers of the MV under controlled biaxial tension 

using a biaxial stretching device that is coupled to a multi-photon microscope (35) (Fig. 16). 

We then used a macro-micro finite element computational model to explore the relationship 

between layer-specific mechanical and structure properties and MVIC stiffness and 

deformation. The experimental results indicate a significantly larger deformation in both the 

ventricularis and fibrosa layers of the MV compared to the spongiosa and atrialis layers, 

with a NAR as high as 3.3 at the maximum physiological tension of 150 N/m. The simulated 

MVIC moduli however were found to be relatively similar and within a narrow range of 

4.71–5.35 kPa (Figs. 16 and 17). This is an important finding that suggests that MVIC 

deformation is controlled by the structure and composition of the microenvironment rather 

than the intrinsic cellular stiffness. From this finding, it can be concluded that while MVICs 

may phenotypically similar throughout the layers of the leaflet, they experience different 

mechanical stimuli from the layer-specific microenvironment in which they reside.

Isolated VIC behavior: We recently developed a novel solid-mixture model for VIC 

biomechanical behavior that captures the modulating mechanical responses of VICs 

resulting from different activation sates and loading conditions (221). One major driver for 

this study was the 100-fold disparity between the micropipette and AFM VIC moduli 

observed, where the micropipette estimated a ∼0.5 kPa modulus (Fig. 15) while the AFM 

exhibited a ∼50 kPa modulus (Figs. 18 and 21). While differences in experimental loading 

configurations may account for some of the observed differences, the major discrepancies in 

activation states (MA – inactivated, AFM – highly activated) are likely the major underlying 

cause.

To explore this hypothesis, we developed the following model, which incorporated: (1) the 

underlying cytoskeletal network, (2) the α-SMA stress fibers, and (3) a finite deformable 

elastic nucleus. To handle the material and geometric nonlinearity, we implemented the 

model in a 3D finite element simulation and calibrated the model parameters using 

combined mechanical responses of VICs in both MA and AFM experiments (163, 165) (Fig. 

18). We then used the resulting model to examine the mechanical responses of both aortic 

and pulmonary VICs (AVICs and PVICs, respectively) in both their inactivated states 

(during MA experiments) and activated states (during AFM experiments) (Figs. 19 and 20).

The resulting simulation indicated that AVICs exhibit 9 to 16 times stronger intrinsic 

contractile responses to PVICs, highlighting the model’s ability to predict the cellular 

stiffening that is caused by the underlying α-SMA fiber contraction (Fig. 21). We used the 

same model to calculate traction forces exerted by the VICs on the substrate and found good 

agreement with previously reported traction force microscopy results. The estimated nuclear 

stiffness for both AVIC and PVIC were similar and comparable to the literature, and were 

unaffected by VIC activation level. Results from this study highlight that in inactivated 
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states, the α-SMA fiber stiffness is the main contributor of the underlying cytoskeletal 

stiffness, suggesting that any increases that are seen in VIC stiffness when it changes from 

inactive to active state are due to the contraction of the α-SMA fibers. Although we chose to 

follow a continuum approach, such a model can be easily incorporated into a multiscale 

model of the heart valve, wherein the multiscale model is used to answer important 

questions on the mechanics and mechanobiology of heart valve disease and surgical repair.

Conclusions

Physiological function and stimuli occur on multiple length scales. Similar to other 

biological systems, heart valve functional physiology can be explored using a multiscale 

organ/tissue/cell approach. Biomechanics is thus ideal for the study of heart valve functional 

physiology as it takes a more “integrated” approach that is more common in the biological 

sciences. While the literature on heart valve biomechanics and mechanobiology is extensive, 

there are still many gaps that need to be filled. Key aspects can be concluded, following our 

organ → tissue → cell level approach (Figs. 1 and 2):

At the organ level:

1. Heart valves ensure the unidirectional blood flow in the heart. While this 

physiological function may seem basic and simple, it requires extremely 

sophisticated valvular “apparatus” that permits blood to flow both efficiently and 

rapidly with minimal fluid loss.

2. Though they consist of a number of different components (i.e., leaflets, chordae 

tendineae, and annulus), heart valves function as fully integrated units whose 

motion encompasses all of its different components.

3. Valve motion is rapid and involves complex hemodynamic and mechanical 

interactions with the surrounding blood, inducing large, spatial- and time-varying 

flow patterns as well as fluid-induced shear forces on valve surfaces.

At the tissue level:

1. Tissue level function is dominated by the following functional needs:

a. High tensile strength to resist the high TVPs.

b. Low flexural rigidity to allow passive interaction with the surrounding 

blood.

c. Ability to undergo large, rapid, directionally dependent strain during 

closing.

2. Tissue functional requirements are met through a uniquely designed structure 

that:

a. Consists of type I collagen fibers, which have high tensile strength.

b. Uses synchronized collagen crimp waveform to allow modest strains in 

the circumferential direction followed by rapid stiffening.
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c. Utilizes the rotation of collagen fibers to facilitate the very large radial 

strains—this is an important design feature since collagen fibers 

typically fail at 8% to 10% strain once fully straightened.

d. Takes on a multilayered structure to facilitate low flexural rigidity and 

provide additional support during valve closure and coaptation.

e. Consist of elastic fibers in the ventricularis (and atrialis in AVV), which 

help facilitate rapid retraction of the valve in the radial direction during 

opening.

3. The high level of durability that is required is accomplished by a largely 

redundant design—heart valves are “overbuilt” and have an estimated failure 

stress that is ∼20 times larger than functional stress levels.

At the cell level:

1. Heart valves consist of VECs and VICs. Although physical communication 

between the two cell populations may exist, there have been no observable 

direction junctions to date.

2. VICs reside within the different layers of the valve leaflets and consist of a 

heterogeneous population of smooth muscle cells, fibroblasts, and 

myofibroblasts that are phenotypically reversible, transdifferentiating into 

myofibroblasts during valve development, disease, and remodeling.

3. Higher TVPs on the left side of the heart impose larger local tissue stresses on 

VICs. As such, AVICs and MVICs have a higher intracellular stiffness and 

biosynthetic capability.

The focus of this review has been on heart valve functional physiology, more specifically the 

biomechanical behavior and the underlying VIC mechanobiology. We are now entering a 

level of bioengineering knowledge of valvular function wherein integrated computational-

experimental approaches can be more realistically applied. As such, this review has offered a 

balance of experimental and computational techniques, which have been crucial in 

furthering our knowledge of heart valves. The ideal heart valve model would be able to 

simulate VIC behavior in response to mechanical inputs, such as tissue and cellular strains. 

Such a model will prove to be a useful tool that can predict VIC mechanobiological response 

to altered valvular tissue stresses in different disease states and surgical repair scenarios. 

Predicted outputs should not only include VIC three-dimensional geometry and deformation, 

but also phenotypic and biosynthetic cellular response will include cytokine and chemokine 

levels, the expression of MMPs, collagen (i.e., HSP47 and prolyl 4-hydroxylase), GAGs/

PGs, and phenotypic markers, such as α-SMA. Although significant computational and 

experimental work in this area still remains, the development of innovative and 

physiologically realistic models that connect VIC mechanobiological response to organ- and 

tissue-level deformations will improve our understanding of the underlying functional 

physiology of heart valves. Such models will enable us to quantitatively establish the 

relations and mechanisms that lead to recovered tissue homeostasis after variations in valve 

tissue stress at various length scales. These approaches will pave the way for powerful and 

Ayoub et al. Page 34

Compr Physiol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exciting platforms that will improve our understanding of valve disease and lay the basis for 

more successful treatments and novel surgical repair techniques.
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Figure 1. 
A schematic approach to the biomechanics and mechanobiology of heart valve function. 

Heart valve function can be divided into multiple length scales: organ, tissue, cell, and 

subcell levels.
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Figure 2. 
The multiscale nature of heart valve biomechanics: a representation of the MV at the organ, 

tissue, and cell levels. At the tissue level: a circumferentially oriented cross section of the 

MV anterior leaflet stained with Movat pentachrome, which colors collagen yellow, elastic 

fibers black, and hydrated PGs and GAGs blue. At the cell-level: a transmission electron 

micrograph of a mitral VIC from the fibrosa layer.
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Figure 3. 
Scanning electron micrograph of the multilayered microenvironment of the MVAL. 

Individual micrographs of each layer are also presented: elastin-rich ventricularis and 

atrialis, highly collagenous fibrosa, and proteoglycan-rich spongiosa. The collagen fibrils 

and elastic fibers closely surround the interstitial cells and highlight the long cellular 

extensions. In the fibrosa, collagen fibrils are aligned in the circumferential direction of the 

leaflet, which is responsible for the observed anisotropy in leaflet mechanical behavior. (T: 

transmural, C: circumferential.)
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Figure 4. 
A conceptual framework of the natural history of CAVD. The spectrum of disease ranges 

from the “at risk” patient to the patient with end-stage severe symptomatic aortic stenosis. 

The light blue line represents the expected event-free survival and the purple line represents 

the survival curve at the onset of aortic sclerosis, which deviates from the expected survival 

line. Atherosclerotic risk factors involved in the development of AV disease from aortic 

sclerosis to calcified AV disease are included. Adapted from Otto et al. (182) with 

permission and Rajamannan et al. (203).
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Figure 5. 
Numerical simulation of the unsteady, pulsatile flow in a tricuspid prosthetic HV. Contours 

of the out-of-plane vorticity are shown at two phases during the cardiac cycle: (A) fully open 

phase and (B) closing phase.
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Figure 6. 
Instantaneous friction streamline and shear stress magnitude plots on the aortic (A and C) 

and ventricular (B and D) sides of the leaflets during the fully open (A and B) and early 

closing (C and D) phases of the cardiac cycle.
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Figure 7. 
(A) Schematic of the MVAL with the nine transducers used for sonomicrometry array 

localization. (B) Representative areal strain traces and corresponding areal strain rate data. 

The high strain rates (on the order of 1000% s−1) underscore the highly dynamic nature of 

the MV. Once the valve coapts fully, no further deformations occurred. (C) Mean principal 

strains for three pressure levels: 90, 150, and 200 mmHg. Other than the differences between 

the circumferential and radial peak strains, there were no significant differences in strain 

with increasing LV pressure. Adapted, with permission, from Sacks et al. (214).
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Figure 8. 
(A) Diagram of the AV cusp highlighting the belly, commissures, nodulus, and regions of 

coaptation. SALS results with the orientation index at (B) 0mmHg, (C) 4 mmHg, and (D) 90 

mmHg TVP. No further changes in fiber alignment were observed past 4 mmHg. These 

results are consistent with histological-based data that quantifies the percent area of tissue 

displaying collagen fiber crimp (E). Adapted, with permission, from Sacks et al. (217).

Ayoub et al. Page 58

Compr Physiol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Movat pentachrome stain of the transverse-radial section of the center region of the MVAL, 

and multiphoton microscopy of the ventricularis, fibrosa, spongiosa, and atrialis layer of the 

anterior leaflet is also shown. Adapted, with permission, from Zhang et al. (299).
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Figure 10. 
The net stress contribution from each ECM component from each layer for the equibiaxial 

stress protocol is shown for the circumferential and radial direction of the anterior and 

posterior leaflets. Here, the contributions from the layers are ventricularis (V), fibrosa (F), 

spongiosa (S), and atrialis (A). Interestingly, while the fibrosa layer is dominant 

circumferential directions in both leaflets, the atrialis also contributes substantially in the 

radial direction. Adapted, with permission, from Zhang et al. (299).
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Figure 11. 
(A) The circumferential and radial stretches of the MV leaflet at the 90 N/m equitension 

state,  and , revealed no significant differences among the prescribed set of loading 

time protocols in both the circumferential (P = 0.987) and radial (P = 0.996) directions. 

Stretches observed previously in mock flow loop (solid horizontal lines) ±SEM (dotted 

lines) are plotted for the circumferential (black) and radial (gray) specimen axes.  and 

 exceeded those observed in vitro; however, the ratio of  to  (0.86 ± 0.02) was 

very close to the ratio of peak circumferential and radial stretches observed in vitro (0.83). 

(B) Representative biaxial stress-relaxation data, demonstrating continued relaxation 

throughout the 3-h time frame. (C) Representative stretch versus time curves for a typical 

biaxial creep experiment. Adapted, with permission, from Zhang et al. (299).
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Figure 12. 
(A) Schematic showing the region of tissue used for bending tests in the AV. (B) Schematic 

showing directions of bending for the AV with respective layers (V: ventricularis, S: 

spongiosa, and F: fibrosa). M versus Dk relations in both the AC and WC directions for (C) 

specimens tested in 5 and 90 mmol/L KCl, and (D) specimens flexed in 5 mmol/L KCl and 

samples treated in 10 mmol/L thapsigargin overnight and then flexed in 5 mmol/L KCl. 

While the application of 90 mmol/L KCL induced an increase in stiffness in the AC 

direction only, both bending directions experienced a loss of stiffness with the addition of 

thapsigargin to the bathing medium.
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Figure 13. 
(A) The relation between AVIC NAR and TVP loading, with values reported over 

normalized leaflet thickness. (B) AVIC NAR versus the normalized collagen fiber 

orientation index (NOI) at different TVP levels. These results suggest that AVICs are not 

appreciably loaded until the collagen fibers fully straighten at TVPs more than ∼4 mmHg.
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Figure 14. 
Transmission electron micrograph of an MVIC from the fibrosa layer of the MV anterior 

leaflet highlighting the cellular microenvironment, particularly collagen fibril 

circumferential orientation and close interaction and alignment with the MVIC. Scale bar, 1 

μm. (T: transmural, R: radial, C: circumferential.)
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Figure 15. 
(A) A VIC under MA—the vertical bar represents the aspiration length. (B) Functional 

correlations of effective cell stiffness E versus TVP. (C) Linear correlation between Hsp47 

versus α-SMA, showing a strong correlation between the two proteins (r = 0.996) as the one 

progresses from the right to the left side of the heart.
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Figure 16. 
(A and B) Transmural MVIC distribution and deformation in the MV anterior leaflet under 

controlled biaxial loading. (A) Stack of two-photon excited fluorescence images. Red 

represents collagen fibers and green represents cell nuclei stained with Cytox Green. Image 

stacks were processed and used to quantify cellular deformation by measuring the NAR. (B) 

Measured layer-specific NAR as a function of membrane tension. (A: atrialis, S: spongiosa, 

F: fibrosa, V: ventricularis.) (C and D) The macro-micro finite element (FE) model used to 

investigate MVIC deformation. (C) Schematic diagram of the tissue-level model: the region 

of interest of the MVAL tissue under equibiaxial tension loading. (D) Diagram of the cell-

level microenvironment model, which consists of 37 uniformly distributed MVICs 

embedded in the layer-specific representative volume element. The tissue-level deformations 
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are used to prescribe boundary displacements. Adapted, with permission, from Lee et al. 

(134).
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Figure 17. 
Comparisons of the experimentally measured and numerically predicted NARs as a function 

of tissue-level tension: (A) atrialis layer (r2 = 0.8403), (B) spongiosa layer (r2 = 0.9166), (C) 

fibrosa layer (r2 = 0.8906), and (D) ventricularis layer (r2 = 0.9373). Adapted, with 

permission, from Lee et al. (134).
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Figure 18. 
AFM simulation setup with finite element mesh. (A) The volume ratio of the nucleus was 

acquired from electron micrographs of in situ VICs. Scale bar = 1 μm. VIC dimensions were 

acquired from height maps from AFM experiments. The colors represent the height of each 

point in μm. Scale bar = 10 μm. (B) The mesh was refined around the indentation region, 

with typically 10,000∼50,000 linear tetrahedron elements.
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Figure 19. 
(A) Deformation contours central and peripheral indentations highlight that VIC 

deformation is localized around the indentation region. The simulations show that 

indentations in the central region deform the nucleus more than those at the periphery. (B) 

Simulated and experimental indentation data at the center can be used to analyze VIC 

nucleus mechanical properties.
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Figure 20. 
The step-by-step calibration process. (A) The cytoskeletal shear modulus (μcyto) and α-SMA 

fiber shear modulus (μsf) were calibrated using the MA data for different types of VICs with 

different expression levels of α-SMA fibers. (B) Using the AFM indentation data on the cell 

peripheral regions, the fiber active contraction strength (f) was calibrated for AVICs and 

PVICs. (C) Using the AFM indentation data on the cell central region, the shear modulus of 

nucleus (μnuc) was calibrated for AVICs and PVICs. The parameters in red represents the 

ones that are being calibrated in the step, the parameters in gray represents the ones that are 

assumed not contribute to the mechanical response of the VICs (hence ignored) in the step, 

and the parameters in black represents the ones that are already calibrated from the previous 

steps and integrated into the model. Adapted, with permission, from Sakamoto et al. (221).
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Figure 21. 
(A) Contraction strength of the α-SMA fibers in the AVICs and PVICs. About 9:1 ratio in 

the contraction strength was observed from AVICs to PVICs. (B) Shear moduli of the AVICs 

and PVICs nuclei, which exhibited no differences. Adapted, with permission, from 

Sakamoto et al. (221).
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Table 1

Abbreviations

AVV Atrioventricular valve

SLV Semilunar valve

MV Mitral valve

TV Tricuspid valve

AV Aortic valve

PV Pulmonary valve

ECM Extracellular matrix

PGs Proteoglycans

GAGs Glycosaminoglycans

MMPs Matrix metalloproteinases

TIMPs Tissue inhibitor of matrix metalloproteinases

VIC Valve interstitial cell

OFT Outflow tract

EMT Endothelial-mesenchymal transformation

TIC Tachycardia-induced cardiomyopathy

MR Mitral regurgitation

CAVD Calcified aortic valve disease

AVSc Aortic valve sclerosis

CAVS Calcified aortic valve stenosis

CHF Chronic heart failure

MI Myocardial infarction

AS Aortic valve stenosis

MA Micropipette aspiration

SALS Small angle light scattering

NOI Normalized orientation index

HSP47 Heat shock protein 47

NAR Nuclear aspect ratio

α-SMA α-Smooth muscle actin

MVAL Mitral valve anterior leaflet

MVPL Mitral valve posterior leaflet

SMC Smooth muscle cells

aVIC Activated VIC

qVIC Quiescent VIC

OPN Osteopontin

ON Osteonectin

RUNX2 Run-related transcription factor 2

OCN Osteocalcin

ALP Alkaline phosphatase

FN Fibronectin

BMP Bone morphogenic factor
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MSM Multiscale modeling

TEM Transmission electron microscopy

Compr Physiol. Author manuscript; available in PMC 2017 September 15.


	Abstract
	Introduction
	Heart Valve Functional Physiology
	Heart valve structure and function
	Developmental origin of heart valves
	Endocardial cushion formation
	Valvular precursor cells
	Valvulogenesis regulation


	Heart Valve Disease and Clinical Relevance
	Overview of heart valve disease

	A Multiscale Approach to Understanding Heart Valve Biomechanical Functional Physiology
	Organ-level hemodynamics
	Semilunar valve hemodynamics
	Atrioventricular valve hemodynamics
	Flow characteristics
	Diseased valve hemodynamics

	Tissue-level biomechanics
	Dynamic leaflet strains
	Functional tissue structure relevant to heart valve biomechanics
	Biomechanical behavior: Behaviors and models
	Approaching heart valve biomechanics
	Planar biaxial tensile biomechanical behavior: The Mitral valve leaflet
	Time-dependent behaviors
	Flexural response of native leaflets

	Valve tissue adaptation to stress

	Cell-level mechanobiology
	Endothelial cells
	Interstitial cells
	VIC contractile behavior
	VIC deformation under physiological loading
	VIC mechanosensitivity and response to local tissue stress
	Cyclic stretch alters ECM remodeling activity of AVICs
	AVIC plasticity as a hallmark of pathological progression in CAVD
	Impact of mechanotransduction on AVIC activation and calcification
	GAG/PG upregulation in the MV in response to mechanical strain
	MVIC plasticity in Myxomatous MV disease


	Multi-scale computational approaches
	Integrated computational-experimental approaches
	Layer specific MVIC-ECM coupling
	Isolated VIC behavior



	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19
	Figure 20
	Figure 21
	Table 1

