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Computational Engineering and Sciences, Department of Biomedical Engineering, The University 
of Texas at Austin, Austin, USA

2School of Aerospace and Mechanical Engineering, The University of Oklahoma, Norman, OK 
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Abstract

Ischemic mitral regurgitation (IMR), a frequent complication of myocardial infarction, is 

characterized by regurgitation of blood from the left ventricle back into the left atrium. 

Physical interventions via surgery or less-invasive techniques are the only available therapies 

for IMR, with valve repair via undersized ring annuloplasty (URA) generally preferred over 

valve replacement. However, recurrence of IMR after URA occurs frequently and is attributed 

to continued remodeling of the MV and infarct region of the left ventricle. The mitral valve 

interstitial cells (MVICs) that maintain the tissue integrity of the MV leaflets are highly 

mechanosensitive, and altered loading post-URA is thought to lead to aberrant MVIC-directed 

tissue remodeling. Although studies have investigated aspects of mechanically directed VIC 

activation and remodeling potential, there remains a substantial disconnect between organ-level 

biomechanics and cell-level phenomena. Herein, we utilized an extant multiscale computational 

model of the MV that linked MVIC to organ-level MV biomechanical behaviors to simulate 

changes in MVIC deformation following URA. A planar biaxial bioreactor system was then 

used to cyclically stretch explanted MV leaflet tissue, emulating the in vivo changes in loading 

following URA. This simulation-directed experimental investigation revealed that post-URA 

deformations resulted in decreased MVIC activation and collagen mass fraction. These results 

are consistent with the hypothesis that URA failures post-IMR are due, in part, to reduced 

MVIC-mediated maintenance of the MV leaflet tissue resulting from a reduction in physical 

stimuli required for leaflet tissue homeostasis. Such information can inform the development of 

novel URA strategies with improved durability.
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1 Introduction

The mitral valve (MV) serves as a fluidic check valve, ensuring unidirectional blood flow 

from the left atrium to the left ventricle (LV) over the cardiac cycle. This physiologic 

function is performed over 3 billion times over the human lifespan, adapting to both 

short-term (e.g., after exercise) and long-term (e.g., pregnancy) alterations in mechanical 

demands. This remarkable reliability is compromised in mitral regurgitation (MR), which 

occurs when the MV fails to fully close, causing retrograde flow from the left ventricle to 

the left atrium. MR is the most prevalent valvular heart disease in the USA with an estimated 

prevalence of 1.7% (Benjamin et al. 2019). Ischemic MR (IMR), a type of secondary MR, is 

caused by LV dysfunction following myocardial infarction (MI) with initially no alterations 

to the MV leaflet properties. This study focuses on IMR.

Treatments for IMR aim to restore unidirectional blood flow through surgical repair or 

replacement of the MV. In patients aged 40–49 years, replacement with a bioprosthetic is 

associated with a higher 15-year mortality compared with replacement with a mechanical 

valve, but this effect decreases with increasing age (Chikwe et al. 2015; Goldstone et al. 

2017). Mechanical valve replacement is associated with increased bleeding and stroke risks 

(Chikwe et al. 2015; Goldstone et al. 2017), whereas replacement with a bioprosthetic 

is associated with elevated reoperation risk (Chikwe et al. 2015; Goldstone et al. 2017). 

On the other hand, repair procedures with undersized ring annuloplasty (URA) or more 

contemporary, less invasive approaches that utilize direct clipping of the leaflets are 

generally preferred over replacement due to the beneficial effects of preserving the native 

tissue. For instance, Acker et al. (2014) reported that URA without recurrent IMR resulted in 

superior LV volume reduction when compared with replacement. However, this LV volume 

reduction is abolished if MR recurs, which occurs in 32.6% and 58.8% of patients at 1 and 

2 years post-URA (Acker et al. 2014; Goldstein et al. 2016). This substantial MR recurrence 

remains the critical factor limiting the success of URA for treating IMR.

Even though URA seeks to restore the overall physiological function of the MV, the 

repaired MV undergoes drastically different mechanical deformations during the cardiac 

cycle when compared with native MV deformations (Lee et al. 2017). In vitro studies on 

valve interstitial cells (VICs), the resident cells that are responsible for maintaining the 

structure and composition of the heart valves, have revealed that altered mechanics alone can 

stimulate signaling pathways associated with MV remodeling (Wang et al. 2012; Quinlan 

and Billiar 2012; Poggio et al. 2013; Gould et al. 2016; Ayoub et al. 2017). These in vitro 

studies have outlined key proteins and deformation-driven processes that contribute to VIC 

activation and VIC-directed remodeling, but there remains a general lack of connection to 

higher, clinically relevant scales. An improved understanding of the mechanically driven 

MV remodeling process is needed to optimize URA procedures for minimizing recurrence 

risk.

Computational models of heart valve function have matured greatly in recent years (Votta 

et al. 2008; Wang and Sun 2013; Sturla et al. 2017; Sacks et al. 2019). However, existing 

computational models have yet to account for all of the underlying features that impact 

long-term MV behavior. In addition to altered loading, growth and remodeling in the 
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MV following MI and after surgery undoubtedly also play a major role in determining 

the success or failure of URA (Rego et al. 2017). Recent work has uncovered evidence 

of significant cell activation and extracellular matrix (ECM) turnover in the MV leaflets 

following MI (Dal-Bianco et al. 2009). This has been underscored by recent animal 

post-MI studies conducted by Rego et al. (2017), where analysis of resultant rt-3DE 

images demonstrated that the MV annulus was substantially dilated and flattened post-

MI. MI-induced effects propagated throughout both leaflets to yield substantial changes 

in strain patterns, including a pronounced increase in leaflet dimensions. Despite its 

importance, the mechanism through which the MV remodels in response to MI—as well 

as what mediates this process—remains poorly understood. In addition to immediate post-

surgical applications, high-fidelity computer simulations provide a means to connect cellular 

function with organ-level MV tissue mechanical responses and to aid the design of optimal 

MV URA strategies. However, extending these models to cellular and subcellular scales that 

describe fundamental VIC-driven remodeling processes require a detailed understanding 

of the relationship between MVIC deformation and pre- and post-URA MV leaflet 

deformation.

The choice of reference configuration is a key consideration in the development of 

computational models that bridge in vitro and in vivo studies. Chuong and Fung (1986) 

and Fung (1991) have gained important insights in this regard by considering “residual 

stresses” or “pre-stresses.” Amini et al. (2012) demonstrated the presence of substantial MV 

pre-strains, and Lee et al. (2017) illustrated the functional implications of this pre-strain that 

impact how material models based on in vitro experiments need to be used for in-vivo stress 

prediction. When attempting to connect to in vivo MVIC mechanobiological responses, 

reference configurations provide crucial information on the homeostatic tissue deformation 

in the MV and need to be incorporated into any in vitro study attempting to replicate the in 

vivo condition.

The MVIC nuclear aspect ratio (NAR) has been shown to be a key metric of 

cell deformation for monitoring VIC activation and VIC-derived remodeling. Nuclear 

deformation regulates a variety of cellular processes, including cell migration (Salvermoser 

et al. 2018; Krause and Wolf 2015), cell cycle progression (Aureille et al. 2019), and cancer 

cell malignancy (Antmen et al. 2019). Nuclear deformation is directly involved in YAP-

dependent mechanotransduction by altering transport across nuclear pores (Elosegui-Artola 

et al. 2017). In VICs, the NAR is correlated with collagen production, cell proliferation, 

and alpha-smooth muscle actin (α-SMA) expression (Lam et al. 2016; Ayoub et al. 2017). 

Thus, the NAR is a useful metric for evaluating the overall VIC biosynthetic state. However, 

a quantitative link between alterations in the organ-level functional state and the cellular 

mechanobiology has yet to be firmly established.

In an earlier study, Ayoub et al. (2017) utilized a simple tissue strip approach to 

elucidate MV anterior leaflet tissue and MVIC responses to varying tissue strain levels. 

Comprehensive results at different length scales revealed that normal responses are observed 

only within a defined range of tissue deformations, whereas deformations outside of this 

range lead to hypo- and hyper-synthetic responses, evidenced by changes in α-SMA, type 

I collagen, and other ECM and cell adhesion molecule regulation (Ayoub et al. 2017). 

Ayoub et al. Page 3

Biomech Model Mechanobiol. Author manuscript; available in PMC 2022 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, Ayoub et al. (2017) identified MVIC deformation as a key player in leaflet 

tissue homeostatic regulation and, as such, used it as the metric that makes the critical link 

between in vitro responses and simulated equivalent in vivo behavior. Results indicated 

that MVIC responses have a delimited range of in vivo deformations that maintain a 

homeostatic response, suggesting that deviations from this range may lead to deleterious 

tissue remodeling and failure. In a subsequent study, Lee et al. (2017) incorporated in 

vivo MV anterior leaflet (MVAL) deformations and pre-strains into an inverse finite 

element (FE) modeling framework to estimate the resulting in vivo tissue pre-stresses peak 

functional stresses. By integrating the tissue-level kinematic results into a downscale MVIC 

microenvironment FE model, we were able to estimate (for the first time) the in vivo 

layer-specific MVIC deformations and deformation rates of normal and surgically repaired 

MVALs. From these simulations, Lee et al. (2017) determined that URA greatly reduced 

peak MVIC deformation levels in a layer-specific manner. This suggests that the associated 

reductions in MVIC deformation may down-regulate MV ECM maintenance, ultimately 

leading to reduction in tissue mechanical integrity.

Collectively, these studies have provided valuable insight into MVIC mechanobiology in 

response to organ/tissue-level alternations induced by MV disease or URA. However, 

further attempts to refine such approaches must be built on more complete information 

on the interplay between organ-/tissue-level kinematics and MVIC deformations and the 

resulting deviations from homeostatic biosynthetic responses. Given the complexity of 

MV leaflet deformations (Lee et al. 2017; Rego et al. 2018) and complex coupling to 

MVIC deformations (Ayoub et al. 2017, 2018), such studies must involve more realistic 

in vitro tissue kinematics that attempt to mimic the actual in vivo environment. Toward 

this end, the present study utilized a biaxial deformation–based experimental methodology 

to better explore the relation between MVIC mechanobiology and alterations in the in 

vivo deformation due to URA. Using a simulation-informed approach, novel experiments 

were performed that sought to mimic the effects of URA on the MV and account for MV 

pre-strain. Coupling these in vivo-mimicking cyclic biaxial mechanical tests with a panel of 

assays to determine key ECM biosynthetic responses and VIC activation levels, this study 

makes a crucial link between altered VIC deformation and altered VIC-driven remodeling.

2 Methods

2.1 Overall approach

The key hypothesis in the present study is that cyclic strain amplitude of the MVIC over the 

cardiac cycle, as quantified by the NAR, is a key determinant of MVIC mechanobiological 

response. Using an FE modeling approach based on in vivo deformations (Fig. 1), Lee 

et al. (2017) have previously shown that URA not only greatly reduces the MV leaflet 

circumferential strain during closure (without detectably changing the radial strains), but 

also reduced the peak MVIC NAR.

To assess this hypothesis in the context of alterations in MVIC deformations in URA, 

we implemented deformations derived from computational biomechanics simulations in 

a custom planar biaxial bioreactor system (PBBS) to assess short-term (48 h) MVIC 

mechanobiological responses to the altered MVAL cyclic stretch levels that emulate URA. A 
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key aspect of this approach is the use of a multiscale-MVAL model that incorporates leaflet 

pre-strain to derive conditions mimicking the in vivo conditions (Ayoub et al. 2017; Lee 

et al. 2017). This in vitro experimental approach, driven by in vivo–informed simulations, 

allowed us to approximate changes in both tissue-level deformation and MVIC NAR in 

order to evaluate key mechanobiological responses.

2.2 Simulation-designed experimental protocols

2.2.1 Reference configurations from Lee et al. (2017)—A fundamental question 

underlying this work revolves around the importance of reproducing the in vivo reference 

configuration. Based on results from Lee et al. (2017), the following kinematic states were 

utilized (Fig. 1c):

1. β0: The in vitro unloaded configuration.

2. β1: The immediately exised, unloaded state after the MV was excised from the 

heart. This is not equivalent to β0 due to tissue relaxation, ceasing ~24 h after 

excision.

3. β2: The in vivo reference configuration associated with the onset of ventricular 

contraction (OVC) (Fig. 1b).

4. βt
Normal and βt

Ring: The loaded states for any time t.

As seen in Figs. 1c and 2, the choice of reference configuration has substantial effects on the 

resulting deformation.

2.2.2 Simulation-derived stresses and deformations—Herein, we used in vivo 

simulations from Lee et al. (2017) to determine the operational pre-stress, normal peak 

stress, and URA peak stress used in the in vitro experimental platform developed in this 

work. Lee et al. (2017) estimated MVAL stresses using an inverse FE modeling framework, 

based on in vivo measures of tissue deformations (Figs. 1 and 3). Briefly, MV in vivo tissue-

level kinematic data were integrated into a downscale MVIC microenvironment FE model, 

enabling the estimation of in vivo layer-specific MVIC deformations and deformation rates 

of normal and surgically repaired MVALs. Using this same approach, we estimated the 

in vivo loading conditions in our in vitro system (see Sect. 2.3) necessary to estimate 

the equivalent in vivo MV tissue first Piola–Kirchhoff stress (P) levels for the pre-stress 

state, as well as the normal peak stress (end systolic) state. Due to differences in tissue 

samples [juvenile sheep here compared with the adult sheep used in Lee et al. (2017)] and 

the increased stress at the boundary of the cruciate samples (Sun et al. 2005), the normal 

peak stress was reduced by 10%; however, this normal peak stress is in the fully loaded 

regime and this slight modification has negligible impact on the resulting deformation. For 

the ring peak stress state, PRR was fixed to that of the normal peak stress state and PCC 

was calibrated to achieve the computationally predicted drop in NAR (Fig. 3c). With an 

estimated NAR reduction of one-third, a PCC of 82.0 kPa was selected to represent the 

peak URA state. Figure 4c also indicates that at PRR = 387.2 kPa and PCC = 200 kPa, the 

deformation results in an average NAR of 5.95, which is already very close to the NAR of 
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6.02 at PRR = 387.2 kPa and PCC = 320.9 kPa, indicating the normal peak stress is well 

within the fully loaded regime.

2.3 Experimental procedures

Using the operational stresses determined from Sect. 2.2.2, the following experiments were 

conducted in this work.

2.3.1 Planar biaxial bioreactor system (PBBS)—We developed a tissue culture 

system specialized for valve leaflet tissues capable of imposing controlled planar biaxial 

loading to replicate physiological in vivo strains. In brief, the design consisted of four 

linear actuators and two load cells, one on each axis (Fig. 4a). A four-pillared stacking 

system in the middle of the system holds the specimen chamber, which is made of wear-

resistant and temperature-stable polysulfone. A clamp tissue attachment system is used to 

mount the tissue inside the specimen chambers. The system can operate in either strain- 

or stress-controlled modes, with each axis having a different limit. Due to the inherent 

difficulties of tracking strains while the samples are in the incubator, the PBBS was operated 

in the stress-controlled mode in this study. Local tissue strain was determined by tracking 

four fiducial markers on the specimen surface using standard methods to compute the 2D 

deformation gradient tensor F. We note that λ1 = λc = F11, λ2 = λR = F22 and shearing 

deformation components F12 ≈ 0 and F21 ≈ 0. All components that are housed within the 

specimen chamber are sterilized via autoclave and ultraviolet exposure.

2.3.2 Tissue preparation and experimental protocol—Fresh ovine hearts were 

collected from 6–10 month lambs from a local USDA approved abattoir (Mercantile Meat 

Processing Company, Utopia, TX) within 30 min of slaughter. MVALs were isolated on 

site and submerged in ice-cold Hypothermosol FRS (Sigma-Aldrich, St. Louis, MO) for 

transport to the laboratory. Once in the laboratory, cruciform shaped samples (5–7 mm × 3–4 

mm, circumferential × radial) were dissected from the upper central region wherein chordae 

tendonae attachments did not occur and mounted onto the PBBS. Unloaded, postmortem 

control samples were acquired using the same approach; then, snap frozen with liquid 

nitrogen and stored at −80°C. These unloaded control samples were not loaded in the 

bioreactor.

For NAR evaluation, samples were statically stretched and fixed under either (1) unloaded, 

postmortem control, (2) pre-stress, or (3) normal peak stress. Additional samples were 

used for calibrating the URA peak stress. For ECM and αSMA, samples were either 

(1) unloaded, postmortem control, (2) cycled between pre-stress and normal peak stress, 

or (3) cycled between pre-stress and URA peak stress. For each treatment group, n = 3 

MVAL specimens were used. Samples were mounted in the bioreactor specimen chamber 

aseptically in a sterile laminar flow hood. Each specimen chamber was filled with 12 mL 

of serum-free DMEM (Life Technologies, Carlsbad, CA) supplemented with 1% (v/v) Pen/

Strep antibiotics (Invitrogen, Carlsbad, CA), 1% (v/v) L-glutamine (Bio-Whittaker, Houston, 

TX), 10% (v/v) fetal bovine serum (Hyclone, Logan, UT), and 0.4% (v/v) fungizone 

(Invitrogen, Carlsbad, CA). The specimen chamber was then attached to the system base 

of each modular bioreactor, which is housed within the incubator maintained at 37°C and 
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5% CO2. Samples undergoing cyclic deformation were then stretched for a total of 48 h. 

At the end of each treatment, samples were either fixed or snap-frozen for further analysis 

as described. Assessment of the average NAR in the unloaded configurations after 48 h 

cyclic stretch from pre-stress to normal peak stress (3.54 ± 0.19) or URA peak stress (2.83 

± 0.82) compared with postmortem controls (2.86 ± 0.30) indicates that minimal permanent 

set occurs.

2.3.3 Cell deformation—In a separate group of experiments, three MVALs were used 

for microenvironment and cell deformation analysis. Similarly, MVALs were isolated and 

stored in hypothermosol. Cruciform shaped samples were dissected from the clear zone and 

mounted onto the biaxial bioreactor specimen chamber. Tissue dimensions (circumferential 

and radial lengths and average thickness across three points in the middle) are input into the 

control software GUI. The individual wells of the specimen chamber were filled with PBS 

and the specimen placed in each well as described above. Each group of n = 3 samples was 

subjected to a single stress level: pre-stress, normal peak stress, or URA peak stress (Fig. 4).

2.3.4 Histology and immunohistochemistry—Tissue preparation for histology and 

immunohistochemistry has been described previously (Balachandran et al. 2006; Merryman 

et al. 2007). Briefly, MVAL samples (both control and treated) were fixed with 10% buffered 

formalin (or EM grade glutaraldehyde for the fixation studies), transferred to 70% ethanol 

for storage, embedded in paraffin, cut into 5-μm sections, and mounted on glass slides. 

Slides were then stained with Movat’s Pentachrome for layer dimensional analysis and 

hematoxylin and eosin (H&E) to assess cell density. Slides were imaged using a light 

microscope at 4× magnification (Leica, Wetzlar, Germany). MVIC NAR was also quantified 

after 48 h of cyclic stretch. In brief, images of the H&E-stained slides were processed 

in ImageJ. The average fibrosa NAR was measured for n = 3 samples per group by 

detecting all of the dark purple nuclei in the image, randomly selecting 10 nuclei/sample, 

and determining their best-fit ellipses. The NAR is then calculated from the average ratio 

of the major and minor axes of the best-fit ellipse. Immunohistochemistry was performed 

to determine valve interstitial cell phenotypic activation using the myofibroblast marker, 

αSMA. In brief, slides were deparaffinized, hydrated, and incubated in 10% goat serum and 

0.03% hydrogen peroxide for 15 min each. The primary rabbit polyclonal α-SMA antibody 

(1:100, Abcam, Cambridge, MA) was applied for 40 min followed by the anti-rabbit 

peroxidase-labeled polymer for 30 min. Slides were then rinsed in PBS containing 0.01% 

Tween-20 after each incubation/staining step. All slides were counterstained with Mayer’s 

hematoxylin (Dako, Carpenteria, CA), dehydrated, and mounted.

2.3.5 Protein synthesis—Acid-pepsin soluble collagen, sulfated GAG (s-GAG), and 

elastin content were quantified using the Sircol, Blyscan, and Fastin quantitative dye-binding 

assay kits, respectively (Biocolor, Belfast, UK). Samples were weighed before and after 

lyophilization (wet weight and dry weight, respectively). Samples were digested in 1% (w/v) 

pepsin in 0.5M acetic acid (Sigma-Aldrich, St. Louis, MO) for 24 h at 4°C for collagen 

quantification, 1% papain (Sigma-Aldrich, St. Louis, MO) for 15 h at 60°C for s-GAG 

content, and in 0.25M of oxalic acid at 100°C for 1 h for elastin assessment. Digests were 

then quantified using manufacturers’ protocols.
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2.3.6 Statistical analysis—Colorimetric assay values (collagen, s-GAG, and elastin) 

and NARs are reported as mean ± standard error. For statistical comparison, colorimetric 

values were analyzed with a one-tailed Student’s t test. NAR was analyzed with a two-tailed 

Student’s t test. All statistical analyses were performed in MATLAB (MathWorks, Natick, 

MA).

3 Results

3.1 Bioreactor assessment: actuator displacement and strain measurement

To assess the bioreactor function and actuator displacement, we measured the clamp-to-

clamp stretch for the following groups: (1) unloaded to pre-stress, (2) pre-stress to normal 

peak stress, and (3) pre-stress to URA peak stress. Similarly, we used fiducial marker data 

to compute the deformation gradient for each of these groups. The circumferential and radial 

right stretches for the normal stress group are 4.1 ± 7.2% and 10.9 ± 5.4%, respectively.

3.2 Mitral valve interstitial cell deformation under normal stress

H&E images were used to quantify the MIVC NAR in the control, pre-stress, and normal 

states (Fig. 5). As in previous studies, the NAR increases with increasing stress. The 

difference between the NAR values in the control, pre-stress, and normal samples is 

statistically significant across all three groups (p < 0.01). Whereas this may be expected 

between the normal peak stress and the other groups, the significant difference between the 

pre-stress and unloaded control groups highlight the importance of incorporating pre-stress 

into both computational models and in vitro experimental platforms for investigating valve 

biomechanics.

3.3 Biosynthetic response: homeostasis and ring repair

Various studies have investigated VIC responses to mechanical stimuli, including more 

recent ones carried out by our own group (Ayoub et al. 2016, 2017). Results follow a trend: 

phenotypic activation, increased synthesis of PGs, GAGs (Gupta and Grandeallen 2006; 

Gupta et al. 2009; Lacerda et al. 2012) and collagen (Balachandran et al. 2006; Merryman et 

al. 2007), as well as increased proteolytic expression and activity (Balachandran et al. 2006, 

2009). The mass fractions of acid-pepsin-soluble collagen and s-GAGs are decreased in 

the ring stress group compared with the normal stress group, whereas elastin levels remain 

unchanged (Fig. 6a–c), consistent with previous reports.

3.4 MVIC activation after URA stress treatment

VICs are typically fibroblast-like, but become activated to a myofibroblast phenotype 

in development and disease (Rabkin et al. 2001). Phenotypic activation is typically 

characterized by an upregulation of α-SMA (Taylor et al. 2003), whereby MVICs become 

myofibroblasts and begin to actively remodel the ECM, highlighting the fact that VIC 

phenotypic state is linked to the remodeling demands of the tissue (Rabkin et al. 2002). 

Herein, VIC phenotypic activation was significantly reduced after cycling from pre-stress to 

URA peak stress compared with cycling from pre-stress to normal peak stress (2.28 ± 0.83 

vs. 4.80 ± 0.42, p < 0.05).
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4 Discussion

4.1 Approach

In the present study, we utilized the simulation methodology of Lee et al. (2017) to predict 

in vivo post-surgical repair MVIC deformations to design the in vitro experiments carried 

out in this work. Developing an in vitro system that emulated in vivo deformations was 

crucially dependent on computational simulations of MVAL and MVIC biomechanics. We 

were able to recapitulate the in vivo functional state in the in vitro PBBS, as well as 

incorporate pre-stresses into the experimental reference configuration to allow for more 

faithful representation of the in vivo tissue deformations.

The present study builds upon Ayoub et al. (2017), wherein MVIC deformation was 

identified as a key metric in predicting VIC activation and ECM regulation. However, 

the in vitro experimental “strip biaxial” system was not able to fully reproduce in vivo 

tissue-level deformation modes, which we have shown in the past to be multiaxial (Sacks et 

al. 2006). Prior work on the role of mechanical stimuli on MVAL tissue and their resident 

MVICs have relied solely on in vitro and ex vivo techniques that were only able to roughly 

approximate the in vivo environment (Ayoub et al. 2017; Balachandran et al. 2006, 2009; 

Lacerda et al. 2012; Lam et al. 2016; Merryman et al. 2007; Sacks et al. 2009; Thayer et al. 

2011). By more faithfully capturing the MVICs’ in vivo mechanical environment, we were 

able to demonstrate closer equivalence to the in vivo environment and measure key MVIC 

responses that would be expected to occur in vivo.

4.2 Changes in MV leaflet ECM mass fractions can be predicted from MVIC NAR

Despite species differences between the porcine samples used by Ayoub et al. (2017) and 

the ovine samples used herein, the relationships between MVIC NAR and ECM mass 

fractions were surprisingly consistent (Fig. 7 and Table 1). A study by Lam et al. (2016) 

that artificially confined single VICs in specified geometries also indicates that decreasing 

NAR leads to decreased VIC contractility and α-SMA expression. In synthetic hydrogel 

systems, Mabry et al. (2016) have shown that culturing VICs in a 3D environment better 

reproduces the in vivo VIC phenotype over culturing on 2D substrates. Thus, we believe 

the most interesting finding of the present study was the underscoring of the pivotal role of 

MVIC deformation in modulating their phenotypic and biosynthetic responses. Moreover, 

the PBBS system developed herein can be used as an in vitro platform to test the effects of 

biochemical stimuli and potential pharmaceutical treatments to the physiological function of 

the MV.

4.3 Limitations

While this study made substantial strides in mimicking the in vivo mechanical environment 

in an in vitro system, limitations remain. The clamps used to attach the tissue and the 

cruciate shape of the specimens are known to produce nonuniform stress and strain fields 

(Sun et al. 2005). However, the small size of the specimens and the 48-h duration of the 

experiment dictated such an experimental system setup. Yet, the close agreement in NAR 

in our studies (Fig. 7) suggests that the current approach provided a good approximation. 

Other, likely secondary factors such as shear forces from blood flow were not incorporated 
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in the in vitro system. These effects have been incorporated into previous flex-stretch-flow 

bioreactor systems (Engelmayr et al. 2008); however, such devices only incorporate basic 

aspects of each kind of mechanical force and not the precise control that facilitates in vivo 

emulation afforded by the PBBS system used in this study. Our knowledge of how valvular 

endothelium signal to the VIC population in the functioning valve remains very limited, and 

much more work is required to elucidate these effects.

While we have connected MV deformations with macro, tissue-level production of key 

structural proteins, the underlying mechanotransduction mechanisms and how they interact 

with other signaling mechanisms brought on by IMR and MV repair remain poorly 

understood. Connecting down to models of relevant signaling mechanisms provides a 

promising avenue for understanding the role of VIC mechanobiology in healthy and 

diseased environments and developing pharmaceutical interventions to aid or replace current 

surgical therapies.

5 Conclusions and future directions

Computational models of physiological systems provide useful avenues for connecting 

the various spatial and temporal scales that are responsible for biological complexity. 

Furthermore, the expense and ethics of large-scale in vivo experiments, especially large 

animal models of disease, necessitate in vitro systems for detailed experimental analyses. 

Using simulations of in vivo MV deformations to drive in vitro experiments on MVIC 

deformations and their subsequent remodeling response, this study replicated several key 

aspects of the in vivo environment in an in vitro emulating environment. Our results were 

consistent with the hypothesis that URA failures post-IMR are due, in part, to reduced 

MVIC-mediated maintenance of the MV leaflet tissue resulting from a reduction in physical 

stimuli required for leaflet tissue homeostasis.

The results from this paper are thus not restricted to a specific URA procedure. The basis 

for this is that all URA techniques decrease peak circumferential stress while leaving the 

peak radial stress relatively unchanged. This is because all URA designs/procedures seek 

to substantially reduce the MV annular size to enable proper coaptation and functional 

restoration. Thus, the exact change in the valve-level stress profile and the change in average 

NAR will be dependent on the annuloplasty ring type (and more importantly on the patient-

specific MV geometry), but the general trend will be the same regardless of annuloplasty 

ring selection. Such information can inform the development of novel MV surgical repair 

strategies with improved durability.
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Fig. 1. 
a Schematic of the mitral valve leaflet anterior leaflet along with the placement of the 

four/five sonocrystal transducers on the clear zone of the anterior leaflet. b Representation 

of the measured transvalvular pressure over one cardiac cycle. OVC: onset of ventricular 

contraction, represents the in vivo reference configuration β2. Max LVP: Maximum left 

ventricular pressure, represents the maximum pressure-loaded state. c Illustration of the 

effects of in vivo pre-stress, highlighting the importance of considering β2 instead of β0 as 

the reference configuration
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Fig. 2. 
Illustration of referential configuration effects on the a circumferential and b radial stress–

strain curves for the MVAL. Use of the in-vivo reference configuration β2 results eliminates 

most of the low stiffness toe region and reduces overall strain levels
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Fig. 3. 
Illustration of simulation-driven experimental study. a Illustration of normal and repaired 

MV as the two primary states of interest. b Simulations of the model developed by Lee et al. 

(2017) suggest that the circumferential strains are dramatically altered after URA, whereas 

the radial strains remain unchanged. c Simulations from Lee et al. (2017) also suggest that 

the fibrosa NAR decreases by one-third following URA
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Fig. 4. 
Illustration of the in vivo-mimicking PBBS experiments conducted herein. a Visualization 

of the PBBS. b MVIC NAR as a function of PCC) and constant PRR = 387.2 kPa. Linear 

regression is used to compute the PCC that results in the desired URA NAR (teal star). c 
Illustration of the stress configurations used in the PBBS. Samples were either fixed in a 

single configuration or cycled between pre-stress and either normal peak stress or URA peak 

stress. All stresses are given in units of kPa
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Fig. 5. 
MVIC deformation quantified by the NAR. Representative H&E images from a a control 

sample, b a sample fixed under pre-stress, and c a sample fixed under normal stress with 

MVIC nuclei are stained in purple (Scale bar: 100 μm). d MVIC NAR was measured for n 
= 10 cells/sample for n = 3 samples/leaflets. Asterisks (*) indicate statistical significance by 

two-sample t test with p < 0.01
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Fig. 6. 
Effects of URA peak stress on ECM composition and VIC activation. Mass fractions of a 
collagen b s-GAG c elastin, as well as d α-SMA levels after 48 h cycling between pre-stress 

and either normal peak stress or URA peak stress, compared with postmortem controls. 

All bar graphs represent mean ± SEM, n = 3. Asterisks (*) and (**) indicate statistical 

significance by a one-tail, two-sample t test with p < 0.1 and p < 0.05, respectively
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Fig. 7. 
Relative change in VIC NAR predicts ECM collagen mass fraction. Previous results from 

(Ayoub et al. 2017) are used to predict the difference between cycling from pre-stress to 

normal peak stress (orange star) and cycling from pre-stress to URA peak stress (teal star) 

for 48 h in this study
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Table 1

Difference in NAR between normal and URA groups parallels changes in tissue collagen and s-GAG. 

Predicted decreases come from comparison with Ayoub et al. (2017)

Normal URA Observed
% Decrease

Predicted
% Decrease

NAR 6.03 4.14 31.3 33.3

Collagen 35.93 27.47 23.5 26.0

s-GAG 7.80 5.88 24.6 18.2
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