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Abstract

Background: Recent studies have linked mitral valve prolapse to localized myocardial fibrosis, 

ventricular arrhythmia, and even sudden cardiac death independent of mitral regurgitation or 

hemodynamic dysfunction. The primary mechanistic theory is rooted in increased papillary 

muscle traction and forces due to prolapse, yet no biomechanical evidence exists showing 

increased forces. Our objective was to evaluate the biomechanical relationship between prolapse 

and papillary muscle forces, leveraging advances in ex vivo modeling and technologies. 

We hypothesized that mitral valve prolapse with limited hemodynamic dysfunction leads to 

significantly higher papillary muscle forces, which could be a possible trigger for cellular and 

electrophysiological changes in the papillary muscles and adjacent myocardium.
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Methods: We developed an ex vivo papillary muscle force transduction and novel neochord 

length adjustment system capable of modeling targeted prolapse. Using 3 unique ovine models of 

mitral valve prolapse (bileaflet or posterior leaflet prolapse), we directly measured hemodynamics 

and forces, comparing physiologic and prolapsing valves.

Results: We found that bileaflet prolapse significantly increases papillary muscle forces by 

5% to 15% compared with an optimally coapting valve, which are correlated with statistically 

significant decreases in coaptation length. Moreover, we observed significant changes in the force 

profiles for prolapsing valves when compared with normal controls.

Conclusions: We discovered that bileaflet prolapse with the absence of hemodynamic 

dysfunction results in significantly elevated forces and altered dynamics on the papillary muscles. 

Our work suggests that the sole reduction of mitral regurgitation without addressing reduced 

coaptation lengths and thus increased leaflet surface area exposed to ventricular pressure gradients 

(i.e., billowing leaflets) is insufficient for an optimal repair.
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Introduction

Mitral valve prolapse (MVP) is a very common pathology that describes the superior 

displacement or bulging of the mitral valve (MV) leaflets into the left atrium during 

systole,1 and it is the most common cause of isolated mitral regurgitation (MR) requiring 

surgical repair.2–4 MVP usually presents as isolated posterior mitral leaflet (PML) prolapse 

or bileaflet prolapse and is associated with frequent and serious complications, including 

stroke and heart failure.1,4,5 However, recent studies have linked the condition to sudden 

cardiac death in younger individuals, occurring as a result of ventricular arrhythmia, even 

in the absence of severe MR.6,7 This arrhythmia is related to localized fibrosis and scarring 

of the left ventricular myocardium and papillary muscles (PMs), and histological autopsy 

studies found scarring at the level of the PMs, adjacent free wall, and inferobasal wall in 

all young sudden cardiac death victims with MVP,6,8 whereas biopsies of MVP patients 

found regionalized fibrosis, markedly increased compared with septal and apical biopsies.9 

Taken in combination with imaging data that show superior PM displacement and abnormal 

systolic motions of the inferobasal myocardium in MVP patients,10,11 the existing evidence 

strongly suggests that prolapse, independent of MR, alters the biomechanical performance of 

the valve and surrounding myocardium.

The primary theory explaining the observation of localized fibrosis in patients with MVP 

in the absence of MR is rooted in increased PM traction force from prolapse. This force is 

transferred to the PMs via the chordae tendineae causing myocardial stretch, which activates 

mechanically-induced biological signaling cascades leading to fibrosis.6,12,13 Recent studies 

have even brought attention to progressive superior shift of the MV during systole observed 

via echocardiography, suggesting an augmented superiorly oriented force due to the systolic 

left ventricular pressure.13 Despite these observations, no biomechanical evidence exists 

explicitly showing increased forces on the PMs due to MVP, and to better understand this 

increasingly relevant disease, we aimed to evaluate the biomechanical relationship between 

prolapse and PM force using ex vivo technologies.14

We developed a comprehensive PM force transduction system for use during heart modeling 

and a novel neochord length adjustment system capable of recreating targeted prolapse. We 

hypothesized that MVP with limited hemodynamic dysfunction leads to significantly higher 

PM forces, providing a biomechanically-based mechanism for the localized stretch-induced 

changes in myocardial biology observed in a significant portion of MVP patients. Our ex 
vivo results establish the basis of advanced understanding of MVP biomechanics, creating 

a platform for further work aimed at interventional treatment opportunities and advanced 

clinical guidelines for this lethal disease.

Methods

The authors declare that all supporting data are available within the article.

Ex Vivo Left Heart Modeling

MVs (n=10) were explanted from healthy ovine hearts obtained from an abattoir and 

mounted in a left heart simulator as previously described and validated (Figure 1A).15,16 
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The use of ovine cardiac tissue from an abattoir is exempt from committee approval, and 

all experiments were performed in accordance with institutional guidelines. Our left heart 

flow loop features a linear piston pump (Superpump, ViVitro Labs, Victoria, BC, Canada) 

used to generate physiologic hemodynamics, with effective stroke volumes of 70 mL at 70 

bpm programmed in accordance with ISO 5840 standards for ex vivo valve testing. Mitral 

flow was recorded with an electromagnetic flow probe, and ventricular, aortic, and atrial 

pressures were measured using pressure transducers. For each sample compliance chambers 

and adjustable peripheral resistance were titrated to produce mean arterial pressures of 100 

mmHg, and hemodynamic data were collected and averaged across 10 cardiac cycles.

Papillary Muscle Force Transducers

PMs were excised from the left ventricle, leaving ~2 to 3 cm of the distal ends, and were 

fixed to 3D-printed mounts with 4 pledgeted GoreTex (W.L. Gore, Newark, DE) sutures. 

The mounts were integrated with submersible force transducers (LSB210, FUTEK, Irvine, 

CA), all of which were fixed to stainless steel rods transecting the bottom of the ventricular 

chamber (Figure 1B). The force sensors were calibrated with precision weights in both 

tension and compression. In combination with strain gauge amplifiers (IDA100, FUTEK), 

recording at a sampling rate of 1.2 kHz with 15 noise-free bits, the ultimate resolution of our 

system was on the order of hundreds of μN.

Neochord Length Adjustment System

We created a novel length adjustment system for implanted neochordae spanning the leaflets 

and PMs, allowing us to precisely lengthen or shorten neochordae without re-performing 

surgical implantation, improving experimental control and maintaining insertion points 

between conditions. The system consisted of a custom PM mount integrated with a series 

of 3D-printed interlocking pledgets. With a layer height resolution of 25 μm, each pledget 

was printed with a thickness of 1.5 mm in an epoxy-based resin. The pledgets contained 

4 embossed and debossed cylinder features for vertical stacking and lateral channels for 

fixing neochordae within the adjustment system (Figure 2A). Upon implantation, GoreTex 

sutures were threaded through the pledgets, PM mounts, PMs, and leaflets, allowing us 

to adjust neochord lengths in multiples of 1.5 mm, which we used to precisely tune our 

leaflet-specific prolapse models (Figure 2B).

Data Analysis

For each sample, we recorded hemodynamic, echocardiographic, and PM force data. 

PM forces were evaluated as aggregate metrics of both PMs, removing distribution as a 

confounding variable. Hemodynamic metrics were evaluated using the ViVitest application 

and custom Python scripts utilizing the numpy, pandas, scipy, and matplotlib libraries. We 

collected echocardiographic data using a Phillips iE33 system and S5-1 transthoracic probe 

(Koninklijke Philips NV, Amsterdam, The Netherlands), and from parasternal long axis 

images, measured the coaptation length of each valve.
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Experimental Procedures

To comprehensively model MVP biomechanics, we designed our experiments in a staged, 

paired manner, using 3 different models. For each sample, we collected hemodynamic, 

PM force, high-speed videographic, and echocardiographic data as described above. We 

randomized the order of conditions for each experimental set to avoid confounding time-

dependent changes in tissue properties. For each state, we titrated systemic resistances 

to maintain identical pressures between conditions as pressures alter PM forces.17,18 

Regurgitation was minimized to mild or moderate levels in the prolapse state (<25%).

For the first set of experiments (E-I), we evaluated MV biomechanics using a bileaflet 

prolapse model generated via vertical displacement of the PMs (n=10). Valve mechanics 

were evaluated in a physiologic state, with PMs positioned at a physiologic distance to the 

mounted annulus that resulted in little to no prolapse or tethering, and a raised state, with 

PMs positioned at a reduced distance to the annulus (Figure 3A). The raised state replicates 

prolapse via chordal elongation because reduced leaflet to PM distances superiorly translate 

the chordae and simulate relatively longer lengths, resulting in pathological prolapse similar 

to our previously validated Barlow disease model.19

For the second set of experiments (E-II), we evaluated MV biomechanics for an isolated 

PML prolapse model using our novel neochord length adjustment system. Using the same 

valves from E-I with PM positions at the physiologic state, P2 primary chordae were excised 

from the PML and replaced with two CV-5 neochordae, one to each PM (n=8). By adding 

or removing pledgets, we tuned neochord lengths to a physiologic or prolapse state (Figure 

3B). The physiologic state was determined as the point of optimal coaptation, evaluated via 

high-speed videography and echocardiography, whereas the prolapse state was determined 

as the point of minimal echocardiographic coaptation length while maintaining at most, mild 

to moderate regurgitation (<25%).

For the final set of experiments (E-III), we evaluated MV biomechanics for another bileaflet 

prolapse model using our neochord length adjustment system. Using the same valves and 

fixed PM configurations from E-II, A2 primary chordae from the anterior mitral leaflet were 

excised and replaced with 2 CV-5 neochordae, one to each PM (n=8) (Figure 3C). These 

modifications were performed in addition to the modifications performed for the valves from 

E-II, resulting in MVs with a total of 4 adjustable length neochordae, 1 each spanning the 

2 PMs and 2 leaflets. E-I focused on creating a generalized pathological disease model, 

whereas E-III aimed to simulate a post-neochordal-repair prolapse condition where bileaflet 

prolapse remains despite reduction in MR. Once again, neochord lengths were evaluated 

in physiologic and prolapse states, determined using a combination of echocardiographic, 

videographic, and hemodynamic metrics.

Statistical Methods

Statistical significance was defined at p<0.05 for all tests and continuous variables are 

reported as mean±standard error. Assuming normally distributed data, confirmed with 

Shapiro-Wilk normality tests (p>>0.05 for all metrics), we performed paired, 2-tailed 

Student t tests to compare continuous variables between groups.
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Results

E-I: Bileaflet Prolapse from Papillary Muscle Displacement

Hemodynamic data for the prolapse and physiologic conditions revealed nearly identical 

maximum ventricular pressures and transmitral pressure gradients (Figure 4A, Table S1). 

While prolapsing valves showed statistically significant increases in MR compared with that 

of physiologic valves (19.11%±1.53, 10.61%±0.55, respectively; p<0.001), the regurgitation 

levels remained within a range of mild severity (<20%). Coaptation length was significantly 

decreased for prolapsing valves compared with that of physiologic valves (4.98±0.48 mm, 

8.52±0.40 mm, respectively; p<0.001).

Despite similar maximum systolic pressures, we saw a significant increase in peak PM 

forces of 9.23% for prolapsing valves compared with those of physiologic valves (6.95±0.41 

N, 6.37±0.37 N, respectively; p=0.002) (Table S1). Aggregate PM force data showed a 

double peak profile, similar to PM and chordal force data of previous studies (Figure 

5A).16,18,20,21 Prolapsing valves showed significantly higher primary peak magnitudes of 

13.86% compared with those of physiologic valves (6.85±0.42 N, 6.01±0.39 N, respectively; 

p<0.001), corresponding to a significant decrease in the force time derivative (dF dt) of the 

primary peak, as primary peaks occurred in identical time-domains (p<0.001). Moreover, 

when evaluated relative to their own secondary peak magnitudes, prolapsing valves showed 

an average of 1.59% higher primary peak magnitudes, whereas physiologic valves showed 

4.90% lower primary peak magnitudes, indicating a fundamental difference in force profiles.

E- II: Isolated Posterior Mitral Leaflet Prolapse from Neochord Length Adjustment

Hemodynamic data for prolapse and physiologic conditions revealed close similarity 

with statistical acceptance of the null hypothesis for all highlighted metrics (Figure 4B, 

Table S2). Although there were significant differences in MR between physiologic and 

prolapse conditions (11.43%±1.25, 12.80%±1.23, respectively; p=0.042), the difference was 

a negligible 1.37% of regurgitation and both conditions remained within mild severity. 

Coaptation length was statistically insignificant between physiologic and prolapsing valves 

(10.15±0.48 mm, 9.47±0.39 mm, respectively; p=0.094), and the average difference in 

neochord length between conditions was ~4.5 mm.

While prolapsing valves had significantly higher primary peak forces (p=0.044), overall 

maximum PM force magnitudes were not significantly changed between physiologic and 

prolapsing valves (p=0.051), although prolapsing valves had slightly higher magnitudes, 

1.50% greater, than those of physiologic valves (Table S2). Additionally, we did not see any 

significant differences in primary peak magnitudes or dF dt (Figure 5B).

E-III: Bileaflet Prolapse from Neochord Length Adjustment

For our bileaflet prolapse neochord model, we confirmed that hemodynamic data for 

prolapse and physiologic conditions were closely mirrored with statistical acceptance of 

the null hypothesis for all highlighted metrics (Figure 4C, Table S3). There were no 

significant differences in MR between physiologic and prolapse conditions, with 16.22%
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±2.20 and 15.29%±1.67, respectively, and similarly to E-II, the average difference in 

neochord length between prolapsing and physiologic valves was ~4.5 mm. Coaptation length 

was significantly decreased for prolapsing valves compared with those of physiologic valves 

(7.05±0.45 mm, 10.59±0.36 mm, respectively; p<0.001).

In E-III, PM force magnitudes were significantly higher for prolapsing valves when 

compared with those of physiologic valves (6.10±0.39 N, 5.82±0.43 N, respectively), 

correlating to a 5.49% increase for prolapsing valves (p=0.013) (Table S3). Moreover, 

while the bileaflet prolapse condition resulted in significantly higher primary and secondary 

peak forces (p=0.003, p=0.004, respectively) force profiles did not vary significantly with 

no significant differences in primary to secondary peak distributions between conditions 

(Figure 5C).

Discussion

To the best of our knowledge, no directly measured biomechanical evidence exists 

suggesting increased forces on the PMs due to isolated prolapse in the absence of severe 

MR; yet this connection has been implicated in numerous imaging and histological 

studies.6,8–11,13,22 To evaluate this theory, we developed comprehensive PM force 

transduction and neochord length adjustment systems capable of creating targeted prolapse. 

For both isolated PML and bileaflet prolapse, our results are the first to show elevated 

PM forces as a direct result of MVP in absence of hemodynamic dysfunction, establishing 

the basis for more advanced understanding of the biomechanical changes involved in MVP 

and creating a platform for further work aimed at developing interventional treatments and 

advancing clinical guidelines for this lethal disease.

In analyzing our results, we found that bileaflet prolapse in both our PM displacement 

and neochord length adjustment models leads to significantly increased PM forces of 5% 

to 15%. Although these relatively marginal changes could be clinically irrelevant, it has 

been shown that long-term mechanical fatigue damage scales exponentially with cyclic peak 

stresses due to cumulative properties of fatigue.23 Specifically for chordae, based on a 

previously published power law curve, a 5% increase in forces could reduce the number of 

cycles to failure by 19.11%.23

In addition to significant changes in maximum force magnitudes, we observed fundamental 

differences in the force profiles for prolapsing valves in our PM displacement model, 

with a higher distribution of force at primary peaks, leading to increased primary peak 

dF dt. These differences are similar to what has been reported for papillary versus apical 

mounting of neochordae, which has been linked to increased failure of transapically 

mounted neochordae.15 The relatively increased primary peak dF dt magnitudes have been 

suggested to create a whipping phenomenon, similar to towline instability, and a more 

dynamic loading profile, both of which play significant roles in the stress mechanics due to 

the rate dependence of the stress-strain relationship for viscoelastic materials.15
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Additionally, while MR levels between models were not always statistically insignificant, 

our results indicate a high likelihood of statistical decoupling from the force results. 

The primary reason for increased MR levels in E-II and E-III is that these experimental 

conditions attempt to recreate a physiologic valve after induction of an acute chordal rupture 

model, and each experiment introduces further MR from progressive native chordal excision 

and neochordal implantation. Although we would assume that increased regurgitation 

plays a role on force dynamics, transvalvular and ventricular pressures ultimately drive 

these initial force magnitudes which remained constant between samples and experiments. 

Moreover, the MR levels seen with prolapsing valves would never be clinically interpreted 

as severely pathological requiring intervention, making our results that relative PM forces 

are significantly higher especially surprising.

Although we saw significant force increases in our bileaflet prolapse models, we did not 

observe these same differences for our isolated PML prolapse model. However, when 

analyzing the videographic and echocardiographic data, we observed that lengthening 

of PML neochordae did not consistently induce the reduction in coaptation length and 

billowing leaflet phenotype of prolapse that we clearly observed in our bileaflet models. 

Instead, lengthening of only PML neochordae often shifted the coaptation surface anteriorly 

(Figure 6). These observations are corroborated in the representative echocardiographic 

images, with prolapsing valves from E-I and E-III showing superior leaflet protrusion 

relative to the annulus and prolapsing valves in E-II not showing such a clear difference 

(Figure 7). Although it may be true that isolated PML prolapse does not have as large 

of a clinical effect on PM forces as those of bileaflet prolapse, these observations lead 

us to speculate that either our E-II valves represent a departure from clinical MVP, as 

E-II consisted of replacement with elongated neochordae of only 2 P2 neochordae, or that 

isolated PML prolapse may be more resistant to PM force increases due to repositioning of 

leaflet coaptation planes.

In aggregating our observations, we theorize that increased forces during prolapse is the 

result of increased leaflet surface area exposed to the ventricular pressure gradient. In 

particular, excessive leaflet surface area is a primary pathognomonic finding in Barlow’s 

disease,24 often observed with decreased coaptation lengths, as seen in patients with MVP. 

According to Pascal’s Law, pressures are transmitted equally, undiminished, and in all 

directions within the left ventricle including the inferior MV, meaning that superior forces 

on the leaflets are correlated to the product of the ventricular pressure and the leaflet 

surface area exposed to that pressure. Because the chordae anchor the MV leaflets and 

transfer superiorly displaced forces from the leaflets to the PMs,21,25 we can assume that the 

aggregate increase in forces on the PMs is a result of the increased leaflet surface area from 

the billowing leaflets and reduced coaptation lengths, as the ventricular pressure remained 

constant throughout our experiments. When applied to the valvular system, this interaction 

leads to increased forces on the subvalvular apparatus and surrounding myocardium. This 

theory provides a plausible explanation for the statistically insignificant differences in forces 

for isolated PML prolapse valves, as our E-II model often shifted the coaptation plane 

anteriorly rather than increased the total leaflet surface area, which is additionally reflected 

in the insignificant differences in coaptation length between prolapsing and physiologic E-II 

valves.
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Clinical Perspective

Our results establish new biomechanical understanding of MVP, potentially yielding larger 

implications in clinical translation for improved patient treatment, yet these extrapolated 

theories must first be clearly defined as speculative and hypothesis generating. Primarily, 

this work supports the development of a novel rationale towards MVP patient intervention 

with directed investigations aimed at better understanding the consequences of MVP in 

humans, with the goal of best defining which patients are candidates for intervention outside 

of current guidelines. Combined with findings in recent literature regarding sudden cardiac 

death in patients with prolapse in the absence of hemodynamic dysfunction, our data suggest 

that further investigations regarding earlier intervention of MVP patients, before severe MR 

serves as indication, may help develop a more informed approach toward addressing the 

downstream ventricular consequences of MVP by restoring healthy valve geometry and 

decreasing PM forces, particularly for patients with documented episodes of ventricular 

arrhythmia.6,8,11 Because we have shown that prolapse in the absence of significant MR 

can lead to potentially harmful forces on the PMs, we hypothesize that mere reduction of 

MR without restoring MV geometry and minimizing post-repair leaflet extension beyond the 

annulus height (i.e., billowing tissue) provides an insufficient method of MV repair. Such 

findings may have significant implications, for example, when comparing post-intervention 

leaflet morphology and subvalvular stress characteristics of post-surgical and transcatheter 

MV repairs.

Although our work was performed in the context of modeling MVP in the absence of 

hemodynamic dysfunction, our MVP models using our novel neochord length adjustment 

system, provide a novel research impetus into exploring the importance and consequences 

of achieving optimal neochord lengths during surgical repair. As shown, even millimeters 

of additional neochord lengthening can significantly alter the forces on the chordae and 

PMs, resulting in suboptimal repairs at risk of long-term fatigue damage and PM-level 

stretch-induced changes. Although work is required to further evaluate neochord length and 

PM forces, our novel adjustment system provides a platform to answer such questions in our 

ongoing investigations of MVP and its repair.

Limitations

Although we took many steps to minimize confounding factors and ensure optimal capture 

of native biomechanics, there were some key limitations to our work. The first limitation 

was the use of deceased large animal tissues as human MV models. While incorporation 

of porcine and ovine tissues in ex vivo experimentation has been well documented and 

validated in the literature, the use of such tissues introduced a level of temporal degradation, 

which could not be fully accounted for between experiments, as well as error in the 

differences in tissue composition and morphology between species and between healthy 

animal and pathological human valves. Although we ensured intra-experiment fidelity for 

our 3 models through randomized ordering, because the valve experiments were performed 

in a necessarily paired and progressive manner, we could not control for subsequent 

degradation of valve tissues between experiments. As such, we observed progressive 

decreases in overall PM force magnitudes between the different experimental models.
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The second limitation was that our models did not fully capture the complexity of MVP, 

including annular dilation and excess leaflet tissue, and the use of artificial chordae may 

have impacted the magnitude of the results. Although MVP has a variety of etiologies, 

we chose to model PM displacement and chordal elongation, and although these are gross 

approximations of prolapsed states, we were able to recreate the main pathophysiologic 

phenotype of billowing leaflet tissue into the left atrium. However, more work is being 

done to integrate advances to ex vivo modeling of even chronic disease states such as 

annular dilation and changes to tissue properties,19,26 but for this focused study on prolapse 

biomechanics, exploring these additional etiologies were outside the scope of our research 

question.

Conclusions

In summary, we showed that bileaflet MVP results in significantly elevated forces and 

altered dynamics on the PMs, an increasingly pertinent and timely result that provides a 

plausible yet speculative mechanism for the stretch-induced changes in myocardial biology 

observed in certain patients with MVP. Moreover, this work calls for a new line of thinking 

regarding MVP, its treatment, and its consequences, which highlights the need for further 

investigations aimed at questioning the sufficiency of the sole reduction of MR without 

addressing the increased billowing leaflet surface area for an optimal repair, an important 

distinction especially amidst the rapid development of novel transcatheter devices. While 

further work aims to analyze PM forces in new models and under new conditions, this 

study establishes the basis for a more advanced biomechanical understanding of the changes 

involved in MVP.
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What is Known

• Recent studies have linked mitral valve prolapse to localized myocardial 

fibrosis, ventricular arrhythmia, and even sudden cardiac death independent of 

mitral regurgitation or hemodynamic dysfunction.

• The primary mechanistic theory is rooted in increased papillary muscle 

traction and forces due to prolapse; yet no biomechanical evidence exists 

showing increased forces.

What the Study Adds

• We discovered that bileaflet prolapse, absent of hemodynamic dysfunction, 

results in significantly elevated forces and altered dynamics on the papillary 

muscles, an increasingly pertinent and timely result that provides a plausible 

mechanism for the stretch-induced changes in myocardial biology observed in 

certain patients with mitral valve prolapse.

• Our work has deep clinical implications in the treatment of mitral valve 

prolapse, suggesting that the sole reduction of mitral regurgitation without 

addressing the increased billowing leaflet surface area is insufficient for 

an optimal repair, an important distinction especially amidst the rapid 

development of novel transcatheter devices.

• While further work aims to analyze papillary muscle forces in new models 

and under new conditions, this study establishes the basis for a more 

advanced biomechanical understanding of the changes involved in mitral 

valve prolapse.
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Figure 1. 
(A) Labeled diagram of the ex vivo left heart simulator. (B) Images of our custom papillary 

muscle force transduction system integrated within the left heart simulator. Submersible 

force transducers were mounted to stainless steel rods transecting the gasketed bottom of the 

ventricular chamber, allowing for water-tight, exterior adjustability of the papillary muscle 

positioning. The force sensors set at a sampling rate of 1.2 kHz can record forces with an 

ultimate resolution on the order of hundreds of μN.
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Figure 2. 
Computer-aided designs of our novel neochord length adjustment system. (A) Designs of 

our stackable, interlocking, plastic pledgets that were three-dimensionally printed using a 

high resolution, digital light synthesis printer. Each pledget had a precise thickness of 1.5 

mm and contained four embossed and debossed cylinder features, allowing for vertical 

stacking. (B) Neochord length adjustment system integrated with custom PM mounts. 

GoreTex neochord sutures were routed through the mounts and pledgets such that pledgets 

could easily be stacked or removed on the bottom of the mounts to either shorten or lengthen 

the neochordae. (C) Images demonstrating stacking pledgets. The transected pledgets and 

mounts allow for adjustments in neochordae lengths. We used this system to precisely 

generate and tune our leaflet-specific prolapse models.
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Figure 3. 
Labeled schematic illustrations of experimental procedures. (A) Schematic of Experiment-

I where bileaflet prolapse was induced using a model of superior papillary muscle 

displacement. (B) Schematic of Experiment-II where isolated posterior mitral leaflet 

prolapse was induced using our novel neochord length adjustment system. P2 primary 

chordae were excised and replaced with two posterior mitral leaflet neochordae to each 

papillary muscle and lengthened or shortened for prolapse or physiologic conditions. (C) 

Schematic of Experiment-III where bileaflet prolapse was induced using our neochord 
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length adjustment system. A2 primary chordae were excised from the same valve in 

Experiment-II and two neochordae were implanted to the anterior mitral leaflet and each 

papillary muscle and lengthened or shortened for prolapse or physiologic conditions.
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Figure 4. 
Hemodynamic, force, and echocardiographic data presented as stacked binomial bar 

plots for (A) Experiment-I, (B) Experiment-II, and (C) Experiment-III. Categories with 

significant differences (p<0.05) are highlighted in red.
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Figure 5. 
Composite papillary muscle force profiles for the intra-cardiac time domain. (A) 

Experiment-I composite papillary muscle force profiles for a single cardiac cycle averaged 

across all samples for each condition. Note the difference in force profiles due to the higher 

primary peak magnitudes for prolapsing valves. (B) Experiment-II composite papillary 

muscle force profiles for a single cardiac cycle averaged across all samples for each 

condition. (C) Experiment-III composite papillary muscle force profiles for a single cardiac 

cycle averaged across all samples for each condition.
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Figure 6. 
Representative paired images taken from the surgeon’s view of the mitral valve for both 

physiologic and prolapse conditions in experiments (A) Experiment-I (E-I), (B) Experiment-

II (E-II), and (C) Experiment-III (E-III). Note, in particular, that increased neochord lengths 

for prolapsing Experiment-II valves results in an anteriorly-shifted coaptation plane rather 

than excess billowing leaflet tissue.
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Figure 7. 
Representative two dimensional echocardiography image stills of the mitral valve during 

systole. Images include long-axis views for both physiologic and prolapse conditions for (A) 

Experiment-I, (B) Experiment-II, and (C) Experiment-III.
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