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Abstract

Currently available heart valve prostheses have no growth potential, requiring children with heart 

valve diseases to endure multiple valve replacement surgeries with compounding risks. This study 

demonstrates the in vitro proof of concept of a biostable polymeric trileaflet valved conduit 

designed for surgical implantation and subsequent expansion via transcatheter balloon dilation to 

accommodate the growth of pediatric patients and delay or avoid repeated open-heart surgeries. 

The valved conduit is formed via dip molding using a polydimethylsiloxane-based polyurethane, 

a biocompatible material shown here to be capable of permanent stretching under mechanical 

loading. The valve leaflets are designed with an increased coaptation area to preserve valve 

competence at expanded diameters. Four 22 mm diameter valved conduits are tested in vitro for 

hydrodynamics, balloon dilated to new permanent diameters of 23.26 ± 0.38 mm, and then tested 

again. Upon further dilation, two valved conduits sustain leaflet tears, while the two surviving 

devices reach final diameters of 24.38 ± 0.19 mm. After each successful dilation, the valved 
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conduits show increased effective orifice areas and decreased transvalvular pressure differentials 

while maintaining low regurgitation. These results demonstrate concept feasibility and motivate 

further development of a polymeric balloon-expandable device to replace valves in children and 

avoid reoperations.

Graphical Abstract

We report the in vitro proof of concept of a biostable polymeric valved conduit, designed to 

accommodate growth via transcatheter balloon dilation. Four devices are initially expanded from 

22 to 23.26 mm in diameter. Two devices are further dilated to 24.38 mm, while the remaining 

two sustain leaflet tears. The surviving devices demonstrate increased orifice areas and decreased 

transvalvular gradients.
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1 Introduction

Congenital heart disease (CHD) is reported in approximately 1% of all live births, affecting 

~40,000 babies per year in the U.S. and ~1.4 million worldwide.[1] Common conditions 

associated with CHD include atrial and ventricular septal defects (holes in the internal walls 

of the heart), aortic and pulmonary stenoses (narrowing of the valves and arteries), and 

tetralogy of Fallot (a combination of a ventricular septal defect, pulmonary stenosis, right 

ventricular hypertrophy, and an overriding aorta).[2] More than half of children born with 
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CHD require open-heart surgery to correct these malformations, and more than 20% of those 

who require surgery will need the implantation of a valve or valved conduit to repair the 

right ventricular outflow tract (RVOT).[1,3,4]

However, all currently available valved prostheses, including cryopreserved homografts, 

xenograft conduits, bioprostheses, and mechanical prostheses, have serious limitations 

resulting in high rates of reintervention.[5,6] Tissue valves exhibit poor durability due to 

structural valve degeneration (SVD), which encompasses thickening, calcification, tearing, 

or other disruptions to the leaflet tissue leading to stenosis or regurgitation.[7-10] Mechanical 

valves do not degrade substantially, but they are susceptible to obstruction from pannus 

formation.[11] Other drawbacks of mechanical valves include their larger size, which limits 

their use in younger patients,[6] and their hinged design, which creates non-physiological 

flow patterns that increase the risk of thrombosis and necessitate anticoagulation therapy.[12] 

Most critically, all these devices are designed to function at a fixed size and are constructed 

from non-living tissue or rigid materials that do not adapt to the patient’s somatic growth. As 

a result of these limitations, children with prosthetic valves require one to four reoperations 

to replace the valve before they reach adulthood,[11,13,14] with each additional open-heart 

surgery carrying a 1-15% risk of death, bleeding, infection or multi-organ dysfunction.
[5,15,16]

Commonly reported reasons for reoperations in pediatric patients include somatic 

outgrowth,[11,17] complications due to SVD in tissue valves (e.g. stenosis, regurgitation),
[13,18] and in rarer cases, endocarditis and aneurysm.[11,13] Both outgrowth and SVD 

can occur independently, as SVD is a common occurrence even in fully grown adults.
[8,9] However, SVD has been shown to be accelerated in children, with an increase 

in the frequency of required reoperations.[18-20] While this phenomenon has been 

attributed to intensified immunological responses, altered blood biochemistry, and increased 

calcium metabolism,[21,22] another possible mechanism driving acceleration of SVD is 

outgrowth. An outgrown or undersized valve (which is effectively stenotic) creates high 

pressure gradients and turbulent flow that can trigger a cascade effect: increased internal 

leaflet stresses, intimal proliferation, macrophage infiltration[22] leading to reactive-oxygen-

species-mediated (ROS) oxidation,[23,24] and leaflet thickening resulting in further stress 

increases, calcification, degradation, and mechanical failure of the valve.[14,22,25-27]

A new valved device that can accommodate a child’s growth would reduce the need for 

reoperations and greatly improve the standard of care for children and adults with CHD. The 

ideal device will last from the newborn stage well into adulthood, although the elimination 

of even one reoperation to upsize a valved prosthesis would have a significant clinical 

impact.

There have been attempts to surgically implant percutaneous stented valves, such as 

the Melody™ transcatheter pulmonary valve,[28-32] for later intervention by transcatheter 

balloon dilation. However, these subsequent dilations have occasionally resulted in severe 

regurgitation[29] because the Melody™ was not originally designed to be competent across 

a large range of diameters – there is insufficient coaptation area, or leaflet contact, at 

larger diameters to enable valve closure – or to be expanded multiple times. There 
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is now an increased focus on developing valved devices specifically to accommodate 

a child’s growth. The Autus Valve (Boston, Massachusetts) is an incrementally balloon-

expandable valve mimicking the bileaflet geometry of a human venous valve.[33] Designed 

for pulmonary valve replacement and growth accommodation in pediatric patients, it 

is currently undergoing human clinical trials.[34] Meanwhile, Draper Laboratory, Inc. 

(Cambridge, Massachusetts) is developing the LEAP valve, which has an adaptive stent 

that expands without the need for balloon interventions.[35]

However, none of these devices are integrated with expandable conduits designed for 

reconstruction of the RVOT. In more than half of the patients requiring pulmonary valve 

implantations and in all such neonates, infants, and children up to the age of 5-6 years, 

the RVOT is entirely absent or insufficiently sized.[36] Thus, a valved conduit is the 

major clinical need for this population, as a valve-only device would not be adequate to 

fully reconstruct the RVOT and properly accommodate growth. An expandable valve-only 

prosthesis could potentially be inserted into an expandable vascular graft. However, such 

a configuration has not been studied, and the effect of balloon expansion on the cohesion 

between these separate components is unknown.

We report the first in vitro proof of concept of a growth-accommodating polymeric valve 

with an integrated conduit – a valved conduit – that can be implanted surgically for pediatric 

RVOT reconstruction and subsequently expanded via transcatheter balloon dilation to match 

part of the patient’s growth into adulthood, thus being suitable for adult patients as well. 

We hypothesize that the expandability of the device can be achieved by using a permanently 

deformable polymeric material, in contrast to current mechanical and tissue-based valves, 

and that valve competence can be maintained at expanded diameters by designing the 

valve leaflets with an increased coaptation area, where this increased area is obtained by 

increasing the leaflet coaptation height and free edge length. Our objective here was to select 

biostable polymers that meet the mechanical requirements, design and fabricate the first 

generation of a fully polymeric biostable valved conduit, and test it in vitro before and after 

balloon dilations.

2 Results

2.1 Materials Characterization and Selection

Two commercially available, biostable, and biocompatible polymers, Carbothane™ 

AC-4075A (Lubrizol, Cleveland, Ohio), which is a polycarbonate urethane (PCU), and 

Elast-Eon™ E5-325 (Biomerics, Salt Lake City, Utah), which is a polydimethylsiloxane-

based (PDMS) polyurethane (PU), were identified as potential materials for the valved 

conduit proof of concept due to their high compliance matching that of native heart 

valve tissue[37,38] and their excellent biocompatibility.[39-44] Furthermore, Carbothane™ and 

Elast-Eon™ are known to be processable by dip molding, a fabrication technique which 

has produced excellent results for polymeric valves.[38,45] These materials were further 

evaluated by mechanical and biocompatibility testing to determine their suitability for 

constructing the device.
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2.1.1 Mechanical Testing—The objective of the mechanical tests was to assess the 

capacity of the materials for permanent (inelastic) deformation as a result of stretching under 

uniaxial mechanical loading. Herein, we refer to the amount of deformation of a sample, 

whether temporary or permanent, by the stretch ratio λ = L/L0, where L is the length of 

the uniformly deformed sample and L0 is its initial length. First, to determine the extent to 

which the materials could be stretched, we obtained their uniaxial elongations at break and 

ultimate strengths. The Carbothane™ samples (n = 5) had an elongation at break of λult = 

5.81 ± 0.08 and a nominal tensile strength of σult = 48.40 ± 2.52 MPa (mean ± s.d.). The 

Elast-Eon™ samples (n = 5) were stretched to the crosshead travel limit of the tensile testing 

machine at λ = 6, but they did not break. The corresponding nominal tensile stress at λ = 6 

was σ = 13.12 ± 0.27 MPa.

The time-dependent viscoelastic behaviors of Carbothane™ and Elast-Eon™ (n = 4 samples 

each group) were characterized by uniaxial stress relaxation tests. Averaged results in Figure 

1a show that the stress decreased quickly within the first 50 seconds. By 300 seconds, 

the stress had begun to asymptotically approach a stable limit, indicating that most of the 

viscoelastic response had dissipated. The remaining stress at the stable limit represents 

elastic energy being stored. These results provide an estimate of the time scale of the 

transient viscoelastic behavior in Carbothane™ and Elast-Eon™.

Individual samples of the two materials were each subjected to a single temporary stretch 

λtemp and allowed to recover. The amount of permanent stretch λperm remaining after 

24 hours was recorded. Since the stress relaxation responses had approached a stable 

limit within 300 seconds, we determined that 24 hours was long enough to properly 

account for time-dependent viscous strain. Both Elast-Eon™ and Carbothane™ exhibited 

elastomeric mechanical behavior, with significant elastic and viscoelastic recovery from 

large deformations and relatively small amounts of permanent stretch (Figure 1b-c). 

Stretching Elast-Eon™ by λtemp = 5 resulted in a permanent stretch of λperm = 1.49 ± 

0.03 (n = 4, mean ± s.d.) (Figure 1b), while the same test for Carbothane™ resulted in λperm 

= 1.36 ± 0.06 (n = 8) (Figure 1c). Stretching Elast-Eon™ by λtemp = 2, 3, and 4 resulted in 

permanent stretches of 1.06 ± 0.03 (n = 7), 1.14 ± 0.03 (n = 7), and 1.33 ± 0.06 (n = 5), 

respectively. Stretching Carbothane™ by λtemp = 2, 3, and 4 resulted in permanent stretches 

of 1.01 ± 0.01 (n = 4), 1.04 ± 0.03 (n = 5), and 1.31 ± 0.06 (n = 4), respectively (Figure 1d).

2.1.2 In Vivo Biocompatibility Testing—The biocompatibility of the following 

polymers was evaluated in a rat subcutaneous model[46-49] of implantation: 1) non-stretched 

Carbothane™, 2) non-stretched Elast-Eon™, 3) Elast-Eon™ which had been temporarily 

stretched by 2x, resulting in a 1.1x permanent pre-stretch, and 4) FDA-approved expanded 

polytetrafluoroethylene (ePTFE) (GORE® PRECLUDE® Pericardial Membrane, W. L. Gore 

& Associates, Flagstaff, Arizona) as the control group since multiple ePTFE-based valvular 

devices are currently used in clinical practice and have shown excellent biocompatibility, 

biostability and durability.[50-53] Figure 1 shows histological sections of the materials 

upon explantation after 2 months. The pink color in Figure 1e-h indicates the formation 

of encapsulating tissue, which is the inevitable host response to the implantation of an 

artificial material. Figure 1e-l shows that the Carbothane™ and Elast-Eon™ samples had 

good biocompatibility, displaying a lack of cell penetration (lack of foreign body response) 
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and lack of calcification (lack of immunological response) similar to the ePTFE control 

patches. There was also no visible difference between the pre-stretched and non-stretched 

Elast-Eon™ samples.

The mechanical tests of both Elast-Eon™ and Carbothane™ showed only limited permanent 

stretch. Nevertheless, Elast-Eon™ retained permanent stretches that were greater than in 

Carbothane™ (λtemp = 2, p = 0.008; λtemp = 3, p = 5e-5; λtemp = 4, p = 0.65; λtemp 

= 5, p = 0.0038) and substantial enough to demonstrate the proof of concept of growth 

accommodation. Elast-Eon™ also demonstrated good biocompatibility and was therefore 

selected for fabricating the first-generation valved conduit prototype.

2.2 First-Generation Design

The design of the valved conduit comprises a cylindrical conduit with a trileaflet valve 

located at the center (Figure 2a). The geometry of the valve leaflets is elliptical along 

the radial direction and hyperbolic along the circumferential direction, following equations 

previously described by Mackay et al.[54] To ensure the persistence of valve competence 

at larger diameters after the expansion, this design was modified (SolidWorks, Dassault 

Systèmes, Waltham, Massachusetts) to have an increased coaptation area. The associated 

increased coaptation height ℎ was calculated as

ℎ = l2 − b2, (1)

where ℎ is the height of a right triangle having base length b equal to the initial conduit 

radius and hypotenuse length l equal to the expanded conduit radius (Figure 2b). The new 

length of the free edge was set as 2l using a triangular profile.

In this study, the valved conduit was designed to have an initial diameter of 22 mm. Since 

the mechanical tests for Elast-Eon™ showed that λtemp = 2 would produce λperm = 1.06 ± 

0.03, it was calculated that a 44 mm temporary balloon dilation (near the limit of clinical 

feasibility in adolescents) of the 22 mm device would yield a final diameter of 23.32 mm 

(λperm = 1.06). Using b = 11 mm and l = 12 mm (23.32 mm / 2 ≈ 12 mm) in Equation (1), the 

increased coaptation height was estimated to be ℎ = 4.8 mm. After rounding up to ℎ = 5 mm, 

l was recalculated as l = 12.1 mm, and the new length of the free edge was 2l = 24.2 mm. The 

length of the conduit was ~9 cm to fit the pulse duplicator testing fixture.

2.3 Fabrication

We used dip molding in Elast-Eon™ to fabricate four 22 mm diameter valved conduit 

prototypes (Devices #1-4) (Figure 2c). The resulting conduit wall and leaflet thicknesses 

are shown in Figure 3. There was some variation in these thicknesses along the length of 

the device, as expected from the flow of synthetic polymer solution with the dip molding 

technique.

2.4 In Vitro Evaluation

The four valved conduits were tested in vitro for hydrodynamics in a heart valve pulse 

duplicator, successively dilated to larger diameters, and tested again after each dilation 
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for hydrodynamics. The devices were dilated using a Coda balloon catheter first to a 

maximum diameter of 40 mm (λtemp = 1.8) (Figure 4a-b1) and then immediately released. 

The duration of time to fully inflate and then deflate the balloon was ~1 minute, excluding 

intermittent breaks to refill the syringe and monitor the diameter of inflation. After 24 

hours, the devices had recovered to new permanent diameters of 23.26 ± 0.38 mm (mean ± 

s.d.) (λperm = 1.06 ± 0.02) (Figure 4c1). A second dilation was performed to a maximum 

diameter of 44 mm (λtemp = 2) (Figure 4b2). During this second dilation, two of the devices, 

Device #3 and Device #4, sustained tears in their leaflets. The two surviving devices, Device 

#1 and Device #2, recovered after the second dilation to new permanent diameters of 24.38 

± 0.19 mm (λtemp = 1.11 ± 0.01) (Figure 4c2), showing a greater amount of permanent 

stretch compared to the uniaxial tests of Elast-Eon™ (λtemp = 2 and λperm = 1.06 ± 0.03).

Hydrodynamic testing of the four devices under adolescent/adult pulmonary conditions 

showed good valve function in the pre-dilated state, with effective orifice area (EOA), mean 

positive pressure differential (PPD), and regurgitant fraction (RF) all at acceptable levels. 

Device #1 had the thickest leaflets and the highest mean PPD among the four prototypes.

Valve competence was maintained after the first balloon dilation, with increased EOA 

and decreased mean PPD for all four devices (Table 1). After the second dilation, the 

two surviving devices both showed additional increases in EOA and decreases in mean 

PPD. While there are no standard performance requirements for valved prostheses in the 

pulmonic position, the minimum ISO 5840-2 requirements for EOA in the aortic position 

were exceeded by nearly all the devices before and after the balloon dilations, except for 

Device #1 just before and after the first dilation.[55] RF increased after each balloon dilation, 

but it was maintained well below the maximum of 10% per the ISO 5840–2 requirements 

for aortic valves. Readings from the pulse duplicator (Figure 5a-e) showed oscillations in 

flow and ventricular pressure during the valve closing phase. Smaller oscillations in arterial 

pressure also occurred during valve opening and coincided with visible leaflet flutter (Video 

S1). The magnitude and frequency of these oscillations generally decreased after each 

successive balloon dilation.

The effect of the balloon dilation on the valve coaptation height was investigated 

experimentally. We had modified the original leaflet design of Mackay et al.[54] to have 

an increased coaptation height ℎ, as defined in Equation (1), in the pre-dilation state. 

Here, ℎ′ is defined as the corresponding dimension (i.e. the remainder of the increased 

coaptation height) in the post-dilation state. Figure 6 schematically shows valved conduits 

in the pre-dilation state and after recovering from the first balloon dilation, subjected to 

fluid pressures of 3 mmHg and 25 mmHg from the distal end to induce valve closure. At 

a pressure of 3 mmHg, the observed increased coaptation height in the pre-dilation valves 

was ℎ3 = 2.64 ± 0.34 mm (mean ± s.d.). The increased coaptation height was smaller in the 

post-dilation valves, with ℎ3
′ = 2.11 ± 0.48 mm. The same trend was observed at a pressure of 

25 mmHg, with ℎ25 = 2.17 ± 0.12 mm and ℎ25
′ = 1.83 ± 0.32 mm.
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2.5 Computational Modeling of the Balloon Dilation

A 22 mm valved conduit finite element model was temporarily dilated to a maximum 

diameter of 44 mm to mimic the balloon dilation experiment (Video S1). The resulting 

distribution of permanent deformation was non-uniform in the valve region, with the 

magnitude of deformation being greatest along the leaflet attachment areas (Figure 7). 

Since the final expanded geometry of the model was irregular and not cylindrical, a final 

diameter of 24.9 ± 1.0 mm (mean ± s.d.) was calculated from the mean value of the conduit 

circumference in the valve region (i.e. the section of conduit encompassing the height of 

the leaflets). This numerical prediction of permanent stretch (λtemp = 2 and λperm = 1.13 ± 

0.05) showed good agreement with the experimental balloon dilations of the valved conduits 

(λtemp = 2 and λperm = 1.11 ± 0.01), but was greater than the results from uniaxial testing of 

Elast-Eon™ (λtemp = 2 and λperm = 1.06 ± 0.03).

3 Discussion

Our ultimate goal is to develop an integrated valve and conduit device that can be expanded 

from 12 mm (neonatal size) to 24 mm (adult size) in diameter using multiple incremental 

balloon dilations. These Elast-Eon™-based prototypes represent the first proof of concept of 

an expandable valved conduit with balloon dilations from 22 mm (adolescent size) to over 

23 mm in diameter. Additionally, we demonstrated the feasibility of subsequent dilations to 

reach a diameter over 24 mm, which holds clinical significance since the total expansion 

from 22 mm to 24 mm would potentially eliminate one reoperation to upsize a valved 

prosthesis while accommodating an adolescent into adulthood. The tearing observed in two 

of the devices during their second dilations is likely due to limitations from our manual 

fabrication process and could be resolved through manufacturing process improvements or 

with the future development of new biomaterials. In vitro testing of the fabricated devices 

showed excellent valve performance both pre- and post-dilation, with EOA increasing after 

each successful dilation. The computational model of the device expansion demonstrated 

good agreement with the experimental dilations while predicting a non-uniform valve 

expansion which must be considered in future designs.

3.1 Materials Characterization and Selection

While Elast-Eon™ generally exhibited elastomeric behavior, the mechanical tests also 

showed that it can be permanently stretched, a property that may be used to accommodate 

patient growth. The resulting permanent stretches were governed by the magnitudes of 

the temporary stretches and could be reliably reproduced to facilitate predictable growth. 

The actual amounts of permanent stretch in Elast-Eon™ were small, yet they were still 

sufficient to demonstrate a proof of concept of growth accommodation. Elast-Eon™ also 

demonstrated excellent biocompatibility and biostability in a rat subcutaneous model, even 

after stretching. This critical result suggests that the permanent balloon dilations would not 

cause the device’s biological properties to substantially degrade.

Ultimately, neither Elast-Eon™ nor Carbothane™ is an adequate material for achieving the 

desired permanent 2x expansion that would be needed long-term to expand a neonatal 

size device to the adult size. Temporary 2x stretches, which approach the limit of clinical 
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feasibility, resulted in no greater than a 1.06x permanent stretch for either material 

during mechanical testing. Meanwhile, excessively large 5x temporary stretches, which are 

clinically infeasible, resulted in no greater than a ~1.5x permanent stretch. A biomaterial 

with a greater capacity for permanent, or plastic, deformation would be more desirable for 

this growth-accommodating device and is an opportunity for future polymer development.

3.2 First-Generation Design

The valve was designed with an increased coaptation area to ensure competence at expanded 

diameters. This increased area was achieved by increasing the leaflets’ radial length and 

free edge length. Clinically, our experience with the Ozaki technique[56,57] for aortic valve 

reconstruction in children has shown that a valve designed with increased radial and free 

edge lengths is compatible with patient growth. However, in the Ozaki design, the increased 

free edge length is obtained by increasing the width of the entire leaflet. This forces 

the leaflets, which are cut from a sheet of autologous pericardium, to initially adopt a 

redundant sinusoidal curvature along the free edge. A dip-molded polymeric valve with 

such a sinusoidal curvature would likely have poor hydrodynamic function. By fabricating 

the valve via dip molding, the polymer microstructure is set to remember the geometry of 

the mold. If the polymeric leaflets were sinusoidally shaped, they would tend to keep their 

sinusoidal curvature under loading and consequently have decreased mobility and increased 

resistance during valve opening. Furthermore, as the valve diameter was increased, the 

sinusoidal leaflets would be forced to unfold and flatten, resulting in higher internal leaflet 

stresses and reduced durability. We avoided these potential drawbacks by lengthening the 

leaflets in the radial direction alone and creating a triangular profile to increase the free 

edge length (Figure 2b), while still obtaining a sufficiently increased coaptation area in the 

dip-molded valve.

When the valved conduits in this study were expanded, the valve leaflets likely sustained 

some permanent circumferential stretching that assisted in achieving valve closure at the 

larger diameter. However, when determining the increased coaptation height and new free 

edge length required to cover the new lumen area, this circumferential stretching was 

excluded from the calculations. Also excluded was the potential leaflet elongation that could 

occur due to extended cycling (i.e. creep) under physiological conditions.[58,59]

A trileaflet design was chosen to mimic the three leaflets of a native pulmonary valve 

and to maintain the associated physiological flow patterns.[60,61] Trileaflet polymeric valves 

have shown excellent hemodynamic function and durability.[38,45,52,53] In particular, we 

selected the ellipto-hyperbolic trileaflet geometry since previous valves with this design 

sustained over 500 million cycles (equivalent to ~13 years) during in vitro fatigue testing.
[54] However, future work will also explore bileaflet valve designs, motivated by good 

clinical outcomes from bileaflet polymeric valve implantation for RVOT repair.[50,62-64] 

Additionally, Hofferberth et al. demonstrated excellent growth potential and valvular 

performance with a bileaflet venous valve geometry.[33,65]
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3.3 Fabrication

Dip molding is known to be a complex process due to the continuous flow of the liquid 

polymer and the many parameters that must be controlled, including polymer viscosity, 

dipping speed, and drying position and temperature.[66] Our manual dip molding process 

resulted in valved conduits with some variability in conduit wall and leaflet thicknesses 

(Figure 3). This variability was due to the downward flow of liquid Elast-Eon™ solution 

along the valved conduit mold, as it was held upright to avoid flow of excess liquid 

polymer into the void between the two mold halves during the dipping and drying processes. 

Nevertheless, the conduit thickness variations had little effect on the uniformity of the 

balloon dilations, as all the devices were expanded to similar permanent diameters (Table 1). 

The resulting range of leaflet thicknesses was comparable to the dip-molded polyurethane 

valves of Mackay et al.[54] which reached over 500 million cycles in accelerated wear testing 

and to drop-coated PCU valves which reached 1 billion cycles.[67]

However, further optimization of the fabrication process is desired, as control of leaflet 

and conduit wall thickness and uniformity are imperative to long-term hydrodynamic 

performance and durability.[68,69] Leaflet non-uniformity and insufficient leaflet thickness 

may also have contributed to the tearing of Devices #3 and #4 upon the second set of 

balloon dilations. Manufacturing process improvements could include robotic mechanisms 

for controlling the dipping speed and for tumbling the mold while drying to improve 

uniformity of polymer distribution,[70,71] as well as spray coating.[72]

3.4 In Vitro Evaluation

Four valved conduit prototypes were permanently balloon-expanded from a diameter of 22 

mm to 23.26 ± 0.38 mm, and two of the prototypes were further expanded to 24.38 ± 

0.19 mm. The devices demonstrated increased EOA, lowered mean PPD, and acceptable 

increases in RF after each successful balloon dilation when tested under pulmonary 

conditions (Table 1). These results show the feasibility of balloon expansion of a polymeric 

valved conduit while preserving valve competence.

The pulse duplicator experiments also highlight the importance of considering valve 

performance across all stages of growth. As previously noted, there was visible fluttering 

of the leaflets which appeared to correspond to arterial pressure oscillations during valve 

opening (Video S1, Figure 5a-e). Flutter is undesirable as it is associated with increased 

leaflet strains, potentially leading to structural failure and decreased valve durability.[69,73] 

In the present case, flutter may be explained by the presence of redundant leaflet material 

associated with the increased coaptation height. Interestingly, the magnitudes of the pressure 

oscillations were noticeably reduced after each balloon dilation (Figure 5), which suggests 

that the redundant material became more effectively utilized at the larger diameters and the 

flutter was possibly reduced. This explanation is also consistent with the observed decreases 

in coaptation height from the pre-dilation to post-dilation states (Table 1).

While previous valves constructed from Elast-Eon™ variants have already demonstrated 

good thrombogenic properties in a sheep model,[44] we will further assess device 

thrombogenicity due to valvular dynamics and shear forces in fluid-structure interaction 
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(FSI) simulations. These simulations will also explore methods to reduce leaflet flutter and 

the flow and pressure oscillations observed in vitro, since such flow disturbances are known 

to precipitate thrombosis.[74] Approaches to reduce leaflet flutter include increasing the 

leaflet thickness[69,75] as well as varying the leaflet material and density. Any such changes 

would need to be balanced with overall valve performance – as seen in Figure 3d, thicker 

leaflets can lead to increased mean PPD and decreased EOA. We are also investigating new 

growth-accommodating valve designs that do not require redundant leaflet material and can 

thus function more optimally and with improved durability at each stage of growth.

3.5 Computational Modeling of the Balloon Dilation

The finite element analysis of the balloon dilation predicted a final diameter in very 

good agreement with the experimental dilations. This result highlights the reliability and 

consistency of the balloon dilations and supports the eventual translation of balloon dilatable 

materials to the clinic. Interestingly, the model also predicted an inhomogeneous distribution 

of permanent deformation in the device after expansion (Figure 7). The greatest deformation 

occurred along the leaflet attachment areas, which contain stress concentrations that lead 

to higher strains and greater permanent stretching. The appearance of stress concentrations 

in the complex valved conduit geometry could explain why both the experimental balloon 

dilations (λperm = 1.11 ± 0.01) and numerical simulation (λperm = 1.13 ± 0.05) of the 

valved conduits showed greater stretching than in the uniaxial test strips (λperm = 1.06 ± 

0.03), which had a simple rectangular geometry. These modeling results also suggest that 

large dilations could result in tearing along those high-stress regions, which was observed 

in Devices #3 and #4 during their second balloon dilations. Another implication of the 

non-uniform deformation predicted by the model is that the pre-dilation and post-dilation 

devices would not be geometrically similar, further emphasizing the need to consider valve 

design for all stages of growth.

3.6 Limitations

The mechanical tests and the balloon dilation procedure were conducted in room air at ~25 

°C. It is possible that a blood or saline environment at 37 °C would affect the polymers’ 

mechanical response and the resulting permanent stretch. Also, only the central valve region 

of the conduit was dilated. The proximal and distal ends remained at 22 mm and were not 

dilated due to the fixed 22 mm size of the pulse duplicator testing fixture. This may have 

impaired the hydrodynamic performance of the dilated devices. Additionally, the fatigue life 

of this device has not been tested as we only intended this design to be a proof of concept for 

an expandable valved conduit.

While rat subcutaneous implantation is an accepted model for initial biocompatibility testing 

of valve components,[47,76,77] the valved conduit material should ultimately be exposed to 

circulation and cyclic loading in the valve position of a large animal model to assess not 

only biocompatibility, but also potential effects on mechanical properties, expandability, and 

long-term durability. Additionally, the potential for expansion after formation of surgical 

adhesions around the conduit must be confirmed. Although the impacts of these in vivo 
interactions are unknown, our clinical experience with balloon dilation and stenting in 

non-valved vascular locations is encouraging, as we know that some permanent deformation 
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of Gore-Tex® grafts, patched vessels, or previously implanted stents can be achieved at 

different time points after the initial surgery.

3.7 Outlook

Since the completion of this study, we have identified another biostable material capable 

of greater than 2x permanent stretch, and we are currently developing a 2nd generation 

prototype. Based on the results presented here, it is expected that the design of this 

new prototype will benefit from the optimization of hemodynamics across all stages of 

growth. To achieve this, we are developing computational simulations of valve kinematics 

and hemodynamics that will enable the study of various growth-accommodating valve 

geometries with different numbers of leaflets (e.g. bileaflet vs. trileaflet) and different leaflet 

heights, widths, and free edge lengths. These simulations will take place within a framework 

that incorporates the nonlinear FSI physics via coupled finite element and computational 

fluid dynamics analyses, while also accounting for potentially altered material properties 

post-dilation. The intent is then to manufacture optimized prototypes, demonstrate their 

in vivo performance and expandability in a large animal model of RVOT replacement in 

sheep, and with FDA approval, conduct a phase I clinical trial to evaluate their safety for 

implantation in humans.

The concept of tissue engineering represents the ultimate solution for pediatric heart valves, 

as the intended result is an autologous organ that will grow and adapt to changes in 

the patient’s physiology.[78,79] The classical methodology for tissue engineering utilizes 

a biodegradable valve-shaped scaffold that is seeded with cells, matured in vitro in a 

bioreactor, and then implanted in the patient so that leaflet tissue can grow naturally.
[80] However, key challenges of this method include maintaining the balance of scaffold 

biodegradation with extracellular matrix formation, as well as preventing leaflet shortening 

arising from the contractile nature of seeded cells.[81,82] Novel regenerative techniques, such 

as those based on in-body tissue architecture[83] or implantation of decellularized scaffolds,
[84] have shown up to 1 year of good valve function in vivo. However, their long-term 

growth and durability has yet to be demonstrated.

In contrast, the concept of growth accommodation via balloon dilation of a polymeric valve 

is based on technologies with greater acceptance in current clinical practice. Catheter-based 

interventions already represent the standard of care for treating valvular disease, such as 

with balloon valvuloplasty for valve stenosis[85,86] and post-implantation balloon dilation of 

transcatheter valves.[87] Biostable polymeric valves have also been successfully translated 

to the clinic – ePTFE valves are commonly assembled in the operating room and then 

implanted with excellent results.[50-53] Polyurethane valves manufactured by robotic dip 

molding (Foldax, Inc., Salt Lake City, Utah) are currently undergoing clinical trials,[88,89] 

as is the aforementioned Autus Valve.[33,34] Furthermore, tissue-engineered valves currently 

require months of preparation, while synthetic polymeric devices can be manufactured 

and mass-produced more quickly. Hence, as tissue-engineering technology continues to 

mature, balloon-expandable polymeric valves constitute a more realistic near-term solution 

for pediatric patients and warrant greater attention.
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4 Conclusions

In this paper, we have established the first proof of concept of a polymeric valved conduit 

that can be expanded via transcatheter balloon dilation while maintaining its valvular 

competence. Four 22 mm diameter valved conduits were balloon dilated to new permanent 

diameters of 23.26 ± 0.38 mm. Further dilation caused two of the valved conduits to sustain 

leaflet tears, while the two surviving devices reached final diameters of 24.38 ± 0.19 mm. 

The expansions in diameter were achieved via permanent deformation of the Elast-Eon™ 

material, while valve performance at the expanded diameters was maintained using a leaflet 

design with increased coaptation area. Our results have demonstrated the feasibility of this 

concept and provide motivation for further development of a polymeric valved conduit that 

can accommodate the growth of children from a neonate to adult size and reduce the need 

for multiple open-heart surgeries.

5 Experimental Methods

Mechanical Testing:

We evaluated the mechanical behavior of two commercially available, biostable and 

biocompatible polymers: Carbothane™ AC-4075A (Lubrizol, Cleveland, Ohio) and Elast-

Eon™ E5-325 (Biomerics, Salt Lake City, Utah). To prepare material samples, pellets 

of either Carbothane™ (20% w/v) or Elast-Eon™ (40% w/v) were dissolved in N,N-

Dimethylacetamide (99.5%, ACROS Organics, Fair Lawn, New Jersey) to create a viscous 

solution. After the dissipation of bubbles (~24 hours), the polymer solution was cast onto 

flat plates and then dried in an oven for 1 hour at 80 °C and ambient pressure. The resulting 

polymer films were cut into individual specimens for testing, and the thicknesses of the 

specimens were measured using a digital thickness gauge (Mitutoyo 547-526S, Mitutoyo 

Corporation, Tokyo, Japan).

All mechanical tests were performed in air at ambient temperature (~25 °C) using an 

Instron MicroTester 5848 with a 50 N load cell (Instron, Norwood, Massachusetts), and 

all measurements were taken from distinct samples. Sample strain was measured using the 

machine crosshead displacement. To obtain the elongations at break and ultimate strengths, 

dog-bone samples with a 22 mm gauge length were cut with an American Society for 

Testing and Materials (ASTM) D1708 cutting die (Ace Steel Rule Dies, Medford, New 

Jersey). The samples were then uniaxially stretched at a strain rate of 0.0067 s−1 to match 

the strain rate used for the stretch tests.

For the stress relaxation tests, 1x4 cm rectangular samples were individually mounted 

with a 15 mm gauge length between the Instron machine grips. Each sample was first 

preconditioned for 5 cycles of stretching to λ = 1.5 and unloading at a strain rate of 0.1 s−1. 

Then, it was stretched again at the same strain rate and held at a constant stretch of λ = 1.5 

for 300 seconds while the load on the sample was monitored.

For the stretch tests, 1x4 cm rectangular samples were individually mounted with a 15 mm 

gauge length between the Instron machine grips and then uniaxially stretched to a single 

predetermined stretch ratio (λ = 2, 3, 4, or 5) at a strain rate of 0.0067 s−1 (corresponding to 
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a machine crosshead speed of 0.1 mm/s). The samples were then immediately released from 

this stretch by returning the machine grips to the 15 mm gauge length at the same strain rate, 

with the sample still held in the grips. The amount of immediately recoverable deformation 

was denoted by the point of return to zero stress. The samples were then removed from the 

machine grips and allowed to recover viscoelastically with no external loading. Prior to the 

start of the test, the gauge length between the grip edges was also marked with a marker. 

After removal from the testing machine, the amount of strain in each sample was tracked by 

measuring the distance between these marks. The final permanent stretch was measured 24 

hours after the end of each test.

In Vivo Biocompatibility Testing:

8 mm disc specimens were subcutaneously implanted[47,48,76] in 4-month-old male Sprague-

Dawley rats (n = 3; Charles River Laboratories, Wilmington, Massachusetts) for a period 

of two months. Each animal received four specimens, with one specimen made from each 

polymer. Upon explantation, the material specimens were harvested, sectioned, and stained 

with hematoxylin and eosin (H&E) and Alizarin Red.

The experimental animal protocol was approved by the Columbia University Institutional 

Animal Care and Use Committee (IACUC #AC-AABD5614). Animals received humane 

care in accordance with the “Guide for the Care and Use of Laboratory Animals” (National 

Research Council, Eight Edition, 2011). These animal experiments did not use a method of 

randomization, and the investigators were not blinded to allocation during data collection 

and analysis.

Animals were housed in the Black Building on the campus of the Columbia University 

Irving Medical Center and treated under the supervision of the Columbia University Institute 

of Comparative Medicine (ICM). The rats were not subjected to water or food restrictions. 

ICM animal care staff conducted routine husbandry procedures (cage cleaning, feeding and 

watering). Full time ICM veterinarian staff monitored the rats at least twice a day to assess 

their condition. The veterinary staff was available at all times and assisted with surgical 

procedures, injections and sample harvesting.

Rats were initially anesthetized with isofluorane inhalation (4%) via an induction chamber 

and then maintained with isoflurane at 1.0-1.5% via nose cone during the polymer patch 

implantation. After implantation, the rats were allowed to recover on a warm pad at 37 °C 

and returned to the cage once awake. Potential pain was assessed every 2 days and relieved 

by Meloxicam administration. If any of the following sign/symptoms were noted analgesic 

was administered: decreased activity, hunched posture, lack of grooming, abnormal gait. 

Lack of appetite or water consumption was noted.

Rats were euthanized by isoflurane overdose, a method consistent with the recommendations 

of the Panel on Euthanasia of the American Veterinary Medical Association. Death was 

verified by cervical dislocation since the IACUC approves this method as quick and painless 

on small animals.
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Fabrication by Dip Molding:

The device prototypes were formed by dip molding. First, the geometry of the valved 

conduit was modeled in the computer-aided design (CAD) program SolidWorks (Dassault 

Systèmes, Waltham, Massachusetts) and used to design a two-piece mold, which was then 

machined in aluminum by 5-axis computer numerical control (CNC) milling (Protolabs, 

Maple Plain, Minnesota). To form the leaflets, the positive end of the mold was manually 

dipped into a liquid solution of Elast-Eon™ (40% w/v in N,N-Dimethylacetamide) and then 

dried in an oven at 80 °C for >12 hours, evaporating the solvent and leaving a conformal 

polymer coating. Next, the negative end of the mold was fitted over the positive end with 

the first coating still intact, and the fully assembled mold was dipped and then dried to form 

the conduit. Conduit thickness was increased using additional rounds of dipping and drying 

– 4 rounds total for all devices. After the final round, the polymer-coated mold was removed 

from the oven, cooled to room temperature, and then soaked in water for 15 minutes to 

loosen the polymer from the mold. Finally, the polymer was carefully peeled from the mold, 

and the three leaflets were separated using a sharp blade.

Conduit wall thickness was measured pre-dilation using a digital thickness gauge (Mitutoyo 

547-526S, Mitutoyo Corporation, Tokyo, Japan) at locations proximal to the valve, distal to 

the valve, and in the middle of the conduit just slightly distal to the valve. At each of the 

three locations, three measurements were taken at equidistant sites along the circumference 

of the conduit. After the completion of in vitro device evaluation involving dilation as 

detailed below, the leaflets were excised from the conduit, and their thicknesses were 

mapped. The thickness of each leaflet was measured at four different sites spanning the top, 

middle, and bottom of the leaflet.

In Vitro Evaluation:

Permanent dilation of the valved conduits was performed using a 46 mm diameter Coda 

balloon catheter (Cook Medical, Bloomington, Indiana). The balloon was filled using a 

syringe to the target diameters. The balloon was inflated to a 40 mm diameter, using a 40 

mm inner diameter 3D-printed ring as an indicator, and then immediately released with no 

holding time. The new permanent diameters of the valved conduits were measured 24 hours 

after the balloon dilations. The second round of balloon dilations was performed in a similar 

manner, but to a diameter of 44 mm.

The in vitro hydrodynamic function of the prototypes was evaluated before and after 

the balloon dilations using a commercial heart valve pulse duplicator (HDTi 6000, BDC 

Laboratories, Wheat Ridge, Colorado) equipped with a flow meter (Transonic Systems, 

Ithaca, New York) and upstream and downstream pressure transducers (BDC Laboratories). 

The devices were tested using pulmonary conditions at 15 mmHg mean arterial pressure (70 

bpm heart rate, 70 mL stroke volume, systole comprising 35% of the cardiac cycle, and a 

working fluid of 1% w/v saline solution).

Regurgitant fraction (RF), mean positive pressure differential (PPD), and effective orifice 

area (EOA) were calculated using Statys™ software (BDC Laboratories) in accordance with 

ISO 5840-1:2021, and the results were averaged over ten consecutive cardiac cycles.
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The mean PPD, where pressure differential (PD) is defined by

PD = ventricular pressure − arterial pressure, (2)

was calculated over the time period ranging from the start of the positive pressure 

differential (ventricular pressure > arterial pressure) to the end of the positive pressure 

differential. The effective orifice area was calculated as

EOA = qvRMS

51.6 × Δp
ρ

,
(3)

where qvRMS is the root mean square forward flow (ml/s) during the positive differential 

pressure period, Δp is the mean PPD (mmHg) during the same period, and ρ is the density of 

the test fluid (g·cm−3). The regurgitant fraction was calculated as

RF = Closing volume + Leakage volume
Forward flow volume . (4)

We measured the coaptation heights of each valved conduit before and after the balloon 

dilations. The prototypes were first mounted vertically in a test fixture (BDC Laboratories) 

with the distal end facing upwards and a 25.4 mm inner diameter clear polycarbonate tube 

affixed to the top of the test fixture. Then, tap water at ~25 °C was poured into the distal 

end of the tube to generate pressure heads corresponding to pressures of 3 mmHg, which 

was just sufficient to close the valves, and 25 mmHg, which is the typical peak diastolic 

pressure in the pulmonary artery. The pressure was monitored using a pressure transducer 

(BDC Laboratories) and Statys™ software (BDC Laboratories). Images of the valves in 

the closed states were recorded with a digital camera, and measurements were taken 

using ImageJ software (National Institutes of Health, Bethesda, Maryland). The recorded 

coaptation height was averaged from three measurements.

Computational Modeling of the Balloon Dilation:

The expansion of the valved conduit was simulated using a mechanical finite element 

analysis (FEA) model (Abaqus, Dassault Systèmes) with a calibrated Elast-Eon™ material 

model. The FEA model was constructed from the geometry of the valve using shell 

elements. A uniform thickness of 100 μm was assigned throughout the structure to match 

the measured thicknesses of the leaflets. The balloon was modeled as a rigid cylindrical 

structure using membrane elements that were rigidly constrained, and the dilation was 

simulated via a uniform radial expansion. The nonlinear elastic material response in the 

valved conduit was modeled using an Ogden-type hyperelastic model.[90] The permanent, 

inelastic deformation was approximated by a J2-plasticity model,[91,92] while Mullins effect 

was captured using a damage model.[93,94] Material calibration and construction of the FEA 

model are further described in the Supporting Information section.
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Statistical Analyses:

Results were analyzed using OriginPro 2016 (OriginLab, Northampton, Massachusetts). 

Mechanical and hydrodynamic data and device thicknesses are expressed as mean 

± standard deviation. Device diameters and coaptation heights are expressed as the 

measurement ± estimated measurement error. Mechanical data and thickness measurements 

were analyzed for statistical significance by the unpaired Student’s t-test (two-sided), with p 
< 0.05 considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mechanical characterization and in vivo biocompatibility testing of Elast-EonTM and 
Carbothane™

(a) The averaged (mean) responses from stress relaxation tests of Elast-Eon™ and 

Carbothane™ (n = 4 samples per group) show significant dissipation of time-dependent 

viscous effects within the first 300 seconds of an induced strain. Standard deviation is ± 0.03 

MPa for both Elast-Eon™ and Carbothane™. (b-c) Representative stress-stretch curves for 

distinct samples of (b) Elast-Eon™ and (c) Carbothane™ showing elastomeric mechanical 

behavior when stretched uniaxially to stretch ratios of λtemp = 2 (black line), λtemp = 

3 (red line), λtemp = 4 (green line), and λtemp = 5 (blue line) and then unloaded. The 

dashed gray line indicates the amount of immediate recovery after stretching to λtemp = 5 

and then unloading, and the solid gray line indicates the permanent deformation remaining 

after 24 hours. (d) Amount of permanent stretch resulting from different temporary stretch 

ratios. Blue circles and red diamonds represent the mean values, and error bars represent 

the standard deviation. Elast-Eon™ showed greater permanent stretch than Carbothane™ at 

λtemp = 2, 3, and 5. *p = 0.008; **p = 5e-5; ***p = 0.65 (n.s.); ****p = 0.0038, unpaired 

Student’s t-test (n = 4 to 8 samples per group). (e-l) Histological sections stained with 

hematoxylin and eosin (middle row, e-h) and Alizarin Red (bottom row, i-l) of ePTFE 

control samples (e, i), non-stretched Carbothane™ (f, j), non-stretched Elast-Eon™ (g, k), 

and Elast-Eon™ permanently pre-stretched by λperm = 1.1 (h, l) showing no cell penetration 

or calcification in a rat subcutaneous model with explantation at 2 months. Insets (f-h, 

j-l) show the locations of the transparent Carbothane™ and Elast-Eon™ samples. Original 

magnification 5x; scale bars = 500 μm.
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Figure 2. Design and fabrication of the growth-accommodating valved conduit
(a) Design schematic of the growth-accommodating polymeric valved conduit showing a 

conduit with a trileaflet valve positioned in its center. (b) The coaptation area of the original 

leaflet design by Mackay et al.[54] is characterized by an original coaptation height c. We 

modified this leaflet design to have an increased coaptation area to ensure competence at 

an expanded valve diameter. This increased area is characterized by an increased coaptation 

height ℎ which forms the side of a right triangle having base length b equal to the initial 

conduit radius and hypotenuse length l equal to the expanded conduit radius, as well as 

a new length of the free edge 2l which follows a triangular profile. (c) Fabricated valved 

conduit in the pre-dilation state (22 mm diameter). Grid lines are in inches. (d1) Two-piece 

aluminum mold for dip molding fabrication of Elast-Eon™ valved conduit prototypes. The 

negative end of the mold is pictured at the top, and the positive end is at the bottom. (d2) 
The two separate pieces of the mold.
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Figure 3. Thicknesses of pre-dilation conduit walls and post-dilation excised leaflets
(a) Conduit wall thickness measurement sites P (proximal), M (middle), and D (distal). 

(b) Leaflet thickness measurement sites 1-4. (c) Measurements of pre-dilation conduit wall 

thickness. (d) Measurements of excised, post-dilation leaflet thickness and corresponding 

mean positive pressure differentials (PPD) from pre-dilation hydrodynamic testing of the 

valved conduits. For conduit wall and leaflet thicknesses, diamonds represent individual 

measurements, horizontal bars represent the mean values, and whiskers represent the 

minimum and maximum values. For mean PPD, circles represent the mean values, and 

whiskers represent ±1 s.d. *p < 0.05, **p < 0.01, ****p < 0.0001, unpaired Student’s t-test 

(n = 3 measurements per group).
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Figure 4. Transcatheter balloon dilation of a valved conduit
Four 22 mm diameter devices (a) were temporarily balloon dilated to a diameter of 40 mm 

using a Coda balloon catheter (b1), after which they recovered to new permanent diameters 

of 23.26 ± 0.38 mm (c1). The devices were further temporarily dilated to a larger diameter 

of 44 mm (b2) Two of the four devices tore, and the two surviving devices recovered to new 

permanent diameters of 24.38 ± 0.19 mm (c2).
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Figure 5. Effects of the balloon dilations on in vitro hydrodynamic performance of the valved 
conduits
(a-e) Representative pulse duplicator readings from a single cardiac cycle for ventricular 

pressure (blue), arterial pressure (red), and forward flow (green) are shown as a function of 

time. Pressure and flow oscillations observed in the pre-dilation valves were reduced after 

each dilation. (f-o) Closed and open configurations of the valved conduits before and after 

each dilation showing leaflet coaptation and opening. Scale bars = 10 mm.
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Figure 6. Effect of balloon dilation on initial increased leaflet coaptation height
Images of valved conduits in the pre-dilation state (a,b) and post-dilation state (c,d) 
schematically illustrating changes in coaptation height after balloon dilation (a→c, b→d) 
and with increased pressure (a→b, c→d). At a small pressure of 3 mmHg, the increased 

coaptation height ℎ3 in the pre-dilation valve (a) is greater than the corresponding coaptation 

height ℎ3
′  in the post-dilation valve (c). An increase in pressure from 3 mmHg to 25 mmHg 

also leads to apparent reductions in coaptation height ℎ25 of a pre-dilation valve (b) and in 

coaptation height ℎ25
′  of a post-dilation valve (d). Scale bars = 10 mm.
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Figure 7. Permanent deformation in the valved conduit predicted by the simulation of the 
balloon dilation
The device is shown in the final unpressurized, post-dilation configuration. The distribution 

of permanent deformation is represented by the colored equivalent plastic strain (PEEQ) 

contours. The colors from blue to red represent increasing amounts of permanent 

deformation. (a) Angled view showing the valve leaflets and deflated balloon within the 

conduit. (b) Side view of the conduit exterior. The distribution of permanent deformation 

was non-uniform throughout the valve region, with the magnitude of deformation being 

greatest near the commissures. Scale factor of deformations = 1.
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