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Abstract

Pediatric patients account for a small portion of the heart valve replacements performed, but a 

pediatric pulmonary valve replacement with growth potential remains an unmet clinical need. 

Herein we report the first tubular heart valve made from two decellularized, engineered tissue 

tubes attached with absorbable sutures, which can meet this need, in principle. Engineered tissue 

tubes were fabricated by allowing ovine dermal fibroblasts to replace a sacrificial fibrin gel with 

an aligned, cell-produced collagenous matrix, which was subsequently decellularized. Previously, 

these engineered tubes became extensively recellularized following implantation into the sheep 

femoral artery. Thus, a tubular valve made from these tubes may be amenable to recellularization 

and, ideally, somatic growth.

The suture line pattern generated three equi-spaced “leaflets” in the inner tube, which collapsed 

inward when exposed to back pressure, per tubular valve design. Valve testing was performed in a 

pulse duplicator system equipped with a secondary flow loop to allow for root distention. All 

tissue-engineered valves exhibited full leaflet opening and closing, minimal regurgitation (< 5%), 

and low systolic pressure gradients (< 2.5 mmHg) under pulmonary conditions. Valve 

performance was maintained under various trans-root pressure gradients and no tissue damage was 

evident after 2 million cycles of fatigue testing.
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1.0 Introduction

Valvular heart disease affects ~2.5% of the U.S. population and there were more than 

110,000 heart valve procedures in 2011 [1,2]. There is a clinical need for a new prosthetic 

pulmonary valve (PV) despite the fact that this valve accounted for only ~1.3% of all heart 
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valve procedures in the U.S. in 2011 [1]. Current PV prostheses are not ideal for “pediatric 

patients” (younger than 18 years old) due to their inability to grow. Current commercially-

available PV prostheses include homograft valves (cryo-preserved or decellularized) and a 

chemically-fixed bovine jugular vein graft (trileaflet) [3,4]. Glutaraldehyde-fixation 

eliminates the immunogenicity of xenogeneic tissue, but also limits cell invasion and 

ultimately somatic growth [5]. Thus, young patients typically undergo multiple operative 

procedures in order to replace outgrown PV prostheses during maturation.

Numerous tissue-engineered heart valves (TEHVs) have been explored in hopes of 

developing “living” valves capable of in vivo tissue remodeling and growth [6-11]. Various 

strategies have been used for tissue fabrication, including the use of cell-seeded hydrogels 

with or without a polymeric co-scaffold. Although initially functional, many of these 

TEHVs exhibited progressive leaflet retraction during preclinical animal studies [10,12]. 

This has been attributed to sustained contraction of the transplanted cells, leading 

researchers to decellularize the tissue prior to implantation [13-15]. Although somatic 

growth has not yet been demonstrated, there have been several reports of decellularized 

tissue being recellularized [16,17], which is a necessary precursor to tissue remodeling and 

growth.

Earlier valve iterations focused on mimicking the shape of natural valve leaflets and often 

utilized complex molds [7,18,19]. More recently, TEHVs with a tubular leaflet design have 

been explored that do not rely on complex molds. To date, these tubular TEHVs have all 

used a single tube – attached to a stent, frame, or within an inert conduit – to generate a 

valve-like action [13,15,20]. Our group has previously reported a tubular TEHV using a 

single tube, generated by entrapping fibroblasts in a sacrificial fibrin gel, onto a PEEK frame 

[21]. Despite the promising functional performance of this TEHV, its inert frame precludes 

it from growing and thus renders it suboptimal for pediatric PV replacements.

In this study we report a frameless, tubular TEHV generated from two decellularized 

engineered tissue tubes (referred to as “engineered tubes” hereafter) sewn together in a 

specified pattern using degradable sutures. The outer tube serves as the flow conduit and 

provides the mechanical constraints needed for the inner tube to function as “leaflets”, as in 

classic tubular valve design. The regions of the inner tube not mechanically constrained by 

the outer tube collapse inward when exposed to back pressure. The engineered tubes were 

fabricated by entrapping ovine dermal fibroblasts in a tubular fibrin gel, as previously 

discussed [13]. The entrapped cells replaced the fibrin with a collagenous matrix, which is 

anisotropic due to the mechanical constraints imposed during the culture period. Collagen 

production was stimulated by stretching the constructs in a pulsed flow-stretch bioreactor 

following an initial static culture period. Decellularization in sequential detergent treatments 

was then used to remove the cellular components.

Following engineered tube and valve fabrication, the TEHVs were functionally tested in a 

custom pulse duplicator system to assess valve performance and root distention under 

pulmonary conditions. The durability of the suture line was assessed by fatiguing one TEHV 

for two weeks. Macroscopic appearance and valve performance metrics were compared 

before, during, and after fatiguing to assess the TEHV’s durability. Valve performance and 
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mechanical properties were compared to those from a commercially-available, pulmonary 

valve prosthesis (Medtronic Contegra valve).

2.0 Materials and Methods

2.1 Tissue Fabrication

A cell-entrapped, isotropic fibrin gel was formed by mixing bovine fibrinogen (Sigma), 

ovine dermal fibroblasts (Coriell), thrombin (Sigma), and calcium chloride. Final component 

concentrations of the gel were as follows: 4 mg/mL fibrinogen, 1 million cells/mL, 0.38 

U/mL thrombin, and 5 mM CaCl2. This solution was injected into a tubular mold, formed by 

inserting a 19 mm glass rod into a concentric, polycarbonate tube (Figure 1a). The glass rods 

were pre-fitted with Dacron© cuffs on either end to aid in handling and pretreated with 5% 

Pluronic F-127 (Sigma) in double-distilled water.

Following gelation, the glass molds were removed from the polycarbonate outer casings and 

cultured in DMEM supplemented with 10% fetal bovine serum (FBS, HyClone), 100 U/mL 

penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B, 2 μg/mL insulin, and 50 

μg/mL ascorbic acid. After two weeks, the tissue tubes were transferred onto 16 mm latex 

tubes, attached to custom manifolds, and cyclically stretched in a pulsed-flow-stretch 

bioreactor for 5 weeks [22]. Construct stretching began at 3% strain and was increased 

weekly by 1% until a 5% maximum strain was achieved.

2.1.1 Tissue Tube Decellularization—The tissue tubes were treated with 1% sodium 

dodecyl sulfate (SDS, Sigma) in distilled water for 6 hours (replaced after 1, 3, and 5 hours) 

at room temperature with continuous shaking. Following SDS treatment, the tubes 

underwent 3 × 10 minute washes in 1% Triton X-100 (Sigma) in distilled water at room 

temperature. The tubes were extensively rinsed in phosphate buffered saline (PBS) for one 

week at 4° Celsius before and after overnight incubation in DMEM supplemented with 10% 

FBS and 2 U/mL deoxyribonuclease (Worthington Biochemical).

2.2 Valve Fabrication

Four TEHVs were fabricated, each of which used two 16 mm inner diameter engineered 

tubes, which were trimmed to an axial length of either ~15 mm or ~12 mm. The tubes were 

sewn together, with the shorter tube inside of the longer tube, using absorbable 7-0 Maxon 

CV (Covidien) sutures. The pattern of the first suture line (Figure 2a, green dashed line) 

defined commissure and “leaflet” regions. Independent, crosshatched suture lines were then 

added to reinforce each commissure (Figure 2a, purple dashed line) on the three subsequent 

TEHVs.

2.3 Pulse Duplicator Testing

Four TEHVs and one commercial pediatric pulmonary valve (Medtronic Contegra, 18 mm 

ID) were tested in a custom pulse duplicator system. One TEHV (no cross-hatching pattern) 

was used to assess root strain at different trans-root pressure gradients. These pressure 

gradients were prescribed by adjusting the ablumenal pressure on the TEHV, while 

maintaining the lumenal pressure and waveforms (by keeping the pump displacement 
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constant). One TEHV was fatigued at pulmonary pressure conditions for two weeks real-

time at 100 cycles/minute and was functionally characterized (with a higher flowrate) 

before, after 1 week, and at the conclusion of the fatiguing regimen. Two other TEHVs and 

the Contegra valve were functionally characterized, but not fatigued.

The pulse duplicator system consisted of a pulse generator, compliance chambers, and two 

flow loops (Figure 3a). The pulse generator pumped fluid through an electromagnetic 

flowmeter (Carolina Medical) and test valve before being returned to the reservoir in the 

primary flow loop, as previously described [21]. Unidirectional flow was ensured by placing 

a bileaflet, mechanical valve downstream of the reservoir. For these tests, a secondary flow 

loop was added that exited from the top of the fluid-filled chamber where the test valve was 

mounted (Figure 3a). A downstream needle valve controlled the trans-root flow and was 

used to regulate the pressure on the ablumenal surface of the test valve. System compliance, 

for both flow loops, was modulated by changing the fluid level in air-filled chambers 

upstream and downstream of the test valve.

Transducers (Vivitro Systems) were placed downstream, upstream, and on the ablumenal 

surface of the test valve to record system pressures. Instantaneous flowrates were measured 

using an electromagnetic flowmeter (Carolina Medical) placed between the pulse generator 

and test valve. Flowrates and system pressures were recorded using a custom LabVIEW 

program and analyzed using a custom Matlab script (see Figure 3b for a representative 

waveform). All pressure and flow metrics reported in Tables 2 & 3 were averaged over 3 

cycles for each valve. Diastolic pressure drop was defined as the average difference between 

the inflow and outflow pressures over the period of the cycle when the flowrate was less 

than or equal to zero. Systolic pressure drop was defined as the average pressure difference 

over the period of the cycle when the inflow pressure exceeded the outflow pressure. Mean 

forward flowrate is the average of the forward flow portion of the flow trace. Regurgitation 

refers to ratio of total negative flow to the stroke volume, or positive flow, for each cycle. 

Additional information on these metrics can be found in ISO 5840.

There was a “water hammer” effect during valve closure that resulted in a substantial 

pressure spike on the inflow side of the valve, though it is noticeable in all three pressure 

traces (Figure 3b). This pressure spike was noticeably larger in one of the TEHVs, which 

resulted in a higher diastolic pressure drop at the desired mean forward flowrate. The 

magnitude of the spike was reduced by increasing the ventricular compliance of the system. 

However, this resulted in a second positive flow pulse after the TEHV closed. Therefore, 

only the regions before this secondary pulse were used to calculate the mean diastolic 

pressure drop and regurgitation for this TEHV.

Lumenal and ablumenal videos of the test valve were recorded during testing at 50 fps 

(Canon Rebel T3i) and analyzed in ImageJ to assess geometric orifice area (GOA) and 

maximum root strain. GOA is defined as the ratio of the open area during systole to the 

maximum cross-sectional area of the valve leaflets. For this study, the maximum (viewable) 

cross-sectional area is dependent on the inner diameter of the silicone tubes (16 mm), which 

are attached to each end of the test valve and prevent paravalvular leak. Maximum root 
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strain was taken as the natural logarithm of the maximum over the minimum root diameter, 

as determined in ImageJ.

2.4 Macroscopic Tissue Imaging & Histology

Valves were macroscopically visualized using a stereoscope (Leica StereoZoom 4) outfitted 

with a digital camera (Canon Rebel T3i). Images of the suture lines, as seen from the 

ablumenal and lumenal surfaces, were captured before, during, and after valve testing. For 

histology, tissue strips were cut and fixed in 4% paraformaldehyde at 4° Celsius and frozen 

in OCT (Tissue-Tek) using liquid nitrogen. 9 μm cross-sections were sliced and stained with 

Lillie’s trichrome and picrosirius red. Images were taken using a color CCD camera from an 

Olympus IX70 microscope at 4X magnification. For picrosirius red staining, the samples 

were placed between crossed plane polarizers during imaging.

2.5 Tensile Mechanical Testing

Strips, parallel (“circumferential”) and orthogonal (“radial”) to the circumference of the 

tubes, were cut (~2 mm × 12 mm) from the engineered tubes and mechanically 

characterized. Strips from the Contegra valve’s leaflets and root were also characterized. 

The engineered tubes used for the TEHV were fundamentally the same, so separate “root” 

and “leaflet” mechanical properties were not reported. Sample dimensions were measured 

prior to testing using a digital caliper.

The strips were mounted in custom grips attached to the tester’s actuator arms and 

straightened with a 0.005 N tensile load. Six preconditioning cycles were performed (0-10% 

strain) before the samples were strained to failure at 3 mm/min using an Instron 

MicroBionix (Instron Systems). Strain was calculated by taking the natural logarithm of the 

sample’s deformed length over its initial length. Stress was defined as the force divided by 

the undeformed, cross-sectional area of the strip. Modulus and ultimate tensile strength 

(UTS) were taken as the slope of the linear region of the stress-strain curve and the 

maximum stress recorded, respectively.

2.6 Suture Retention Testing

The suture tension properties were also evaluated for the engineered tubes, in accordance 

with ISO 7198. Briefly, a 6-0 prolene suture was passed through the circumferential strips 

(~5 mm × 10 mm) 2 mm from the free edge. The suture was tied into a loop and then pulled 

at a rate of 50 mm/min axially, or orthogonal to the presumed fiber direction, through the 

strips using the Instron MicroBionix tester.

3.0 Results

3.1 Tissue Fabrication and Characterization

Engineered tissue tubes were fabricated by allowing entrapping ovine dermal fibroblast in a 

cylindrical fibrin gel (Figure 1a). The entrapped cells replaced the fibrin (Figure 1b, red 

stain) with circumferentially-aligned, cell-produced collagen (Figure 1b, green stain). 

Decellularization removed cell components, leaving a matrix-only engineered tube, as 

shown in Figure 1b. Collagen fibers were visualized by staining with picrosirius red and 
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imaged under crossed plane polarizers (Figure 1c). The intensity of red is directly related to 

collagen packing and alignment [23].

The engineered tubes were tested for their tensile mechanical properties and compared to 

those for the Contegra valve, a commercial pediatric pulmonary valve (Table 1). The 

engineered tubes exhibited anisotropy, which is characteristic of native cardiovascular 

tissues. The thickness of the Contegra valve’s leaflets (0.21 ± .03 mm) and root (0.76 ± 0.10 

mm) were different than the thickness of the engineered tubes (1.35 ± 0.05 mm). The suture 

retention strength of the engineered tissue was 175 ± 54 grams force.

3.2 Tubular TEHV Fabrication and Characterization

TEHVs were fabricated by sewing 2 concentric, engineered tubes together using absorbable 

sutures in a prescribed pattern (Figure 2a). The geometry of the sewing pattern dictated the 

behavior of the inner tube when exposed to forward and reverse flow. The tubes were 

attached around their entire circumference by the first sewing pattern (purple line in Figure 

2a). The three commissure regions (one is shown in Figure 2b) mechanically constrained the 

inner tube from collapsing near its free edge, analogous to the posts on a framed valve. The 

three commissure regions were reinforced with a second sewing pattern (green line in Figure 

2a) to increase the number of anchor points. The three “leaflets”, or regions between 

adjacent commissures on the inner tube, were not mechanically constrained at their free 

edge and collapsed inward to close the TEHV when exposed to back pressure (Figure 2c). 

The outer tube functioned as the flow conduit of the valve and provided structural support 

for the inner tube (Figure 2a).

3.3 In Vitro Performance Testing

Three TEHVs and a control valve (Contegra valve) were tested in a pulse duplicator system 

(Figure 3a) at pulmonary conditions with a mean forward flowrate of 3.6 ± 0.2 L/min. A 

representative pressure and flow waveform is shown in Figure 3b and their line colors 

correspond with the pressure and flow sensors shown in Figure 3a. Each of the TEHVs 

tested had lower regurgitation and mean systolic pressure drop compared to the Contegra 

valve, as seen in Table 2. Additionally, the GOA for the Contegra valve (52%) was 

substantially lower than for the TEHVs (76% ± 15%) despite the Contegra valve’s leaflets 

being much thinner. Representative still frames of the TEHV opening are shown in Figure 4. 

The TEHV fully closed (Figure 4a) during diastole and then began to symmetrically open 

(Figure 4b-d) before achieving maximum opening (Figure 4e) at peak systole.

3.4 Trans-Root Pressure Manipulation

TEHV root distention and valve function were assessed under various trans-root pressure 

gradients, ranging from 27.2 to 39.1 mmHg (Figure 5). Mean diastolic pressure drop and 

mean forward flowrate were ~15 mmHg and ~1.7 L/min for all cases, respectively. 

Maximum circumferential root strain ranged from 0.8% to 2.7% and was linearly dependent 

on the trans-root pressure gradient (Figure 5a). TEHV regurgitation and maximum GOA 

were maintained independent of trans-root pressure gradients (values remained within 4% of 

each other for all of the test cases reported) as shown in Figure 5b and 5c, respectively. 
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These valve performance metrics were normalized by their respective values at maximum 

root distention (2.7%).

3.5 TEHV Fatiguing

One TEHV was fatigued in the pulse duplicator system for 2 weeks at 100 cycles/minute 

and a mean diastolic pressure drop of 7.4 – 8.7 mmHg. The mean forward flowrate was only 

~1.9 L/min, but the testing conformed to ISO 5840 in that the valve was able to fully open 

and close during each cycle. The entire TEHV was visually inspected using a stereoscope, 

but particular attention was given to the commissure regions as seen from the ablumenal and 

lumenal surfaces (Figure 6a). Macroscopic tissue damage was not detected before (Figure 

6b-c), during (Figure 6d-e), or after (Figure 6f-g) fatiguing. It did appear that the suture 

lines, particularly the cross-hatched pattern, became looser over the course of fatiguing 

(Figure 6b, d, and f). However, the inner tube remained firmly attached to the outer tube 

(Figure 6c, e, and g).

TEHV GOA increased from 81% before fatiguing to 89% and 87% after 1 and 2 weeks, 

respectively (Table 3). One leaflet of the TEHV developed a slight prolapse during diastole 

after the first week of fatiguing. This development was represented by the increase in 

regurgitation from 3.9% to 12.9% (Table 3). However, the prolapse and regurgitation did not 

progress over the final week of fatiguing and did not lead to any observable tissue damage 

on the suture line.

4.0 Discussion

We have previously developed a TEHV using a single engineered tube attached to a frame 

[21]. This valve had characteristic anisotropic leaflet stiffness and performance at 

physiological conditions with a small systolic pressure drop and trivial regurgitation. 

However, the engineered tube was mounted onto a non-degradable frame, which made it 

suboptimal for pediatric patients since it precludes somatic growth. In this iteration of our 

TEHV, we have developed a frameless valve that is more suitable for pediatric patients since 

it has the potential to grow and remodel. It consists of two engineered tubes that were sewn 

together using degradable sutures. Since the sutures will completely degrade, host cell 

invasion will be critical to the TEHV’s in vivo growth and remodeling potential.

Previous attempts at developing a valve from a single mold, with fibrin as the scaffold, have 

been reported by our group and others [7,11,18]. While these valve designs provided a proof 

of concept, there are several challenges associated with the single mold approach. One major 

challenge is creating leaflets with the appropriate initial thickness while ensuring that 

coaptation and mechanical strength are maintained as the fibrin gel is contracted by the 

entrapped cells. Further challenges included machining complex molds and high stress on 

sharp corners of the mold, leading to thinning and tearing in the engineered tissue.

While tubular valve design addresses many of the challenges associated with the single mold 

design, it relies on the two engineered tubes fusing during in vivo remodeling. The sutures in 

the proposed design were selected based on their slow degradation rate, which will allow 

them to provide mechanical support during in vivo recellularization and tissue remodeling. 
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In previous studies by our group using similarly decellularized tissue implanted as arterial 

grafts, we showed recellularization spanning the entire length (2-3 cm) of the graft after 8 

weeks [24,25]. If the valve leaflets have similar host cell invasion and matrix deposition, 

then the timing of suture degradation and recellularization would match fairly well.

Demonstrating somatic growth by replacing the pulmonary artery using a vascular graft 

made from degradable polymers has been tested in a lamb model. In the study by Hoerstrup 

et al., a degradable polymer graft was seeded with autologous cells from a lamb and 

evaluated for growth and remodeling [26]. The graft was harvested after 100 weeks and it 

showed progressive growth, complete degradation of the synthetic polymer, and host tissue 

replacing the entire structure of the graft. Another study reported remodeling and an increase 

in size of a synthetic polymer graft seeded with bone marrow mononuclear cells over 6 

months implanted into the inferior vena cava of a lamb [27].

Based on these two studies and our previous arterial graft study [24,25], we expect our tissue 

to be amenable to host cell invasion. To ensure that our proposed valve design is capable of 

withstanding the initial phase of cellular ingrowth and suture degradation, we performed 

several in vitro tests to assess its durability. The most relevant test was to fatigue the TEHV 

at pulmonary pressure conditions (i.e. physiologic end-diastolic pressure drop with complete 

valve opening and closing). This testing was performed for more than 2 million cycles and 

there was no noticeable change in the sutures, tearing, or tissue damage. However, one 

leaflet developed a slight prolapse, possibly due to asymmetry in the “leaflets” as sewn or 

prolonged exposure to the water-hammer effect, which led to increased regurgitation after 1 

week. While longer testing could have been performed, we consider this number of cycles to 

be sufficient to assess the TEHV’s current design. Important questions regarding the 

TEHV’s growth, remodeling, and tissue fusion cannot be answered with in vitro fatigue 

testing.

While this is the first tubular valve design using two completely-biological engineered tubes, 

other groups have explored tissue-engineered valves with various designs. One design from 

Weber et al. embedded a knitted, non-degradable, synthetic polymer tube within a cell-

containing fibrin gel in a tubular geometry [15,20]. These proof of concept studies were 

done by connecting the fibrin/polymer mesh to a silicone outer tube or nitinol stent to 

generate “leaflets”. The advantage of this approach is that the initial strength of the synthetic 

polymer provides a durable anchor for attachment, while still providing a biological matrix 

for cellular remodeling. However, mechanical anisotropy similar to native leaflets was a 

critical design criterion in our approach and the inclusion of any polymer mesh would 

preclude fibrin gel compaction and associated mechanical anisotropy. The suture retention 

strength of our engineered tissue allowed us to sew the tubes together without synthetic 

polymer reinforcement. Compliance mismatch in a composite structure could also have 

detrimental effects during fatigue testing or during in vivo testing, which was not reported. 

Moreover, their design using a non-degradable, synthetic polymer tube or inert stent would 

not be suitable for pediatric applications.

Functionally, we evaluated the tissue-engineered valve in a pulse duplicator and compared 

the values to a commercial pediatric pulmonary valve (Contegra 18 mm diameter conduit, 
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Medtronic). One of the critical parameters for a pulmonary valve replacement is its systolic 

pressure drop. While the engineered (ovine) tissue used in this study was much thicker than 

the Contegra valve’s leaflets, the systolic pressure drop of the TEHV was lower than the 

Contegra’s under similar testing conditions. This was potentially due to the non-fixed, 

compliant nature of the engineered matrix. Regurgitation (including closing volume) is 

another critical parameter and was also lower in our TEHV compared to the Contegra valve.

We also evaluated the effects of variable trans-root pressure gradients to ensure that valve 

coaptation, maximum valve opening, and regurgitation were not adversely affected. This is 

relevant because certain congenital defects can lead to pulmonary artery hypertension, 

which is defined as when the mean pulmonary pressure exceeds 25 mmHg in vivo [28,29]. 

Theoretical outer diameters were calculated (data not shown) using the Law of Laplace for 

thick-walled right cylinders [30], but did not fully agree with the measured values. Several 

aspects of the test system could account for these differences, such as the “wall” being non-

continuous due to the presence of separate inner and outer tubes. Additionally, the relatively 

small axial length to diameter aspect ratio of the TEHV and the presence of suture lines 

could account for some of the differences observed.

Overall, the pulse duplicator testing and fatigue testing provide strong evidence that the 

current valve design will exhibit excellent initial performance in the pulmonary position. 

Whether the valve remodels to same extent as seen previously in arterial position remains to 

be seen and will be the focus of a subsequent in vivo study.
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Figure 1. 
(a) Tissue tube fabrication schematic. The entrapped dermal fibroblasts replace the initial 

fibrin gel with an aligned, collagenous matrix. The cell-produced matrix is left intact 

following decellularization. (b) Trichrome staining showing collagen (green) and non-

collagen (fibrin, red) after decellularization. (c) Picrosirius red staining under crossed plane 

polarizers showing collagen fiber organization. Both scale bars are 500 μm.
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Figure 2. 
(a) Schematic of a frameless tubular heart valve made from two concentric, engineered 

tissue tubes. They are attached using a degradable suture line (purple) that defines belly and 

commissure regions. (b) The commissure regions are reinforced with a secondary 

crosshatching pattern (see also green dashed line in (a)). (c) The inner tube collapses inward 

between the three commissures when the valve is exposed to back pressure, which generates 

three “leaflets” and a valve-like action.
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Figure 3. 
The TEHVs were tested using (a) a custom pulse duplicator system, which allows valve root 

distention and trans-root flow. The valve test chamber is fluid-filled and is connected to the 

reservoir through a secondary flow loop. (b) A representative flow-pressure trace is shown 

under pulmonary conditions. The locations of pressure probes and corresponding pressure 

traces are color coded in the panels. A water hammer effect typical in pulse duplicator 

systems affects all of the pressure traces, but is most evident in the inflow pressure (at 

time=~1.15).
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Figure 4. 
Images of leaflet motion during valve testing in a pulse duplicator system under pulmonary 

flow conditions. (a) Leaflet coaptation is maintained during diastole, but (b-d) rapidly opens 

as systole begins. (e) Full valve opening is achieved before the leaflets begin to close.
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Figure 5. 
Ablumenal pressure was manipulated to assess TEHV performance under various trans-root 

pressure gradients. (a) TEHV root strain shown as a function of the trans-root pressure 

gradient. TEHV (b) regurgitation and (c) geometric orifice area are normalized to their 

respective values using the maximum trans-root strain/pressure gradient case.
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Figure 6. 
Macroscopic images of a TEHV fatigued in the pulse duplicator system for 2 weeks at 100 

cycles/minute. Images were taken near the commissures on the (a, rectangle) ablumenal or 

(a, circle) lumenal surface. The TEHV was macroscopically analyzed at the same locations 

(b-c) before fatiguing, (d-e) after 1 week, and (f-g) following completion of testing at 2 

weeks.

Reimer et al. Page 17

Biomaterials. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Reimer et al. Page 18

Table 1

Mechanical Properties of a Commercial, Pulmonary Bioprosthetic Valve & the Engineered Tubes

Property Contegra Valve Engineered Tubes

Leaflet Thickness (mm) 0.21 ± 0.03 1.35 ± 0.05

Leaflet Circumferential UTS (MPa) 3.3 ± 1.1 1.5 ± 0.4

Leaflet Circumferential Modulus (MPa) 12.6 ± 1.8 5.2 ± 0.6

Leaflet Modulus Anisotropy N/A 3.8 ± 0.9

Root Thickness (mm) 0.76 ± 0.10 1.35 ± 0.05

Root Circumferential UTS (MPa) 3.4 ± 0.3 1.5 ± 0.4

Root Circumferential Modulus (MPa) 6.5 ± 0.1 5.2 ± 0.6

Root Modulus Anisotropy 1.0 ± 0.1 3.8 ± 0.9
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Table 2

Pulse Duplicator Testing of TEHVs Compared with a Commercial, Pulmonary Bioprosthetic Valve

Property Contegra Valve TEHVs (n=3)

Mean Diastolic ΔP (mmHg) 16.5 14.5 ± 3.7

Mean Systolic ΔP (mmHg) 3.3 2.4 ± 0.1

Mean Ablumenal Pressure (mmHg) 4.3 3.5 ± 0.7

Mean Forward Flow Rate (L/min) 3.4 3.6 ± 0.2

Regurgitant Fraction 7.3% 4.8% ± 0.8%

Geometric Orifice Area 52% 76% ± 15%
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Table 3

Pulse Duplicator Testing Before, During, and After TEHV Fatiguing

Property T = 0 weeks T = 1 Week T = 2 weeks

Mean Diastolic ΔP (mmHg) 13.2 11.9 11.4

Mean Systolic ΔP (mmHg) 2.5 1.8 3.1

Mean Ablumenal Pressure (mmHg) 4.0 3.0 1.4

Mean Forward Flow Rate (L/min) 3.6 3.2 3.8

Regurgitant Fraction 3.9% 12.9% 13.8%

Geometric Orifice Area 81% 89% 87%
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