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Abstract 

Advances in Anticalcific and Antidegenerative 
Treatment of Heart Valve Bioprostheses, First Edition, 

edited by Shlomo Gabbay, M.D., David J. Wheatley, M.D. 
Silent Partners, Inc., Austin© 1997 

CHAPTER 3 

BIAXIAL MECHANICAL BEHAVIOR OF 

B10PROSTHET1c HEART VALVE Cusps 

SUBJECTED TO ACCELERATED TESTING 

M.S. Sacks, K.L. Billiar
Department of Biomedical Engineering 

University of Miami 
Coral Gables, Florida 

The effects of in vivo cyclic loading on the mechanical behavior of porcine bioprosthetic 
heart valves are largely unknown, and ore undoubtedly related to their continued poor 
long-term durability. To elucidate the mechanisms that eventually produce failure in por
cine bioprosthetic heart valves, tension-controlled biaxial mechanical tests were performed 
on the cuspal tissue following 0, 1.4, 5.7, 10.1, 50, 100, and 200 million cycles of accel
erated testing. A microstructural constitutive model was employed to estimate the changes 
in the effective mechanical behavior of the collagen fibers. Under o 60-N/m equibiaxial 
tension state, a trend toward increasing circumferential extensibility was found, with no 
trend in the corresponding radial extension. Simulations using the microstructural model 
demonstrated that slight specimen misalignments with respect to the biaxial test axes can 
potentially cause large variations in the measured extensibilities. When the model was 
used to fit representative data from a nonfatigued and a 200 million cycle fatigued valve, 
the effective fiber stiffness For the fatigued specimen was markedly lower than the nonfatigued 
specimen. Histologic studies revealed delominations but no evidence of damage to the 
collagen fiber structure, suggesting that tissue damage occurs on a subfibril structural level. 
Overall, our results imply that long-term cyclic loading produces a gradual weakening of 
the collagen fiber network, potentially facilitating calcification and ultimately valve failure. 

Introduction 

Although bioprosthetic heart valves remain a popular choice for heart valve re
placement, they continue to suffer from limited long-term durability. The mecha
nisms of valve material degeneration, especially when related to calcification, are 
not well understood.1 In vivo structural deterioration of porcine aortic valve 
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Biaxial Mechanical Behavior 

bioprostheses (PBHVs) is strongly time-dependent, with complication rates in
creasing rapidly after 10 years postimplantation, 1'2 Mechanical deformation, es
pecially in bending, is believed to potentiate mineralization,3•5 Although the bio
chemical aspects of mineralization and valve deterioration have been studied ex
tensively,5·7 little work has been completed on the effects of purely mechanical 
cyclic loading of chemically treated valve tissue. 8 

At present, "adequate" fatigue life of an intact valve is validated by accelerated 
testing. In this procedure, the PBHV is cycled at 15 to 20 times the normal heart 
rate in a pulsatile flow loop using sterile saline as the working fluid. The load 
magnitude and loading pattern are believed to adequately simulate the in vivo 
environment, with failure patterns generally similar to those found in pathologi
cal studies of explanted tissue. In general, the study of failure of bioprosthetic 
valves requires an understanding of the gradual mechanical changes leading up to 
complete valve failure. A study of the subfailure mechanical properties and their 
progression with time (number of opening and closing cycles) is needed to estab
lish a quantitative representation of the fatigue process in tissue valves and to 
elucidate the predominant mechanisms and mechanical factors involved. 

Broom8·10 completed a series of studies on the effects of combined uniaxial ten
sion and flexure on circumferential strips of glutaraldehyde-treated bovine and 
porcine mitral and porcine aortic valves. The circumferential tissue strips stiff
ened markedly with as few as 2.3 X 106 cycles, and the stiffening progressed with 
increased numbers of cycles.8 Collagen disruption was observed in areas of pro
nounced flexure by 300 X 106 cycles. In porcine mitral leaflet tissue, collagen 
disruption increased with the number of cycles and became extensive by 500 X 
106 cycles.9 Low pressure fixed porcine aortic valves (PAVs) (<l mmHg) sus
tained little damage, whereas high pressure fixed valves (100 mmHg) demon
strate damage similar to the mitral valve tissue. A cycle-dependent reduction in 
the native collagen fiber crimp was found in all but the high pressure fixed valves, 
in which the crimp pattern was already lost during fixation. 

These uniaxial studies provide the only information on the effects of repeated 
mechanical loading of heart valve tissue found in the literature. Tests on thin 
tissue strips, however, cannot mimic the heterogeneous deformation fields and 
combined loading sequences found in the physiologic environment. In addition, 
the collagen fiber architecture is disrupted in uniaxial specimens and the com
plex interactions between the axes are lost. Accelerated testing of intact valves 
preserves the 2-dimensional fiber network. Although the local loading is depen
dent upon the individual valve geometry and testing apparatus and cannot be 
directly measured, the cuspal stresses more closely resemble the complex patterns 
experienced in vivo. Materials tests performed on the cusps following predeter
mined accelerated testing intervals could provide a measure of the changes of the 
valve tissue subjected to realistic purely mechanical loading patterns as a function 
of time. However, the gains of intact fatigue cycling, such as the preservation of 
the mechanics of the intact valve tissue, are not preserved unless multiaxial test
ing is performed to assess the mechanical property changes. 
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Biaxial Mechanical Behavior 

The purpose of the present study was to examine the effects of cyclic loading of 
intact porcine aortic valve bioprostheses. Any valve that undergoes prolonged 
accelerated testing will eventually fail. We hypothesize that gradual cycle-depen
dent changes in the properties of a tissue valve will occur due solely to the me
chanical loading. Long-term fatigue of intact porcine aortic bioprostheses up to 
200 X 106 cycles (equivalent to approximately 5.4 years at 70 beats/min) was 
studied to develop a better understanding of the initial mechanisms that eventu
ally lead to fatigue failure of porcine aortic valves. 

Materials and Methods 

SPECIMEN PREPARATION 

Porcine bioprosthetic heart valves were prepared by chemical fixation in 0.625% 
glutaraldehyde under 0.5 kPa (4 mmHg) differential pressure (forcing leaflets to 
coapt) and provided by St. Jude Medical (St. Paul, MN). The intact valves were 
subjected to standard accelerating testing protocols for O (noncycled), 1.4, 5.7, 
10.1, 50, and 200 million cycles. The fixed valves were mounted in silastic con
duits to simulate the aortic root, and subjected to standard accelerated testing 
used for Food and Drug Administration approval in sterile saline at a rate of 
approximately 1000 cycles/min (16 Hz). After cycling, the valves were stored in 
0.625% glutaraldehyde at 4°C and sent to our laboratory in their mounts. All 
valves were fully functional and without visual evidence of tearing or perforation. 
Before testing, the cusps were carefully excised from the valves using microscissors. 
At least eight cusps from each accelerated testing level were mechanically tested. 
All biaxial experiments were performed in isotonic (0.9% wt/wt) saline at room 
temperature (20°C-25°C). 

BIAXIAL TESTING 

One square specimen was cut from the center of each leaflet with the edges aligned 
to the circumferential and radial directions (Fig. 1). The specimen sizes ranged 
from 10 to 16 mm on each side depending upon valve annular diameter, which 
ranged from 20 to 28 mm. Four small graphite markers (75-150 µm) were af
fixed to the ventricular surface with low-viscosity cyanoacrylate adhesive 
(Permabond International, Englewood, NJ). A 2.5-mm intermarker spacing was 
used in most cases. Thus the central measurement area was less than 10% of the 
total leaflet area in all specimens. 

While the specimen was floating unconstrained in the saline bath, the reference 
marker positions (gauge lengths) were recorded with a CCD camera. The strain 
resolution was approximately 0.5% with the typical marker spacing of 200 pix
els. Two loops of nylon suture of equal length were attached to each side of the 
specimen with four stainless steel surgical staples (one staple at each end of each 
loop). This procedure was completed in saline on a lab bench away from the 
biaxial testing device to minimize tissue deformation. 
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