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Computer-assisted Methods for Design Optimization 
of Cardiac Bioprosthetic Valves 

Mohamed S. Hamid, PhD,* Hani N. Sabbah, BS,* and Paul D. Stein, MD* 

Excessive mechanical stresses on valvular leaflets are 
considered an important factor in the degeneration of 
cardiac porcine bioprosthetic valves. This study de
scribes a computer-assisted numerical model of a bio
prosthetic valve which estimates the magnitude and 
distribution of leaflet stresses. The study also describes 

our initial attempts to determine the influence of stent 
height upon leaflet stresses. Whereas lowering stent 
heights has been suggested to improve hemodynamics 
in the bioprosthetic valve region, results indicate that an 
increase in leaflet stresses can accompany reductions of 
stent height. 

I n spite of marked improvements in recent years in the 
design of b i op ros the t i c valves, spontaneous de
generation after several years of implantation remains a 
clinical prob lem. Degeneration of tissue valves has 
been attributed to several factors including static and 
fluid dynamic stresses as well as hematological and 
immunological processes. Although some of these fac
tors may be tested experimentally, assessing the static 
structural stresses is a diff icult problem (1). One ap
proach to the determination of the magnitude and dis
tr ibution of stresses on bioprosthetic leaflets is the use 
of computer-assisted numerical methods. In our labo
ratory (2), as well as in others (3,4), the finite element 
method, a powerful computer-based numerical tool for 
the solution of complex problems in the field of struc
tural mechanics, has been employed to predict bio
prosthetic leaflet stresses. When a numerical model is 
developed, mult iple design interventions may be intro
duced to examine their impact upon the magnitude and 
d i s t r i bu t i on of stresses for var ious phys io log ica l 
pressure-loading condi t ions. The present study de
scribes the development of a minicomputer-based nu
merical model to assess the stresses in bioprosthetic 
valve leaflets. In addit ion, the model is used to predict 
the influence of stent height on leaflet stresses. 

Methods 
The finite element method 

The finite element method breaks the structure to be 
studied into small portions called "e lements" and es
tablishes the governing mathematical relations for the 
elements by invoking appropriate physical principles. 
By considering small segments (elements) of the struc
ture under study separately rather than the structure as 
a whole, one can incorporate the nonuniformity of 
material characteristics which can vary f rom one loca
tion to another. This approach continuously updates 

the geometry and the nonlinear properties of the mate
rial under consideration. 

For each element, evaluation of the structural govern
ing equi l ibr ium equation is based upon principles of 
min imum potential energy or virtual displacement. 
Subsequently, the individual governing equations for 
each element are assembled (just as all the elements are 
assembled to form the original structure), resulting in a 
set of simultaneous algebraic equations that can be 
solved using computer-assisted methods. The algebraic 
equations are of the fo rm: 

[K] = {u} = {p} 

where [K] is the structural stiffness matrix, {u} is the 
displacement vector that results from the application of 
the load (pressure) vector {p}. 

This numerical approach to determine structural stress
es may involve the solution of hundreds of equations of 
the form shown (1). The number of equations to be 
solved depends directly upon the number of structural 
elements and associated number of nodes which con
nect the elements. Traditionally, the solution of large 
numbers of equations requires the use of large com
puter memory, usually available in mainframe com
puter systems. For the present application, however, 
specific software was developed which allowed the use 
of a minicomputer wi th l imited memory. 

The computer system and software 

The minicomputer available in this laboratory and used 
in this study is a Hewlett-Packard 21 MX mult iple user 
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system. The computer operates on an RTE IVB system 
with 160K word of total memory of which a 20K word 
memory partit ion is avai lable to the user at any t ime. Data 
s torage capab i l i t i e s i n c l u d e a 5 megaby te per
manent disc, a 10 megabyte removable disc, a 0.5 mega
byte f loppy disk drive, and a 0.5 inch 1600 BPl magnetic 
tape drive. The system peripherals include a 600 line/ 
min printer, a digital pen plotter, and two cathode ray 
tubes, one of which incorporates two digital tape car
tridge drives, each capable of storing 128K bytes. The 
cartridges are used primarily to store images f rom the 
graphics terminal. 

In the present appl icat ion, the computer code was 
based on segmentation techniques which allow the 
user to divide a large program into small port ions that 
can be handled easily by a l imited memory space. The 
basic program f low diagram is shown in Fig. 1. It consists 
of three major segments: the preprocessor, the analysis 
segment, and the postprocessor. Wi th in each of these 
ma jo r segments , the p rog ram conta ins m u l t i p l e 
subsegments. The preprocessor contains two subseg-
ments, one for the mesh generation (data preparation) 
and the other for plott ing the mesh. The analysis pro
cedure has two options which depend on the strategy to 
be used fo r the solution of the finite element equations. 
The program could select either the band solver or the 
frontal solver (5). Both solution techniques are based on 
Gaussian e l iminat ion*, and they use an out-of-core 
solution procedure. M in imum memory requirements 
to solve f inite element equations were achieved by 
efficient bookkeeping and optimal storage of equations 
in active memory. In the band solver, equations were 
eliminated in sequential order up to the last one, fo l 
lowed by the back substitution procedure. On the other 
hand, in frontal solver, the element equations were 
assembled one by one. Any completely assembled 
nodal equations were eliminated before the assembly 
of fu r ther e lements. This approach op t im ized the 
memory requirements and computa t ion t ime. The 
postprocessor contains two subsegments. One sub-
segment evaluates the stresses based u p o n the 
computed displacements obtained in the analysis proc
essor, and the other plots the stress distr ibut ion. 

Development of the model 

Geometry of the bioprosthetic leaflet, l ike the natural 
aortic valve leaflet, is complex, and its response to 
load ing cond i t i ons is non l i nea r . T h e r e f o r e , b io 
prosthetic valve model ing is exceptionally complex un
less some assumptions are made which , in fact, may not 
be truly representative of the biological state. 

The shape of the closed leaflet was modeled as an 
ell iptic-paraboloid in accordance with observations by 

*Ed, note: Gaussian elimination, named after the German mathematician 
Causs, is a technique to obtain the solution of simultaneous equations. 

Others (6). The fo l lowing assumptions were made in the 
development of the computer model ; 

1. All three valve leaflets were assumed to be equal 
in size and symmetrical. 

2. Deformation of the annular ring was considered 
negligible under loading. 

3. The leaflet material was assumed to be nearly 
incompressible and isotropic wi th a Poisson's ratio 
of 0.45. 

4. The thickness of the leaflet was assumed to be 
uniform (0.6 mm). 

5. The stent was considered to be r igid. 

Because of symmetry in geometry and loading, only one 
half of the leaflet was considered for the analysis. The 
finite element discretization is shown in Fig. 2. Triangu
lar membrane shell elements were used. On the basis of 
observations by Swanson and Clark (7), the bending 
effects were neglected. 

Fig. 1 

Diagrammatic representation of the organization and procedure of the 
finite element program. 

The leaflets were assumed to be f irmly attached to the 
stent which was assumed to be rigid. This rigidity led to 
a zero displacement boundary condit ion along the at
tachment points. The boundary condit ion along the 
free margin, however, was not known a pr ior i . As the 
pressure increased, the free margin deformed, con
tacting with the neighboring leaflet and forming the 
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coaptation surface. This contact boundary condit ion 
was achieved as the finite element solution proceeded. 
As a result of applying this boundary condi t ion, the 
coapting points were allowed to move freely in a plane 
normal to the annulus of the valve, whereas mot ion in a 
plane normal to the coapting edge of the leaflets was 
restricted. 

Commissural 
Attachment 

Fig. 2 
Finite element discretization of one half of the leaflet using triangular 
elements. The height of the stent (h) is indicated. A indicates the site of 
commissural attachment. B Indicates the site of attachment to the stent at 
the center of the leaflet. C represents the site of the corpus arantii, center of 

the leaflet along the free margin. 

Analysis 
In the current application, the band solver was em
ployed. The solution of the f inite element equations 
was obtained by increasing the pressure incrementally 
from 0 mm Hg to 200 mm Hg. The pressure load incre
ments were applied to the out f low surface of the leaflet 
whi le the inf low surface was assumed to be free from 
any applied pressure. The stress strain curve for porcine 
bioprosthetic leaflets employed in this study was based 
upon experiments by others (8). 

Th ree different stent heights were studied whi le a fixed 
annular diameter of 27.8 mm and a constant leaflet 
surface area of 5.8 cm^ was maintained. The selected 
stent heights were 22,19, and 14.6 mm (Fig. 2). The stent 
was not incorporated into the model because of as
sumed rigidity. 

Results and Discussion 
The magnitude and distr ibution of bioprosthetic leaflet 
stresses pred ic ted f rom our mode l using a m in i 
computer system were similar to those reported by 
others who used mainframe computer systems (4). 

This model predicted greater leaflet stresses with lower 
stent heights. At a diastolic pressure of 100 mm Hg, 
typically encountered by a bioprosthetic valve in the 
aortic posit ion, maximal principal normal stresses oc
curred near the leaflet commissural attachment and 
increased by 43% as the stent height was reduced by 
33%. At a systolic pressure of 120 mm Hg, typically 
encountered by the closed bioprosthetic valve in the 
mitral posit ion, maximal principal normal stresses oc
curred at the same site and increased 36% as the stent 
height was reduced by 33%. To our knowledge, this 
work represents a first attempt at defining the influence 
of the stent height of bioprosthetic valves on leaflet 
stresses. 

Carpentier, etal (9) suggested several attractive featu res 
which may result f rom reducing the stent height of 
bioprosthetic valves. Reducing the stent height would 
certainly minimize protrusion of the struts into the left 
ventricular out f low tract in the case of the mitral valve 
and into the aorta in the case of the aortic valve. Fur
thermore, reduction of the stent height, wi th in the 
limits of preserving the normal configuration of the 
valvular orif ice, was thought to be an important con
sideration in reducing turbulence. The latter is con
sidered to be a factor leading to increased risk of 
thromboembol ism and calcification as well as acceler
ating the development of fatigue lesions (9). Although a 
reduction of the stent height may have these advan
tages, our analysis indicates that reducing the stent 
height also results in increased leaflet stresses. 

Our observation of maximal stresses near the leaflet 
commissural attachment may also be important in 
understanding some aspects of the degeneration proc
ess of bioprosthetic valves. Among 37 dysfunctioning 
porcine bioprosthetic valves removed dur ing surgery at 
this hospital, 15 of 26 (58%) showed tears at or near the 
site of leaflet commissural attachment. It is possible, 
therefore, that the presence of a stress concentration at 
that site, as predicted by this model , explains this high, 
localized incidence of leaflet failure. 

The use of computer-assisted numerical methods de
scribed in this study can be a valuable tool in the design 
optimization of cardiac bioprosthetic valves. Because of 
inherent assumptions, however, extrapolation to the 
true biological state should be exercised wi th care. The 
model can be further refined to assess the influence of 
other structural factors such as stent f lexibi l i ty and tis
sue stiffness on leaflet stresses. 
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