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ABSTRACT OF THE THESIS
Performance Assessment of Prosthetic Heart Valves Using
Orifice Area Formulae and the Energy Index Method
by
Flavio Ballerini Souza Campos
Florida International University, 1993
Miami, Florida

Professor Richard T. Schoephoerster, Major Professor

Valve function is commonly assessed by effective orifice area
(EOA) estimates using equations derived from conservation of
mass and energy. Errors have been found with the method due to
difficulties 1in determining the valve's coefficient of
discharge (Cd). The Cd, a factor that corrects the EOA for
losses in the valvular wake region, has been shown previously
to vary with the Reynolds number and valve geometry. In this
study, a Cardio-Vascular Duplicator (CVD) is used to determine
the Cd for three types of mitral valves, operating in modes
ranging from normal to severely stenotic. Since orifice area
methods do not account for regurgitant flow, the energy index
(EI) method is derived and used in experiments with an aortic
valve. Results show that the EI method is more powerful than
the EOA because a single quantitative parameter is attributed
to each valve, taking into account regurgitant, leakage and

pressure losses.
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INTRODUCTION

The aim of this study is the improvement of the present
techniques used to assess the performance of natural and
prosthetic heart valves. This improvement will be accomplished
in two different sections: 1) A thorough study of currently
used orifice area formulas, which includes the determination
of the values for the coefficient of discharge of valves, as
well as the scope of the formulas' applicability; 2) The
derivation and proposal of a different method of assessing
performance of prosthetic heart valves that is thought to be
much more powerful than the currently popular method. This new
method is the Energy Index method.

The Effective Orifice Area (EOA), or opening area, of
cardiac valves has been used as a measure of valvular
performance. The EOA can be calculated from knowledge of the
blood flow rate, pressure drop across the valve and its
discharge coefficient. This formulation is attributed to
Gorlin and Gorlin [1], but other investigators followed with
corrections and modifications to the original formula. The
formulas of Aaslid [23] and Gabay [24], as well as Gorlin's,
will be used in this study.

Even though the Gorlin equation has been an accepted
method of assessing valvular performance since the 1950's, its

predictive ability is still questionable due to difficulties



associated with the determination of the coefficient of
discharge, specially that associated with the mitral valve and
its pathologies. Thus, in the first part of this study the
author experimentally determines coefficients of discharge
for three types of mitral valve prosthesis while subjected to
a'variety of flow conditions and pathological states.

Since the four orifice area formulas used were found to
be inadequate for proper assessment of valvular function, the
author derives the energy index method, which gives the
physician faced with the prospect of electing a valvular
prosthesis for ijmplantation a single, quantitative, measure of
the valve's performance that is self-correcting for valve size
and type. The power index method finally solves the problem of
assessing performance with a method that takes into account
not only the forward flow characteristics of the valve, but
also incorporates the regurgitant and leaking volumes through

the valve while still using ‘just one numerical parameter.



Chapter 1: PHYSIOLOGICAL ASPECTS OF RELEVANCE

The Human Cardiovascular System

The cardiovascular system 1is comprised of several
compon;nts: the heart, the lungs, and the arterio-venous (or
vascular) system. A description of the hemodynamic circuit
that is seen by the blood as it circulates through the body
could begin at the heart. The heart is a double pump, which
means that it has two different sides, with similar functions,
operating in series. The right side is responsible for what is
called the pulmonary circulation (blood flow through the
lungs), while its left side is responsible for the systemic
circulation (blood flow through the body).

| Venous blood, which is rich in carbon dioxide, collects
in the right atrium through the superior and inferior vena
cava. The vena cava are two major veins that collect the blood
from the head and arms, in the case of the superior, and from
the abdomen and legs in the case of the inferior. This blood
enters the right ventricle because it still possesses enough
head, or pressure - i1mparted onto it by the previous pumping
cycle - to flow in that direction. The right atrium is
separated from the right ventricle by a uni-directional valve,
the tricuspid valve.

Once the right ventricle has relaxed from the previous



contraction, the pressure inside of it drops considerably
bellow that at the atrium, causing the tricuspid valve to open
and a new charge of blood to enter the ventricle. When filled
to capacity, the right ventricle starts to contract; as a
result, the tricuspid valve closes passively and the pulmonary
valve opens, sending that volume of blood to the lungs for
oxygenétion.

The pulmonary veins are responsible for collecting the
blood from the lungs and delivering it to the left atrium. It
should be noted here that the pulmonary veins represent an
exception in the body in that, all other veins convey oxygen-
depleted blood, whereas the pulmonary veins convey oxygen-rich
blood back to the heart.

The left atrium 1s separated from the left ventricle by
the mitral valve. When the 1left ventricle relaxes, 1its
internal pressure drops bellow that at the left atrium. As a
result, the mitral valve opens and the blood fills the left
ventricle. Upon contraction of the muscle, the mitral valve
closes and the aortic valve now opens, forcing high-pressure,
oxygenated blood to circulate throughout the body, exiting the
heart through the aorta. Even though the contraction of the
right and left sides of heart were described separately here,
in reality, they happen simultaneously.

At the outlet of the aortic valve the inlet for a very
important set of arteries is found: The coronaries, of which

there are two main branches; so important are the coronaries



(from the latin 'crown') in fact, that coronar

usually treated as a subject in itself in medical physiology.
The coronary arteries are responsible for keeping the heart
muscle itself alive; it is the obstruction of the coronaries
that leads to heart failure, known as infarction. Blood flow
into the coronary arteries 1is facilitated by a special
apatomic feature of the ascending aortic arch: the sinuses of
valsalva. The coronary arterial walls have to be compliant,
for they must move with the myocardium at every stroke. At the
same time, that compliance causes said arteries to collapse
during systolic contraction (at least the smaller branches),
for the myocardial wall is under circumferential tension and
radial compression. A collapsed artery could only convey blood
at a higher pressure than that which caused it to collapse in
the first place, something that would only be 1logically
possible if there were a separate pressure sourcel Nature's
solution to this hydraulic¢ problem was to place three small
bulging pods circumferentially distributed around the
aécending aortic arch, just downstream of the aortic valve. In
fact, the cusps of the aortic arch partially cover these
'pods', which are called the sinuses of Valsalva, while the
valve 1s open during systole. This intricate geometry promotes
the formation of a rotational flow pattern within the sinuses
with consequent accumulation of blood which flows into the
coronary arteries upon ventricular relaxation. Figure one

depicts schematically the source of coronary circulation.



Figure 1l: schematic representation of blood
flow within the sinus of Valsalva. Blood enters
coronary artery upon ventricular relaxation.

The distribution of blood to all cells of the body start:
at the aortic arch, and, being divided into arteries anc
arterioles, ends at the capillaries, where all molecular
exchanges by the blood take place. The blood again collects,
from the capillaries, into the venule and veins. Eventually,
the oxygen-depleted blood reaches the two vena cava and enters
the right atrium. The aortic pressure must be sufficiently
high to ensure that the pressure at the vena cava is higher
than that at the right atrium, even after being lowered
through the resistance that the body represents, otherwise the
flow of blood would be impeded. It is at the arteriole level
that most of the distributional control of blood happens.
Sections of the body which can forego optimal jirrigation for
short periods of time, in order to provide extra blood to

other areas, have the arterioles that feed them constrict,



thus decreasing blood flow to that region.

Once at the right atrium, the blood is ready for a new
cycle identical to the one described above. This cycle will
take place, on the average, 86400 times in one day, 2.5
billion times in a lifetime. Figure two depicts the various

pathways of the human circulatory system.

Figure 2: Schematic diagram showing various routes of
circulation. Figure adapted from Myers [10].

.....

1\ Pulmonary veir
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The Human Heart

Viewed externally, the heart seems to be a continuous
mass of muscle tissue, but, in reality, there are two auricles
- or atria - and two ventricles. The two ventricles are
separated from each other by a thick wall called the septum,
and fr:':m their corresponding auricles by a valve. From the
description of the circulatory system presented earlier, it
seems apparent that these four chambers cannot contract - and
thus eject their charge of blood - at the same time. There is
a very delicate synchrony and sequence of contraction within
the heart muscle which accounts for its function. Examination
of the muscular contractile process will yield insight into
the operation of the heart.

Muscle fibers, such as those out of which the myocardium
is composed, have the ability to contract when reached by a
suitable electrical signal termed action potential (AP). Since
each cell 1is able to contract, independently of its
neighboring cells, once reached by the proper electrical
signal, the secret to controlling the heart 1lies 1in
controlling the distribution of the action potential to each
céll of the muscle.

External electrical control reaches the heart at a
location termed sincatrial node (SA node) through the vagus
nerves. This is also the point at which the action potential

is initiated if, for some reason, no external stimuli is



present. This 'self-sufficient' operation is possible for

humans and other mals that are provided with myogenic
hearts. From the SA node, the AP propagates from one atrial
cell to another, one at a time, until finally reaching a
location termed atrioventricular node (AV node). The AV node
delivers its charge not to its neighboring cells, but to a
thick ﬂerve called bundle of His, which splits into two main
fibers called the left main bundle and the right main bundle.
The two main bundles terminate into what is known as the
Purkinje fibers. The Purkinje fibers are much finer and more
numerous than the main bundles, thus they are able to reach a
great number of cells at the same time. The sequence of fibers
described above bring the AP all the way to the apex of the
heart before delivering it to the muscle cells, thus making 1it
possible for the heart to contract from the apex up, towards
the pulmonary and aortic valves.

The tissue that lines the internal section of the heart
muscle, the myocardium, is called endocardium. The endocardium
is a special tissue with some outstanding wear and frictional
properties. The entire heart, as an organ, is enveloped by a
tissue called pericardium. The pericardium is a somewhat
translucent tissue that is liquid filled and has the function
of protecting the heart, not only from thermo-mechanical
shocks, but also from bioclogical hazards.

The heart valves, being uni-directional, are responsible

for keeping the blood moving in one direction upon ventricular



contraction. Blood is admitted into, and ejected out of, the
left ventricle by the mitral and aortic valves respectively.
During ejection the mitral valve is closed. Pressure drop
across an ideal valve is negligible while open; its closure
should take place with negligible flow.

The atria, at the inlets of the ventricles, accumulating
theblgod that would otherwise take a longer time to £ill the
ventricles, couple the nearly steady flow at the vena cava to

the highly pulsatile flow into the ventricle.

To Lungs
Pulmonory Artery

L From Lungs
.."":- eﬁ"

From Vei.ns
inferior Vena Cova

Figure 3: Simplified internal diagram of the heart showing
its four chambers and circulation routes. From Myers [10])
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Anatomical Description of Heart Valves

All four of the valves found in the heart, two between
the ventricles and the atria and two at the outlets of the
ventricles, are of a similar nature. The mitral valve, being
the object of this study, will be briefly described.

'rl:e mitral valve is a complex unit that has to be
analyzed and understood in conjunction with s8ix major
components: l)the left atrium, 2)the mitral annulus, 3)the
mitral leaflets, 4)the chordae tendineae, 5)the papillary
muscles, 6)the left ventricular myocardium. The mitral wvalve
has two thin leaflets, or cusps, that flap up and down, their
ends coming together when the valve is closed. Each of the two
leaflets are connected to inner walls of the myocardium
through a set of tendons called chordae tendineae and the
papillary muscles. These muscles and tendons prevent the
leaflets of the mitral valve from folding back into the atrium
once the valve 1is fully closed, under systolic pressure. Under
these conditions, the leaflet is supported at the root by the
ventricular wall, and at the tip by the tendons. The leaflets
themselves, being very thin, require some stiffening; a set of
ridges, made in the same material as the leaflets themselves
does just that. These ridges, much like beams on a plate, are
called commissures. The commissures play another important
rble in the function of the valve: since the leaflets are not

hinged at their roots, the leaflet has to bend in order for

11



the valve to open and close properly; the stiffness of the
commissures must be sufficient to withstand systolic pressure,

but low enough for effective opening during diastole.

Common Malfunctions

Hélfunctions, or pathologies, of any of the four valves
found in the heart can be divided into two groups: stenosis
and insufficiency.

A stenotic valve is one that does not open fully, usually
because of stiffening or fusion of the valve leaflets in the
commissural area. Stenosis of the valve causes smaller than
optimum opening areas, which in turn will <cause high
transvalvular pressure gradients. One consequence of stenosis
of the heart valve 1is a lower cardiac output, which may cause
damage to the body due to the lower oxygenation of tissues.
Stimulated by oxygen sensors located throughout the body, the
myocardium will contract ever more strongly, in an attempt to
compensate for the stenotic wvalve.

If the stenotic valve is 1in the mitral position the
higher than normal pressure gradient across it will preclude
the ventricle from being filled to capacity, even with
increased atrial activity. As explained by the Frank-Starling
law, a partially filled ventricle will contract with a lower
force because 1its muscle fibers are 1less stretched. The

ventricle will eject a lower volume of blood per stroke at

12



lower pressure, 1li.e. a lower cardiac output. Normal right
ventricular output, coupled with a stenotic mitral valve may
result in accumulation of blood in the porous tissue of the
lungs, to the point of rupture. Patients <that £fit this
clinical scenario have coughed large amounts of blood.

If the stenotic valve is mounted at the aortic position,
the ven%:ricle can still be filled to capacity, but it probably
will not because of the lower cardiac output of the previous
cycle (scavenger effect). A ventricle that is ejecting blood
through a stenotic valve will not deliver the same volume per
stroke, at the same pressure, as a normally valved ventricle.
A lower output pressure, dissipated by the same systemic
resistance will yield a lower atrial input, describing an
unstable system because lower atrial flow will cause lower
ventricular filling. Lastly, stenosis of the heart valves
could be caused by rheumatic fever or congenital defects.

The other common malfunction of heart valves is
insufficiency. An insufficient valve is one that cannot close
completely during systole (if it is the tricuspid or mitral
valve), or during diastole, (if it is the pulmonary or aortic
valve) allowing blood to be regurgitated back into the atria
or ventricle respectively. Insufficiency is most often
associated with the mitral valve; because high ventricular
pressures occur during systole, a period that finds the aortic
valve open, but the mitral valve closed in resistance to that

pressure.
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It is the function of the chordae tendineae and that of
the papillary muscles to prevent the leaflets of the valves
from folding back in to the atria, which would allow
regurgitation of blood, as explained earlier. Rupture of the
chordae or loss of muscular contraction (Papillary) could
account for the sort of insufficiency in which the leaflets
fold bé&k into the atria. The other possible mechanical cause
of insufficiency 1is, again, the stiffening of the leaflets.
Finally, insufficiency may be the result of a congenital
defect, a diseased state, or even the result of a surgical
complication.

Heart valves can be substituted by prosthetic devices.
Artificial heart valves have been used to replace diseased
ones ever since the mid-1960's, soon after the open heart
surgery was a reality. The replacement of heart valves usually
enhances the life of the patient; reportedly, 70% of patients
have survived for five years or longer after the surgery. [12]
The biggest problem associated with prosthetic devices
continues to be thromboembolism, damage to the blood due to
contact with foreign materials. Thromboembolism is caused by
bioincompatibility and adverse dynamic characteristics of
p;osthetic devices [25]. More recently, blood cavitation at
the valve occluder has been suggested to cause hemolyses. High
occluder to housing impact velocities at closing and the
retrograde jet of blood through the valve, while it is closed,

were suggested as possible causes of cavitation. Improvement
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of heart valves, then, as in all other prosthetic devices,
must come in the area of materials, biocompatibility, and
hemodynamic design. A prosthesis should not cause undue
pressure gradients or high shear rates in the flow field. As
seen, then, while the actual design of a prosthetic heart
valve would include the areas of materials, durability and
perforﬁance, the present study is aimed solely at the dynamic
performance assessment.

Prosthetic valves can be totally mechanical or made from
biological tissue, such as a bovine pericardium or a porcine
aortic valve. While tissue valves present a higher degree of
biocompatibility, generally they do not last, mechanically, as
long as the purely mechanical valves do.

The three most common types of mechanical heart valves in
use today are the ball and cage, tilting disc, and the
bileaflet. Of those, the oldest is the ball and cage and the
most recent design is the bileaflet. The ball valve shows very
little regurgitation, but it is also damaging to the blood
because of the turbulence it creates. Many models and brands
of each design, as well as other designs, are available on the

market. [10]
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Previous Work

Having established what the most important problems
associated with mitral valve are, an explanation of the
techniques used for their detection is in order.

The presence of valvular regqurgitation can be detected by
phonogféphic means because the retrograde jet of fluid created
causes a distinct acoustic wave to be generated. Optionally,
Doppler-echocardiography can produce excellent representations
of the flow pattern, both 1in the positive and in the
retrograde direction of the valve. These techniques are, at
best, qualitative, however. Most recently, three-dimensional
reconstruction of the planar echocardiographic record has been
shown to report regurgitance with more precision.

Stenoticity can be detected and quantified with orifice
area formulas. In this study, the four most important orifice
area formulas are described and used.

Assessing the condition of the valve with an orifice
formula requires the use of the correct wvalue for the
coefficient of discharge, the determination of which is one of
the main topics of this work.

Having confined the scope of what can be learned about
the function of heart valves by the use of orifice area
methods, a description of what has been accomplished by
previous investigators 1is in order.

The first to introduce an orifice area equation for the
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purpose of valvular function assessment, was Gorlin [1l] in
1951. The Gorlin equation, derived from laws of conservation
of mass and energy through a discharge orifice, requires the
knowledge of the mean pressure drop across, and the mean flow
rate through, the wvalve, as well as its coefficient of
discharge. The first two quantities can be measured in vivo
and 1in vitro, whereas the coefficient of discharge must be
determined empirically.

In 1975, Aaslid and associates [23], proposed an equation
similar to that of Gorlin for valvular function assessment.
Aaslid's method, though, uses the peak flow rate through the
valve and the pressure drop at the time of peak flow. It is in
order to alleviate the effects of acceleration of the flow
through the valve that Aaslid uses the peak flow rate, instead
of the mean. In 1978 Gabay [24] introduced another equation
for valvular function assessment; the Gabay method uses the
RMS flow rate and the mean pressure drop. As is the case with
the other two equations, the Gabay method also demands
knowledge of the coefficient of discharge.

Because it uses the mean flow, which can be obtained
clinically, the Gorlin formula remains the most popular tool
for function assessment of heart valves. Studies have shown,
however [24], that large errors can be incurred when the
Gorlin formula 1s used. Swanson [18] demonstrated that the
pressure drop across prosthetic heart valves is proportional

to the flow rate exponentiated to the 1.5 to 2.0 power;
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dimensional requirements, however, demand that the formulas
described above use the pressure drop being proportional to
the flow rate exponentiated to the 0.5 power. Finally,
Schoephoerster [15], showed that it is appropriate to use a
coefficient of discharge, with the orifice formulas described,
which itself, 1s a function of the flow rate through the
valve. ;:t'his determination was made theoretically and validated
with in vitro studies.

Since all of the 1investigators mentioned, including
Gorlin who only studied natural valves, showed that different
geometries of valve demand the use of different values for the
coefficient of discharge, and since this value has also been
shown to vary with flow rate, before wvalvular function
assessment can be carried out, one is justified in asking
whether the value for the coefficient of discharge may also
vary with valvular condition, which it is supposedly

determining. Clearly, should this be the case, the orifice

area method cannot be said to work; for, in trying to learn
about a heart valve's condition, it is impossible to know what
that condition 1s a priori, as would be the case with a
coefficient of discharge that changes with different degrees

of stenoticity.

18



 Chapter 2: THE EFFECTIVE ORIFICE AREA
Formulation of the Problem and Method Sclution

The equation derived from conservation of mass and energy
laws of fluid mechanics by Gorlin & Gorlin [1], known simply
as the -‘Gorlin equation, has been used for many years as a
means of predicting the effective orifice area, (EOA) or the
effective opening area of a natural or prosthetic heart valve.
The EOA is a useful clinical tool of assessment of valvular
performance because its value can be compared to a known valve

area, discrepancy with which indicates suboptimal operation.

EQA - ne

44.5xC 4%y / AP ___

Where: Q = Mean flow rate of blood while valve is open: cm?[sec.
C, = Discharge coefficient
AP = Mean pressure drop across valve: mmHg.
44.5 is a constant that includes gravity.

(1)

Application of the above equation to the analysis of
heart valves followed observation that the valvular annuli of
diseased heart valves remain essentially fixed (their geometry
does not deviate from that of a central-flow orifice and they
do not translate or rotate relative to the surface they are
mounted on) during a cardiac cycle. In their 1951 paper,
Gorlin and Gorlin [1l], state that:
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Because of the essentially fixed nature of the rings

of the cardiac valves when diseased, an attempt has

been made to apply the hydraulic principles and

formulas of fixed orifices to these stenotic valves.

Because the mass of a flowing fluid within a conduit must
be conserved, the flow rate (or discharge) of the fluid will
be numerically equal to the cross sectional area of the
conduit multiplied by the velocity of flow. If that flow is
made to cross an orifice, it will be seen that the resulting
cross sectional area of the fluid in motion, just downstream
of the orifice, will be somewhat smaller than that of <the
orifice itself. The equality suggested above can be preserved

if its right side is multiplied by a constant termed

coefficient of contraction, a function of the geometry of the

orifice.

Q=C_.xAxV

the coefficient of contraction. (2)

A is the area: cm®.
V is the flow velocity: cm per second

where: Q is the flow rate: cm> per second.
C. is

The auricle and ventricle being the conduit, interrupted
by the valve, or orifice (when open), is a feasible model to
which the equation of conservation of mass can be applied.

Similarly, using the same model, it is possible to apply the
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principle of conservation of enerqgy across the valve. The
fluid that is above the valve (orifice), but not moving, has
potential enerqgy, while the fluid that already went through
the valve, now filling the ventricle has less potential, but
some kinetic, energy. The difference in potential energy of
the fluids before and after the orifice is numerically equated
to theh kinetic energy acquired though its motion by the

coefficient of velocity, a function of the fluid's viscosity.

V=C _xy2xgxh

where: V is the velocity: cm* per second. (3)
C, is the coefficient of contraction.

g is the gravitational acceleration: cm per second”.
h is the fluid head: cm.

The last two equations presented can be combined to yield
the Gorlin equation. The constant 44.5 in the Gorlin formula
reflects the square root of the quantity 2 x g, in centimeters
per second per second. The transvalvular pressure drop should
be used in centimeters of fluid and the flow rate in cubic
centimeters per second.

In order to use the Gorlin equation as a mean of
assessing the performance of a heart valve, pressure at each
of its sides is acquired during several heart cycles. Such
measurement is easily accomplished by means of catheter-

mounted pressure sensors and fluoroscopy.
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A small incision in the groin or shoulder area is needed
for the insertion of a single catheter that looks much like a

flexible plastic wire, about 1/16" in diameter. The catheter

can have two pressure sensors attached to its end, about 1
inch apart axially. The position of the incision depends on
the specific valve that is under investigation: if the mitral,
the inclsion will be in the groin; if the aortic, the shoulder
area.

The patient is placed on a fluoroscopic table, such that
the position of the tip of the catheter is visible on a screen
at all times. With much skill, the tip of the catheter will
eventually reach the heart via the incision described. Because
the soft tissue of the valves, as well as the catheter, can be
seen on the screen, the experimenter can wait until the valve
opens and then insert the catheter another inch or so, such
that its tip, with one of the pressure sensors, is now inside
of the ventricle. Pressures on both sides of the valve can now
be recorded.

Blood flow rate across the valve can be estimated by the
Fick method of oxygen consumption or die-dilution. [17] These
techniques, traditionally used, can only produce mean flow
rates; thus the mean flow and the mean pressure drop were used
originally to compute EOA. Both of the pressures as well as
the flow rate will be cyclic, rather than constant quantities,
which suggests that the quantities have to be averaged over

many cardiac strokes (typically more than 15) 1in order to
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obtain values that are representative of the operation of a
valve. With increased in vitro testing of mechanical heart
valves, and the advent of sophisticated measuring equipment,
attention was redirected to the Gorlin formula in search of
possible improvements. The most noteworthy contributions were
those of Aaslid [23] and Gabbay [24], who suggest the use of
the pea}; instantaneous flow rate and the pressure drop at the
time of peak flow, and the use of the Root Mean Square of the
flow rate and the mean pressure drop, respectively. The
constant 0.32 1in the Aaslid equation arises because of
conversion of units; while the Gorlin and the Gabay equations
use 'ml/sec' for flow and centimeters of fluid for pressure
drop, the Aaslid equation uses 'liter/min' and 'mm Hg' for

flow and pressure drop respectively.

The Aaslid equation:

EOA=032x—2_ (4,
/&P,

All three egquations use the same simplifying assumptions,
namely: flat velocity profile upstream of valve; central-flow,
circular orifice for valve configuration; static fluid
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upstream of valve; inviscid fluid and ideal orifice geometry.
In order to account for these assumptions, all three equations
use an all-encompassing constant to correct the calculated
orifice area. Gorlin's coefficient of discharge is determined
empirically by solving the Gorlin equation and dividing it by
the measured open valvular area. Aaslid's effective area index
is theh quotient of his formula by the mounting area of the
valve. Gabay divides his formula by the primary flow area of
the valve, deriving the coefficient of performance, or the
mounting area, deriving the performance index.

Although the Aaslid and Gabbay formulas have been shown
to be superior in area prediction to the Gorlin formula [24],
the latter remains the most popular clinically because the
estimation of mean flow rates does not require the use of
sophisticated equipment.

Since the values of the correction constants described
above directly affect the calculated effective area of the
valve, and since this area is used to diagnose the condition
of the valve, precise determination of the values of the
constants and the conditions for which these values are valid
are of utmost importance, and represent, in fact, one major
objective of this study.

The dependence of the discharge coefficient on the flow
rate for a poréine valve mounted in the aortic position has
already been established by Schoephoerster et al [14].

In order to actually measure what the discharge
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coefficient is for the mitral valve operating under any set of
conditions, a cardiovascular duplicator, that puts the valve
in a flow and pressure field similar to physiological, is
b_uilt and used to measure flow through and pressure drop
across three different types of prosthetic heart valves,
operating at three degrees of stenoticity each. Two sizes of
each v;lve and thirteen flow rates are used in each case,
vielding 234 measurements designed to confirm the Cd's
variance with Reynold's number, and study its possible
variance with valve type, size and condition of stenoticity.
Actual opening areas are measured by photography and

planimetry. Details of the experiment are described later.

Experimental Apparatus

The equipment designed and built at Florida International
University 1s termed a CardioVascular Duplicator. The function
of a cardiovascular duplicator (CVD) is to provide the heart
valve, the object of the study, - whether natural or
prosthetic - with an operating environment as similar to the
physiological one as possible. The CVD is composed of five
independent systems: The pulse duplicator (PD), the cardiac
emulator (CE), the systemic simulator (88), the ventricular
system (VS) and the data acquisition system (DA) .

The pulse duplicator 1is the module responsible for

producing flow and pressure waves in forms that approximate
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those produced by the human heart, as published by Archer [19]
and Weissler [20]. It consists of a piston and cylinder
arrangement such that hydraulic fluid is pumped in and out of
the pericardial box of the cardiac emulator. Figure four
depicts selected details of the pulse duplicator.

The piston is driven by a stepping motor, through a rack
and pi;ion, such that its position and velocity can be
accurately controlled. A personal computer transforms the
desired flow and pressure wave forms into a V(t) signal for
the motor by means of a program written by the author. The
signal from the PC is then fed to an MC68HCll-based pulse
generator, then to a motor controller, which also receives
input from an external power supply, and is finally fed to the
motor. The mechanism 1includes three limit-switches; one to
determine a 'home' position, from which the stroke length is
measured, and two others, one at each end of the available
travel of the rack to turn the motor off in case an error
causes the latter to run beyond the length of the former. The
Pb, as a unit, contains an internal power supply to run the

notor control

logic boards and a fan to cool the motor and
board. The whole unit is enclosed by a sound-proof box which
contains an air cleaner, the various connectors, a home-stop
button, and a fuse holder. The home-stop button, 1f pressed,
causes the motor to stop at the 'home', with the ventricular
sac 1n its full-diastole position. This feature is important

to determine the end-diastolic ventricular volume and shape.
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The cardiac emulator places the heart wvalves in a
suitable flow and pressure field because of its unique design,
which incorporates a contractile ventricular sac and a
ventricular load with unique inertance, capacitance and
resistance characteristics.

A flexible model ventricle was cast out of flexible
silicon; rubber. This ventricle is placed inside of a rigid
box, in and out of which the pulse duplicator pumps hydraulic
fluid. Since the model ventricle is flexible, and the
pericardial box is rigid and completely filled with an
incompressible fluid (50% Glycerin, 50 distilled water), there
will be a positive correspondence between the position,
velocity and acceleration of the piston and the contraction of
the ventricle.

At the top of the cardiac emulator the aortic and mitral
valves are mounted. The geometry of the relevant parts mimics
the physiological ones as closely as feasible, following
recommendations reported by DuPlessis, et al. [21] Close
consideration of the need to frequently change heart valves
and open the CE, as well as the possibility to visualize and
photograph the various flow fields, resulted in a versatile
design that can be completely disassembled in minutes and
photographed from any angle.

The systemic simulator duplicates the complex load
aéainst which the heart pumps, for, while the transvalvular

flows are solely determined by the pulse duplicator, (a
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function of the velocity of its piston) the pressures
developed in the system are a function of the 1load the
ventricle pumps against. As explained in the background
section of this paper, the heart needs to impart a pressure
increase, and thus flow, to the blood. That pressure increase
(Potential) is transformed into flow, but not totally, for
some of ;he pressure 1is lost due to frictional and form (or
hydraulic) resistance. It is vital then for a CVD to duplicate
the systemic resistance the heart must pump against. The
physiological range of magnitudes usually found in the
systemic circulation vary from 0.58 to 1.13 mm Hg . s/cc.
(Millimeter of Mercury times second divided by cubic
centimeter; pressure drop oOver flow rate).[6] Systemic
resistance must not only be simulated in the CVD, but its
adjustment also provided for, such that flow rates can be
varied without the need for +the development of non-
physiological pressures. This process in the human body is
called vaso-constriction. In the CVD resistance is created by
running the fluid through a tube bank. The characteristic
resistance of the CV system is duplicated by 950 tubes, 1.5
inches in length, glued in parallel and located just distal
(downstream) of the characteristic compliance chamber. The
peripheral resistance was duplicated by 250 tubes in parallel,
4.75 inches in length, but this time mounted in such a way
that a rotary gate allows occlusion of none to all of the

tubes; thus going from a minimum resistance value to total
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occlusion of the flow. These two resistors were designed to be
linear; in other words, a linear pressure drop with increased
flow rate through the tube bank is desired. Design of the
resistive elements followed recommendations by Westerhof et
al. [32]

The blood that will be distributed through the body is
conveyeé out of the heart by the largest artery found in the
body: the aorta. The initial segment of the aorta is called
the aortic arch, whose compliance is critical. That
elasticity, or compliance, has to be reproduced by the CV
Duplicator, its value should also be adjustable to accommodate
any irregularities of the system, but the nominal
physiological value typically found is 1.33 cc / mmHg (Cubic
centimeters per millimeter of mercury). [6] The compliance of
the aorta attenuates the pulsatile flow and affects the peak
pressures 1n the system, as can be inferred from Laplace's
law, which states that the pressure developed within a vessel
is proportional to the circumferential tension, T, on its
walls, and inversely proportional to the radius of the vessel,

R. Thus:

Pl

R (6)

Where k is a constant of proportionality

A lower tension will be developed on the wall of a more
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compliant aorta, and thus a lower peak pressure achieved. In
the CVD, compliance is duplicated by a chamber that can be
pressurized and initially filled to a wvariable extent. A
separate pressure monitor is employed at this section of the
dﬁplicatr to ensure repeatable adjustment of the compliance.
As in the case of the resistance, however, it is not necessary
to display the exact value of the compliance.

In addition to the aortic compliance, the cardiovascular
bed, being composed of elastic arteries and veins, also has
its own elasticity, which gives rise to what 1is termed
peripheral compliance. The veins, in particular, can hold up
to 65% of the total blood volume under certain conditions,
which means that the veins, collectively, function as a
reservoir. The function of a reservoir in a closed loop under

.lle flow 1s of extreme importance: because a volume of

fluid is accelerated and decelerated during each cardiac
cycle, the pressures in the system are also a function of the
volume of fluid under circulation, upstream of the reservoir.
The dependence of pressure developed on circulating volume is
a simple consequence of Newton's second law of motion: in
order to 1impart the same acceleration on a larger mass of
fluid, a larger force, or in this case pressure, is necessary.
It is hereby seen that, at the higher flow rates, under
pulsatile conditions, a smaller volume of circulating fluid is
needed 1f the same pressures are to be produced within the

machine. The FIU CVD does incorporate a peripheral compliance
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and a reservoir, all in the interest of producing
physiological pressure and flow wave forms.

It is thus seen that the Systemic Simulator addresses all
of the physiological features normally associated with the
human body that are relevant +to the fluid-mechanical
environment in which the heart valves are expected to work in.
[18] Figure five diagrammatically shows the cardiac emulator
and the systemic simulator.

The ventricular system 18 not used in its entirety during
experiments, nonetheless its construction consumed a
considerable amount of effort. This system is composed of
three ellipsoidal cavities and an insert that, together, form
the molds used to cast the rubber ventricles. Three cavities
are used in order to produce ventricles of three different
wall thicknesses, 1n case that variable becomes relevant to
the flow distribution across the valves. In addition to the
expected alignment pins used with any mold, this system also
employs a removable mold for a flange to be cast at the base
of the ventricular sac, relief and ejection pins, and its own
mechanical apparatus used to brake the mold once the material
cures fully. The molds were manufactured in aluminum using
primarily a numerically-controlled lathe. The internal volume
of the finished part is 200 ml, a figure determined by the
need to have 70 mm of diameter at the base (in order to
accommodate both heart valves) and an aspect ratio of 1.12

(length/base) proportional that of a typical human heart. [27]
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The data acquisition system 1is comprised of five
transducers, four control units, a data acquisition board with
an analogue-to-digital converter and a personal computer for
data analysis and storage. Three disposable catheter pressure
transducers (MPC-500) were employed in conjunction with their
own, battery operated, control units (TCB-500) [17]. Battery
operation of the control units was favored in an attempt to
eliminate possible electro-magnetic interference with other
electronic equipment operating simultaneously with the
transducers. An electromagnetic flow probe, 50 mm in
circumference, along with its control unit (501D) was used for
flow measurements. [26] The fifth transducer employed consists
of a switch, through which a 5 Volts signal is wired. Actuated
by the rack of the PD every time it reaches 'home' (end-
diastole), this switch causes a flag to appear in the data
stream, 1ndicating the separation between two consecutive
strokes. The data acquisition board (WB 800) is capable of
digitizing up to eight channels at a maximum rate of 20 Khz;
it is mounted directly onto the computer's mother board [31].
The personal computer 1is an IBM compatible, sporting a 286-
class processor and a 287-class math co-processor, and a VGA-

class color monitor.
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Determination of Flow Wave Formsa

The determination of the flow wave forms that were used
for function duplication was based on physiological
information, which is summarized here. [20] [27] [28]

Befqre reading this explanation, the reader, especially
those coming from an engineering background, is reminded that
"normal"” physiological measurements of any quantity vary from
individual to individual. This analysis will then use values
that are generally accepted to represent humans in general.

The resting adult heart contracts 65 times in a minute.
While doing so, its left ventricle ejects 85 milliliters of
blood. Under extreme exertion the same heart would contract
190 times in one minute, while its left ventricle would eject
a volume 20% larger, 102 ml. [28]

Using the above points to describe a line, we can
determine left-ventricular stroke volume (LVSV or SV since we
are only dealing with the mitral valve and the left ventricle)
for any cardiac frequency. With the SV and the heart rate (HR)
we are able to compute the cardiac output (CO) by direct
multiplication of the former by the latter.

The last value missing to assemble the flow wave-form
table 1is the duration of the systolic interval. The percentage
of the cardiac cycle, systole plus diastole, (contraction and
relaxation) that 1is occupied by systole has been noted to

increase with increased heart rate. [20]
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Before explaining the pattern of systolic interval
increase, it is necessary to describe the several phases of
the systolic and diastolic period. When the action potential
reaches the end of the many Purkinje fibers, the ventricular
muscle cells depolarize and contraction of the myocardium
follows. hBefore blood can be ejected, however, the ventricular
pressure has to exceed that of the aorta, nominally 80 mm of
Hg, (up from the nominal filling pressure of 5 mm of Hg) hence
a period termed isovolumetric contraction 1is observed, the
first phase of the cardiac cycle. The second phase is called
rapid ejection; here, up to two thirds of the stroke volume
will pass through the aorta. The third period 1is called
reduced ejection, during which the blood flow experiences
deceleration and the aortic pressure may actually exceed
slightly the ventricular pressure, in which case forward blood
flow is maintained by the inertia of the fluid in motion. The
ventricle then enters the fourth phase of the cardiac cycle 1n
which isovolumetric relaxation takes place. At this point, the
ventricular pressure is decreasing rapidly, and when it is
lower than that at the atrium, diastole begins with a period
called rapid inflow, followed by reduced inflow, or Diastasis.
The reason for diastasis i1s simple: as the ventricle fills,
the atrio-ventricular pressure gradient decreases,
consequently decelerating the flow through the mitral valve.
Just before complete halt of the diastolic flow 1s reached,

the Atrium actually contracts, producing what 1s known as
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atrial systole, a period in which increased diastolic flow is
again observed due to an increased atrio-ventricular pressure
gradient. Finally, as the atrium relaxes, the ventricle
experiences a second phase of reduced inflow, after which the
cardiac cycle is finished and ready to be repeated. Figure 6
depictgk the described phases of the cardiac cycle in

diagramatic form.
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Figure 6: The events of the cardiac cycle, reproduced from
Guyton [27].
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What Weissler and Harris [20] call Total
Electromechanical Systole (TES) is what has been described as
the first three phases of the cardiac cycle: isovolumetric
contraction, rapid ejection and reduced ejection. TES can be
easily obtained in vivo by simultaneous recording of
phonoca;diographic (heart sounds) and electrocardiographic
activity (ECG). At the onset of ventricular depolarization,
the ECG will show a voltage trace known as the QRS complex.
Measuring the temporal interval between the QRS complex and
the second heart sound, which represents the closure of the
aortic valve, gives us the systolic interval. Observing 121
males and 90 females, who were supine and fasting, between
8:00 and 10:00 AM, and using linear regression to correlate
the data obtained, Weissler et al. found the following

equations between heart rate and systolic intervals:

Q5,=-0.0021 xHR+0.546 for males
Q5,=-0.0020xHR+0.549 for females

where: QS, is the TES (seconds)

By stipulating the cardiac frequencies of 50, 72, 100 and
144 BPM, and using them with the average of the two above
equations, we obtain systolic periods that, when divided by
the cardiac period (1/HR) yields the percentual systolic

interval. In summary, cardiac frequencies that are thought to
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be representative of the normal human range of operation were
chosen and used to generate stroke volumes and systolic
intervals. The <cardiac output was obtained by the
multiplication of heart rate and stroke volume. In order to
simulate some degree of abnormality, once obtained, each
cardiac output was increased and decreased by 25% of itself,
thus producing twelve flow curves. The thirteenth flow curve
was used to simulate what is thought to be representative of
typical post-surgical conditions of cardiac operation. Shortly
after open-heart surgery, as needed for valvular
transplantation, the heart operates at low stroke volumes and
consequent high frequencies. In order to investigate how each
prosthetic heart valve would perform under such circumstances,
a flow curve with a frequency of 150 BPM and cardiac output of
only 3 Liters per minute was included in the experiments. With
the above information, thirteen sets of parameters were

obtained:
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CO (Lit/Min) % Sys SV (ml)

Heart Rate Cardiac Output Systolic Fraction Stroke Volume

50 3.11 37 - 62.22
50 4.15 37 83.00

50 5.19 37 103.80

72 4.64 47 64.44
72 6.19 4°7 85.97

72 7.74 47 107.50
100 6-75 56 67;50
100 9.00 56 90.00
100 11.25 56 112.50
144 10.37 59 72.01
144 13.82 59 95.97

144 15.00 50 104.17

150 3.00 50 20.00

Table 1: List of parameters used to generate input flow

functions.
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Physiological systolic and diastolic flow curves were
obtained from Guyton [27] and normalized on the abscissa to
the peak flow rate, for systole and diastole, and on the
ordinate to the period. A total of twenty-three points were
graphically extracted from <the normalized curve (after
photocopical expansion to minimize errors) and used in
conjunction with a polynomial iteration routine, and the
parameters above, to obtain the thirteen flow curves used in
the experiments. The computer program used for the above
purpose is capable of plotting ventricular volume, flow rate
and acceleration. In addition, the shape of the flow curve can
be easily changed 3in order to simulate pathological
cénditions, for instance, by simply changing the normalized
locations of any of the twenty-three points used by the
routine to establish the flow curve. A typical flow curve
obtained in the manner described is shown in figure 7. The
first part of the curve represents systolic flow, while the

latter part represents diastolic flow.

Figure 7: Typical input

function.
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Method of Implementation and Meaning of Valve Condition

The introduction to this paper mentioned that this study

would attempt to determine any possible variations in the
coefficient of discharge of a particular heart valve due to
its conqhition of operation. The relevance of studying normal,
mildly or severely stenotic valves, as well as how each of

these conditions were simulated in vitro, is now explained.

Patients that had prosthetic heart valves

implanted
become committed to a lifetime of periodic «c¢linical
examinations. In addition to wear of the mechanical or tissue
device, other problems may arise that require explantation of
the valve. A number of problematic conditions associated with
the implantation of heart valves are described by Burch et
al., and hence need not be duplicated here. [29] While some
problems are of an exclusively biological nature, such as
infectious processes and immunological rejections of the
implant, others are purely mechanical, such as chipping of
occluders that later caused embolitic processes (obstruction
of small blood vessels, the brain is particularly succeptable
to embolism due to the large number of micro vessels found
there), or fracture at welds, with consequent instant death of
the patient due to discontinued blood flow.

A third class of problem associated with prosthetic heart
valves, and perhaps the most common, is one with a biological

cause and mechanical consequence. Scar tissue has been noted
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to grow around the valve annulus and, if persisting, the
tissue eventually prevents the valve from functioning
optimally. [33] Severe transvalvular pressure drops have been
observed in patients with scar tissue growth. Autopsies of
sﬁch hearts reveal that the prosthetic valve became stenotic
due to opstruction of movement of the occluder by scar tissue.

Since the growth of tissue around the valve would result
in increased transvalvular pressure drop, it could be
diagnosed by the orifice area method, provided that knowledge
of the correct value for the coefficient of discharge exists.
Smaller than actual values for Cd, for instance, would produce
EOAs that are larger than actual and thus do not reflect
possible valvular stenoticity.

In order to investigate the possible variation of the
coefficient of discharge as a function of stenoticity of the
vé.lve, all six (three types, two sizes each) valves were
tested under normal conditions, as well as each of two
simulated  degrees of stenoticity: mild and severe.
Implementation of the stenotic condition was accomplished by
bracing the occluders of each mechanical heart wvalve (MHV)
with a stainless steel wire (d=0.025", 0.635 mm) in such a
manner that the occluder's motion was obstructed. The tissue
valve (porcine bio prosthesis) was sutured along the
commissures 1in a manner similar to what would happen 1if
calcification of the commissures were present. Figure eight

depicts the simulated conditions of stenosis.
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Condition of Operation: Normal, Mildly and Severely Stenotic

Mildly Stenotic Severely Stenotic

27 mm Ag=83.3 Ag=63.9 Ag=45.8
0a=3.25 0a=1.92 0a=0.93
BN=39 %N=29

20mm Ag=84.8 AG=56.7 Ag=43.0
0a=3.7 0a=1.77 02=0.87
%N=48 BN=24

Tilting Disc
(Medtronic)

AG=49.5 Ag=34.9
0a=1.18 02=0.62
%N=66 BN=35

29mm Ag=63. | Ag=45. 1 Ag=34.5
0a=2.40 Oa=1.28 0a=0.79
BN=23 %N=33

Areas are in centimeter square - Angles in degrees from
Horizontal.Bio Prosthetic (Carpentier-Edwards, 27and 29 mm)
valves were sutured along commissures to produce stenoticity.

Figure 8:
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Figure 9: Representation of the method employed to
simulate stenoticity in tissue valve. Adapted from
Schoephoerster [14].

45



imental Protocol

The first part of this project was the design and

construction of the test equipment itself. There are five main

groups of components to the CVD system: The pulse duplicator,
the cardiac emulator, the systemic simulator, the ventricular
system and the data acquisition system, all of which were

described before. Detailed technical description and design

mation on the CVD is provided elsewhere, thus it is

infor
judged superfluous here.

Once the construction of the machine was finished, a
period of six months of intense validation and calibration
followed. Pressure wave-forms were not considered close enough
tb physiological, hence continued modifications of the system,
vielding several dozen configurations which were tested. Once
the machine was considered to "duplicate" the human cardio
vascular system, experiments began. Figures ten and eleven
depict the ensemble average of twenty strokes of the CVD, and
the raw data for three consecutive strokes, respectively. The
reason for showing such pictures here, which will be shown
again and explained with the results, is to validate the claim
that the machine does, in fact, produce physiological pressure
wave-forms. Figure ten shows how repeatable, from stroke to
stroke, the machine's output is. Figure twelve was copied from
a physiology textbook (Guyton [27]); it is included here for

comparison with the curves produced by the FIU CVD.
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Figure 10: Atrial, Ventricular and Aortic pressures; figure represents
the average of 20 strokes.

Data from BL2SPS1.DAT
Atrial, Ventricular and Aortic Pressure

ns{ &,

10 ¥

Figure 11: Atrial, ventricular and Aortic pressures for three consecutive
strokes.
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Validating the machine's ability to duplicate
physiological flow and pressure wave forms by virtue of
observing the pressure wave-forms produced by the very machine
in question demands validation of the pressure transducing
apparatus and arrangement. The pressure measuring equipment
used for this experiment is FDA approved for human use and has
been thoroughly tested and validated for the past fifteen
years. [17] [26] One important reason for using medical
equipment, even though it costs many orders of magnitude more
than conventional equipment, to measure flow and pressures is
that whatever the errors inherent 1in the system are, they
would also be seen 1in a clinical situation where the same
equipment is used. Consequently, values for the coefficient of
discharge determined based on measurements made at our
laboratory, even if slightly in error would be valid at other
laboratories that use the same measurement equipment. Here,
only errors that are inherent in the design of the measuring
equipment are being referred to, which are minimal. Errors
associated with the use of the equipment, such as those caused
bf erroneous calibration, have been kept to a minimum, since
strict calibration procedures were carried out.

The measurements of pressures within a fluid in motion
must address the possibility that dynamic, 1in addition to
static, pressures are being measured. The physiological
pressures that were emulated are static pressures, which means

that the pressure transducing elements or the machine must be
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kept away from the flow stream, where impact with fluid
particles would cause higher than actual pressures to be read,
if the element is normal to the flow, or lower than actual
pressures, if the element is parallel to the flow. Keeping the
transducer far enough away from the flow stream brings in the
question of the possibility of large pressure gradients within
the flow field, which would, again impair the measurement of
pressures.

The final locations, for many were tried, of each of the
three pressure transducers utilized were chosen with the above
considerations 1n mind. The atrial pressure, the pressure
upstream of the mitral valve, and the ventricular pressure,
just downstream of the valve, are the important ones for this
study because they are used to compute the transvalvular
pressure drop. The use of +the aortic pressure was
incorporated, not because it is needed for the determination
of the coefficient of discharge, but instead because it gives
us the quickest indication that the machine is operating under
conditions of physioclogical similitude, since it is the aortic
pressure, measured at the brachial artery, that is used to
indicate cardiovascular function. Figure thirteen depicts
dimensional details of the 1locations of +the pressure

transducers.
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Once the correct flow wave forms were generated using the

polynomial iteration routine described above, they were

validated by placing the probe of the meter at the output of

there.

the Pulse Duplicator and recording the flow wave forms
Figure fourteen shows the setup used to validate the output of

the pulse duplicator.

PC

| _HOLDER

~ Stroke
Volume

% FLOW PROBE

--------
- L
X Em E EE K
-------
ok o b @
oy om o x r
* A W

ICATOR
SALINE/GLYCERINE SOLUTION

Figure 14: Experimental setup used to validate PD output
flow rates.

Virtually no error was found between the numerical input
to the motor and the dynamic output of the PD, as expected,
for the following reason: A stepping motor advances one
angular step of 1.8 degrees every time it is reached by a
sulitable voltage spike, in this case 60 Volts in amplitude and

a minimum of 1 microsecond in duration. The motor is made to
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run continuously by providing it with a series of pulses; its
velocity 1is determined by the temporal interval between
pulses, and its angular displacement is controlled by the
number of pulses sent. The motor and controller used in this

machine also allow for what is called microstepping, Or the

two hundred steps per revolution. 1000, 5000 and 25000 steps
per revolution are also possible, allowing for enhanced
positional and velocity control. Since the motor can only
advance one angular step (motor was run at 1000 and 5000 steps
per revolution) per electrical pulse received, and since the
temporal length of each step is known, the determination of
the motor's velocity becomes a simple matter of determining
the temporal delay between two consecutive pulses. The
resolution, ability to control the delay, is within 0.5
microseconds. The frequency of pumping was also measured to
ensure precision. The signal from the 'home' switch was
examined on an oscilloscope, the frequency of the square wave
produced is equal to the pum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>