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FOREWORD 
The ACS SYMPOSIUM SERIES  founded i  1974 t  provid
a medium for publishin
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers, are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

f\ H E A L T H Y BODY WITH PROPERLY FUNCTIONING ORGANS is a blessing 
that passes unnoticed by most recipients. Most people are basically unaware 
of the amazing chemical and physical activities that occur regularly in their 
bodies without any need of external stimulus or regulation. Reasonably 
healthy individuals rarely note the steady pulsations of the heart or the 
rhythmical operation of their breathing apparatus. Even the occasional 
demands of the body for additional fuel (food) or the expulsion of waste 
material (excretion) are seldom related to the operation of the organs. This 
basic unawareness is, of course
to operate without special
true for everyone. Either through inherited defects, old age, disease, accident, 
or some other cause, some of the normal functionings of these organs no 
longer occur in the proper manner. At the least, this problem causes 
discomfort; at the extreme, it results in death. Approaches to dealing with 
this problem include medication, transplantation, life-style modification, and 
artificial organs. This book is concerned only with the last approach. 

Artificial organs pose an enormous challenge to the scientist and to the 
recipient. For the recipient, the challenge is to exist and to function with a 
new, unnatural device that operates less effectively than a healthy organ. 
This difficulty is, of course, tempered by the realization that the alternatives 
are almost always less satisfactory. Although not normally as personal, the 
challenge for the scientist is also great. How can an artificial organ be 
designed? What materials can be used? How long will the organ function and 
how well will it work? What interaction will the artificial device have with 
the recipient? These questions are but a few that could be asked and must be 
answered. Some of these answers will be found in this book; some will be 
found elsewhere in the scientific literature; and some remain to be dis
covered. 

Artificial organs are constructed, to a great extent, from natural or 
synthetic polymeric materials. In this book, we consider some of the kinds of 
polymeric materials used in some artificial organs. Not every material tried is 
described nor are all potential organs discussed in any detail. We have 
attempted to overview the field and to illustrate the approaches that are used 
and the problems that remain unsolved. Entire books have been written 
about a single artificial organ or polymeric material, and hundreds of papers 
on these subjects are published in scientific journals each year. Unfortu-

vu 
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nately, these articles appear in an extremely broad range of journals; some of 
these journals are highly specialized and are, therefore, almost unknown to 
researchers outside the immediate discipline. To be successful, however, an 
artificial organ must be developed by using the talents, knowledge, and input 
of a diverse group of scientists. This group includes chemists, chemical 
engineers, biologists, physicists, medical doctors, biomedical engineers, elec
trical engineers, and mechanical engineers, each of whom has a specialized 
language developed for their discipline. Developing workable artificial 
organs requires communication between each of these disciplines. The 13 
chapters in this book, and the more than 400 references contained therein, 
will greatly aid neophyte and expert in this quest. 

I thank each author for preparing the splendid manuscripts contributed 
to this volume and also the various, anonymous reviewers who helped to 
make these articles even better. I also thank the Division of Organic 
Coatings and Plastics Chemistry (now called the Division of Polymeric 
Materials: Science and Engineering
in this project. Last, but
support and encouragement in preparing this book. We all sincerely hope 
that it will prove useful in developing the better artificial organs of the 
future. 

C H A R L E S G. GEBELEIN 

Youngstown State University 

April 4, 1984 

viii 
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1 
The Basics of Artificial Organs 

C H A R L E S G. G E B E L E I N 

Department of Chemistry, Youngstown State University, Youngstown, O H 44555 

The primary purpose of this paper is to review 
the types of devices that are currently used in the 
human body as artificial organs and prosthetic 
devices. By definition, an organ is a specialized 
structure (e.g. heart, kidney, limb, leaf, flower) 
in an animal or a plant that can perform some 
specialized function
can be classed as organs  part
times become defective and must be replaced by an 
artifical organ or a prosthetic device. In almost 
a l l cases, these replacement devices are constructed 
of natural or synthetic polymeric materials. Such 
biomaterials must exhibit good compatibility with 
the blood and the body fluids and tissues with which 
they come into contact. In addition, the artificial 
device must closely duplicate the function of the 
natural organ. In practice, these artificial devices 
are constructed from a wide variety of materials such 
as metals, ceramics (including glass and carbon), 
natural tissues (actually polymeric in nature), and 
synthetic polymers. Partly due to the wider range of 
properties available, most of these artificial devices 
are constructed wholely or partly from natural or 
synthetic polymers. Obviously the same polymer could 
not be used for all possible artificial organs or 
prosthetic devices. Rather, the material to be used 
must be matched to the specific use requirements. 
Artificial organs can conveniently be classed into 
four groups: (I) Bone/Joint Replacements (e.g. hip, 
knee, finger, total limb), (II) Skin/Soft Tissue 
Replacements (e.g. skin, breast, muscle), (III) Inter
nal Organs (e.g. heart, kidney, blood vessels, liver, 
pancreas), and (IV) Sensory Organs (e.g. eye, ear). 
This paper wil l consider the basic requirements for 
some of these artificial organs and wil l discuss the 
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2 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

various polymeric materials that are used. The 
greatest emphasis wil l be on the chemistry and 
biomaterial requirements of the artificial internal 
organs. 

The primary purpose of t h i s chapter i s to review the types 
of devices that are being used i n the human body at the present 
time as a r t i f i c i a l organs, prosthetic devices or general implants. 
Subsequent chapters i n t h i s book w i l l consider some of these 
devices, etc. i n more d e t a i l . In a s i m i l a r manner, other papers 
consider the various polymeric and non-polymeric materials that 
are used and discuss the s p e c i a l i z e d requirements for these ap
p l i c a t i o n s . These areas are covered i n t h i s paper only s l i g h t l y 
since they are discussed i n d e t a i l elsewhere. 

An a r t i f i c i a l organ c l e a r l y i s a replacement for a na t u r a l 
organ i n the body. The di c t i o n a r y defines an organ as "a d i f f e r 
entiated structure (a
animal or plant made u
for the performance of some s p e c i f i c function..." Although t h i s 
d e f i n i t i o n might be modified somewhat i n a medical textbook, i t 
w i l l serve to cover and i l l u s t r a t e the range i n applications and 
properties that occur i n t h i s rather s p e c i a l i z e d f i e l d . Most 
parts of the human body can be classed as an organ by t h i s d e f i 
n i t i o n and could, p o t e n t i a l l y , be replaced by an a r t i f i c i a l 
organ or by a prosthetic/biomedical device. This constitutes a 
very broad range of functions and properties which are often of 
an opposing nature and hundreds of s p e c i f i c devices have been 
t r i e d as replacement parts, often with l i m i t e d success. Part of 
t h i s problem i s due to the fact that the requirements for each 
device are highly s p e c i f i c and the materials used must meet these 
varied s p e c i f i c a t i o n s . Obviously, the material used to replace a 
bone or a j o i n t would not be a l i k e l y candidate for an a r t i f i c i a l 
s k i n or a soft t i s s u e replacement merely on the basis of the 
d i f f e r e n t p h y s i cal c h a r a c t e r i s t i c s of each type of biomaterial. 
Superimposed on t h i s general requirement i s the fact that the 
body has been designed to detect, attack and/or r e j e c t any 
foreign materials that come in t o contact with the bodies t i s s u e s 
and most synthetic materials are not compatible with the various 
t i s s u e s , f l u i d and the blood of the human body. Natural mate
r i a l s , on the other hand, usually e l i c i t an even more severe 
r e j e c t i o n response from the body although some nat u r a l tissues 
have been modified by various chemical treatments which enable 
them to be tole r a t e d to some extent (e.g. treatment of replace
ment porcine heart valves with g l y c e r o l or an aldehyde). This 
problem i s e s p e c i a l l y evident i n the re l a t e d area of organ 
transplantation. P a r t l y for t h i s reason, e s s e n t i a l l y a l l the 
a r t i f i c i a l organs, prosthetic devices and/or implants are made 
from ceramics (which could also include various glasses and some 
s p e c i a l forms of carbon), metals or synthetic polymers. Because 
the polymeric materials (both natural and synthetic) have a wider 
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1. GEBELEIN The Basics of Artificial Organs 3 

range of properties that are needed i n these varied a p p l i c a t i o n s , 
and because they are also more compatible, i n some cases, with 
the body tissues than the other classes of materials, polymers 
are the most widely used type of material i n t h i s f i e l d . 

I t i s not possible to cover a l l aspects of a r t i f i c i a l organs 
i n t h i s short paper and further information and references can be 
found i n some recent review a r t i c l e s and books (1-18). In t h i s 
paper we w i l l o u t l i n e the nature of the devices and materials 
currently used as a r t i f i c i a l organs. For convenience these w i l l 
be subdivided in t o the categories of: ( i ) Bone/Joint Replace
ment; (II) Skin/Soft Tissue Replacements; ( i l l ) I n t e r n a l Organs; 
and (IV) Sensory Organs. 

Type ( i ) - Bone/Joint Replacements 

In many cases i t i  t  replac  defectiv  j o i n t 
with a prosthetic devic
accident or a degenerativ  replacement
some s p e c i f i c requirements including: (a) maintainance of normal 
j o i n t space; (b) good, steady, natural motion; (c) f i r m and 
'permanent' f i x a t i o n ; (d) r e a d i l y l u b r i c a t e d ; (e) stress and 
erosion r e s i s t a n t ; and (f) bi©compatibility. 

Most j o i n t replacements u t i l i z e polymers to some extent. 
Finger j o i n t s u s u a l l y are replaced with a poly(dimethylsiloxane) 
i n s e r t and over ^00,000 such replacements are made each year ( l ) . 
More recently a poly(l , U-hexadiene) polymer has been t r i e d i n 
t h i s a p p l i c a t i o n ( l ) . Many other parts of the hand, such as the 
bones, have also been replaced by s i l i c o n e rubber. Other types 
of j o i n t s , such as the hip or the knee, often involve the contact 
of a metal b a l l or r i d e r on a p l a s t i c surface which i s u s u a l l y 
made from high density, high molecular weight polyethylene. These 
metal and p l a s t i c parts are usually anchored i n the body using a 
'cement' of poly(methyl methacrylate) which i s polymerized i n 
s i t u . F u l l and p a r t i a l hip prostheses are implanted about 
250,000 times annually while the knee replacement occurs about 
100,000 times each year (5) . The major problems that occur i n 
j o i n t replacement are: (a) wear with patient i r r i t a t i o n due to 
the debris, and (b) loosening of the prosthesis which r e s u l t s i n 
unsteady motion and increased wear ( l , 19, 20) . In some cases, 
i n j u r y , genetic defects or sickness requires the complete or 
p a r t i a l replacement of an upper or lower limb. The d i f f i c u l t y of 
obtaining an adequately working prosthesis increases markedly 
with the amount of the limb that must be replaced. In other words, 
i t i s more d i f f i c u l t to design a s a t i s f a c t o r y prosthesis for an 
arm than for a hand. In addi t i o n , f u n c t i o n a l lower limb replace
ments are more d i f f i c u l t to achieve than are upper limb replace
ments. This i s due, i n part, to the fact that while many of the 
upper limb functions can be done with only one limb, the primary 
function of the lower limbs, walking, cannot. A number of p a r t i a l 
or t o t a l prostheses do, however, e x i s t for lower limb replacement 
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4 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

which can be u t i l i z e d to permit a reasonable degree of locomo
t i o n . Some of these devices u t i l i z e hydraulic knee j o i n t s as 
part of the design (21-2U). Upper limb replacement can be e i t h e r 
cosmetic and/or fu n c t i o n a l . Normally when only one upper limb i s 
replaced, the patient does the majority of limb functions with 
the other limb, even when t h i s had been the non-dominant arm, 
because the a r t i f i c i a l limb does not function nearly as w e l l as 
the natural one. The more recent myoelectric activated devices 
show much promise toward d u p l i c a t i n g the function of a natural 
arm or hand but much remains to be done i n t h i s area (2^-26). 

Type (II) - Skin/Soft Tissue Replacement 

The sk i n i s the largest organ i n the body from the stand
point of weight or volume. At the present time there i s no 
material that can duplicate t h i s complex organ i n a l l i t s 
functions but over 100,00
severe s k i n damage (burns
ate treatment to prevent gross b a c t e r i a l contamination and/or the 
loss of body f l u i d s and e l e c t r o l y t e s . The most promising ap
proach to t h i s problem has u t i l i z e d a composite system c o n s i s t i n g 
of a collagen-glycosaminoglycan inner membrane with a s i l i c o n e 
rubber outer layer (27). Other approaches have included dextran 
hydrogels (28), various polypeptides (29), and collagen (30). 
These materials attempt to duplicate the b a r r i e r properties of 
the sk i n with good success, but no material has yet been able to 
duplicate the other s k i n functions and a true a r t i f i c i a l s k i n 
does not yet e x i s t . 

A large portion of the human body i s composed of soft 
tissues including muscles, f a t t y tissues and connective t i s s u e s . 
The general area of p l a s t i c and/or reconstructive surgery 
involves t h i s type of t i s s u e to a large extent. Each year there 
are at leas t 200,000 breast prostheses and/or augumentations (T) , 
200,000 f a c i a l p l a s t i c surgeries ( l ) , and 35,000 hernia repairs 
conducted (15). A s a t i s f a c t o r y soft t i s s u e material must have 
sui t a b l e long-term, p h y s i c a l properties (soft and/or rubbery), 
and not cause any adverse e f f e c t i n the patient. Very few 
materials can meet these general (and some other s p e c i f i c ) r e 
quirements. For example, sponges and t e x t i l e s might have s u i t a b l e 
"softness" but the ingrowth of fibrous t i s s u e quickly renders 
these materials unsatisfactory since the implant becomes more 
r i g i d or hard a f t e r t h i s ingrowth. While many materials have 
been t r i e d for soft t i s s u e replacement, the most common one i s 
poly(dimethylsiloxane) which can be made i n the form of rubbery 
gels, tubes and/or sheets with varying degrees of ' s t i f f n e s s 1 

produced by varying l e v e l s of c r o s s l i n k i n g . Some l i m i t e d use has 
been found for polyethylene, polyurethane and the synthetic 
rubbers ( l , 15, 31-33). 
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1. GEBELE1N The Basics of Artificial Organs 5 

Type ( i l l ) - Inte r n a l Organs 

The area of a r t i f i c i a l i n t e r n a l organs includes the heart, 
lungs, l i v e r , kidneys, pancreas, blood vessels and the gastro
i n t e s t i n a l t r a c t . In addition to the obvious requirements of 
blood and t i s s u e c o m p a t i b i l i t y , these replacements often have 
highly s p e c i a l i z e d functions which are almost impossible to 
duplicate with man-made materials. Nevertheless, i t i s often 
necessary to augment or replace the function of these organs. 

Over 100,000 pacemakers are implanted annually to regulate 
the heart beat and these devices are us u a l l y polymer coated to 
protect the el e c t r o n i c portions from the body f l u i d s . Pace
makers have been used experimentally i n animals since 1932 and 
have been used i n humans since 1952 to t r e a t Stokes-Adams 
disease (heart block). Implantable pacemakers were f i r s t used i n 
1958. The more recent version f thes  device  capabl f 
varying the heart beat rat

While there are four valves i n the heart, almost a l l the 
replacements are done on either the a o r t i c or m i t r a l valves. A 
wide v a r i e t y of designs have been devised for these valve r e 
placements u t i l i z i n g many natural and synthetic polymers. The 
major types of materials used are porcine valves, which have been 
pretreated with g l y c e r o l or an aldehyde to reduce immune 
responses, polymeric materials, such as s i l i c o n e rubber, t e t r a -
fluoroethylene and Dacron®, metals and some ceramics ( e s p e c i a l l y 
c e r t a i n types of carbon). The most common designs for the 
devices using synthetic polymers contain a b a l l i n a cage or some 
form of a disc i n a cage. In some cases, human dura mater has 
been u t i l i z e d as a valve material. Over 30,000 heart valve 
replacements are made annually. In nearly a l l cases, the patient 
must receive regular anti-coagulant medication for the remainder 
of t h e i r l i f e i n order to avoid blood c l o t s ( l , 30, 36-38). 

In 1980, over 110,000 coronary artery bypass operations were 
performed i n the United States alone (5). In add i t i o n , there 
were a large number of other blood vessel replacements and/or 
repairs done with the t o t a l being i n excess of 200,000. While 
much of t h i s surgery i s done using n a t u r a l materials (autogeneous 
blood vessels when p o s s i b l e ) , a large portion of t h i s surgery 
u t i l i z e s synthetic polymers. These are us u a l l y Dacron®, i n the 
form of kn i t t e d or woven tubes, or polytetrafluoroethylene, i n 
the form of a 'micro-expanded tube.' While the natural blood 
vessels might seem preferable, i n cases of advanced disease the 
other vessels of the body are often defective and would not be 
sui t a b l e replacement materials. A good example would be the 
saphenous veins, which are commonly used i n heart bypass surgery, 
but frequently are too weak or blocked to be used i n some 
patients. For t h i s reason synthetic materials are e s s e n t i a l . 
The use of woven or k n i t t e d Dacron® blood vessel prostheses dates 
from the pioneering work of DeBakey i n 1951 and t h i s material i s 
frequently the prosthesis of choice among many heart surgeons 
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6 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

(39). These Dacron® prostheses can only be used for vessels 6 mm 
or larger. The mode of operation involves implanting the pros
thesis whose open pores r a p i d l y become f i l l e d or clogged with a 
thrombus (blood c l o t ) which i s then gradually replaced by a new 
t i s s u e c a l l e d neointima. I t i s t h i s neointima that eventually 
contacts the blood rather than the thrombogenic Dacron®. The 
neointima appears to be s i m i l a r i n i t s composition to the natural 
blood vessel material. In tubes much smaller than 6 mm, the 
neointima blocks o f f the vessel to a great extent. 

The use of expanded tetrafluoroethylene (PTFE) prostheses 
(Gore-Tex®) has permitted the replacement of vessels as small as 
k mm. The neointima layer i s thinner i n t h i s system. Experi
mental work i n dogs has used PTFE vessels as small as 3 mm 
succ e s s f u l l y (k09 hi). Unfortunately, most of the blood vessels 
i n the human body are smaller than t h i s s i z e and no s u i t a b l e 
material i s yet a v a i l a b l  although  experimental material
show considerable promise
and c e r t a i n polyether polyurethan  (^2, 43)

Over a m i l l i o n deaths occur annually i n the USA due to heart 
disease and over 500,000 are h o s p i t a l i z e d each year with heart 
attacks ( l ) . C e r t a i n l y one of the most spectacular type of 
operations involves the t o t a l replacement of the heart. Most 
generally, t h i s i s done by means of a transplant from a human 
donor. For obvious reasons, the replacement organ i s not r e a d i l y 
a v a i l a b l e . Animal hearts (or other organs) are r a p i d l y rejected 
by the human body. Much research has been done to develop a 
t o t a l a r t i f i c i a l heart (TAH) or a p a r t i a l a s s i s t device ( l e f t 
v e n t r i c u l a r a s s i s t device; LVAD) and some success has been 
achieved i n t h i s area. For example, cows have been kept a l i v e 
for over seven months with a TAH. In most cases, the TAH consists 
of a p a i r of LVADs. The LVAD i t s e l f i s designed to permit a 
p a r t i a l r est for a working heart and thereby permit healing to 
occur more r e a d i l y . While the LVADs and TAHs are usually implant
ed, the devices are powered and c o n t r o l l e d e x t e r n a l l y . Many 
d i f f e r e n t polymeric materials have been t r i e d i n these devices, 
but the most widely used one, at present, i s a polyether poly
urethane which i s used i n the pumping diaphram and the l i n i n g of 
the pump chamber which contacts the blood. This polyether poly
urethane has f a i r blood c o m p a t i b i l i t y and does show s u f f i c i e n t 
d u r a b i l i t y to undergo the 36+ m i l l i o n f l e x i n g s which would occur 
i n a blood pump each year of use. (Most materials cannot achieve 
t h i s value; the desired duration of use i s projected to be at 
least ten years, or 360+ m i l l i o n f l e x i n g s . ) Other synthetic 
polymers that have been t r i e d for t h i s a p p l i c a t i o n include 
s i l i c o n e rubber, p o l y v i n y l c h l o r i d e ( p l a s t i c i z e d ) , natural rubber 
and some synthetic rubbers such as poly(1 , 4-hexadiene). 

The TAH has been used three times i n humans. In the f i r s t 
two cases (1969 and 1981) the TAH was used to maintain l i f e u n t i l 
a heart transplant could be made a few days l a t e r . The t h i r d 
case, Dr. Barney Clark, involved the permanent replacement of the 
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human heart with the TAH, and the device kept him a l i v e for about 
three a d d i t i o n a l months. (Death was due to other causes rather 
than f a i l u r e of the TAH.) I t i s highly l i k e l y that t h i s , or 
s i m i l a r devices, w i l l be used many times i n the future ( l , 11, 
U5-U7) . 

The most widely used heart a s s i s t device, other than the 
heart-lung machine r o u t i n e l y used i n surgery, i s the i n t r a a o r t i c 
balloon pump (IABP) which consists of a PEUU balloon mounted on a 
hollow catheter. The IABP i s inserted i n t o the aorta v i a the 
femoral artery and i s then expanded and contracted by an external 
pumping system to match the heart beat. While t h i s device does 
provide s i g n i f i c a n t improvement i n c i r c u l a t i o n and also allows 
the heart to rest p a r t i a l l y a f t e r a myocardial i n f a r c t i o n , the 
mort a l i t y rate i s s t i l l 65"90% (48). 

Over 40,000 people i n the United States, and over 100,000 
people worldwide, were
In a d d i t i o n , many other
commonly c a l l e d an a r t i f i c i a l kidney, for b r i e f periods of time 
i n order to correct a temporary problem. The a r t i f i c i a l kidney 
i s an extracorporeal device which consists of a d i a l y s i s membrane 
unit and various tubing, pumping and regulating equipment, which 
i s used to remove the waste materials from the blood and thereby 
mimics the operation of a healthy kidney. The preferred t r e a t 
ment for a defective kidney i s a c t u a l l y t r a n s p l a n t a t i o n , which 
was f i r s t done i n 1954. Although a person can function s a t i s 
f a c t o r i l y with only one kidney, a transplanted organ w i l l be 
rejected by the r e c i p i e n t unless c a r e f u l t i s s u e matching i s done. 
While the newer immunosuppressant drugs, such as cyclosporin, have 
aided greatly i n permitting greater success i n organ transplanta
t i o n , the number of ava i l a b l e organs remains w e l l below the 
demand. For t h i s reason alone, many patients remain on d i a l y s i s 
for many years. In recent years, portable or wearable devices 
have been developed which allow the patient considerable m o b i l i t y 
compared with the past but the d i a l y s i s device leaves much to be 
desired as an i d e a l replacement for the kidney. Unfortunately, 
i t appears u n l i k e l y that a s a t i s f a c t o r y , implantable 'true' 
a r t i f i c i a l kidney w i l l be developed i n the near future. The 
present devices u t i l i z e polymers i n the tubing (usually s i l i c o n e 
rubber, poly ( v i n y l chloride) or polyethylene; the tubing i s 
either treated with heparin or heparin i s added to the blood 
during use to prevent c l o t t i n g ) and i n the membrane i t s e l f 
(usually c e l l u l o s i c although p o l y a c r y l o n i t r i l e has been used i n 
the hollow f i b e r type) ( l , 9, 11, IT). 

The pancreas serves several functions which includes the 
secretion of the enzyme i n s u l i n which controls blood glucose 
metabolism l e v e l . Over a m i l l i o n d i a b e t i c persons must take 
i n s u l i n i n j e c t i o n s on a regular basis ( l ) . The metabolism con
t r o l by t h i s method i s e r r a t i c and several research groups have 
been experimenting with polymeric i n f u s i o n pumps i n order to 
cont r o l the i n s u l i n l e v e l (and thus the glucose l e v e l ) more 
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c l o s e l y . I f such a device would be coupled with an implanted 
glucose sensor, the extent of con t r o l could approach that of a 
healthy pancreas, except for i n s u l i n synthesis ( l , 49) . 

No implantable, a r t i f i c i a l lungs e x i s t at t h i s time but some 
research has been done on polymeric membranes that could be used 
i n such a device. Extracorporeal blood oxygenators are, however, 
used i n excess of 100,000 times a year ( l ) and contain a t h i n , 
polymeric membrane thru which O2 and CO2 are exchanged. These 
oxygenators, which e x i s t i n several d i f f e r e n t s t y l e s are widely 
used i n by-pass and other operations. The main polymers used 
are s i l i c o n e rubber but poly(alkylsulfones) and some others show 
promise ( l , 50, 5 l ) . 

The l i v e r i s the main d e t o x i f i c a t i o n organ i n the body and 
therefore comes into contact with nearly every poison and t o x i n 
that enters the body. These materials could occur i n case of 
poisoning, drug overdose  acute h e p a t i t i s  and a l l e r g i e s  While 
no true a r t i f i c i a l l i v e
i s rare and d i f f i c u l t , severa  approache  attempte
replace and/or a s s i s t the function of the l i v e r . The most 
common method i s hemoperfusion i n which the blood i s passed 
through a column or bed of some sorbent material which can remove 
the poisons. The sorbents that have been used include charcoal, 
ion-exchange r e s i n s , a f f i n i t y chromatography r e s i n s , immobilized 
enzymes and hepatic material or pieces of l i v e r enclosed i n 
' a r t i f i c i a l c e l l s ' (9, 52). 

Various types of p l a s t i c tubing have been used to replace 
sections of the g a s t r o - i n t e s t i n a l t r a c t or other t u b e - l i k e parts 
of the body. These seldom have any function other than connect
ing one part of the body with the other. Because of the complex 
v a r i e t y of chemical operations involved, i t i s u n l i k e l y that a 
true a r t i f i c i a l GI t r a c t w i l l be developed i n the near future 
( 1 , 1 5 ) . 

Type (IV) - Sensory Organs 

Polymeric materials have been used to replace the external 
part of the ear (usually s i l i c o n e s ) and also to replace the 
o s s i c l e s (PTFE, polyethylene, s i l i c o n e s ) as w e l l as serving as 
drainage tubes for the ear ( l l ) . In addition some research has 
been done i n which electrodes are implanted in t o the cochlea and 
are connected to an external microphone. Such devices have been 
able to restore a s i g n i f i c a n t amount of hearing to deaf people. 
P l a s t i c s are used i n these p r i m a r i l y as coatings for the wires and 
elect r o n i c parts ( l 4 , 53, 54). 

The most common use of polymeric materials i n the eye i s i n 
contact lenses which are worn by several m i l l i o n people. Most 
soft contact lenses are hydrogels made from homo- or copolymers 
of hydroxyethyl methacrylate; hard contacts are u s u a l l y made from 
poly (methyl methacrylate). Intraocular lenses are put in t o about 
600,000 people annually (5) . These are u s u a l l y made from poly 
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(methyl methacrylate) although hydrogels are being explored for 
t h i s use (55). Some research i s also being done to enable a 
b l i n d person to have some 'sight' by d i r e c t stimulation of the 
v i s u a l area of the brain with electrodes connected to a TV type 
camera. At the present, t h i s i s l i m i t e d to the creation of small 
points of l i g h t ( l 4 , 53, 56). 

L i t t l e , i f any, research i s being conducted on the senses of 
smell, touch or taste that involves polymers. 

In conclusion, we note that many types of a r t i f i c i a l organs 
have been developed using a v a r i e t y of polymeric materials but 
a l l these devices are generally less s a t i s f a c t o r y than the 
o r i g i n a l , healthy organ. In most cases, however, the a r t i f i c i a l 
organ functions s i g n i f i c a n t l y better than the defective organ i t 
replaces. Much more research i s needed i n t h i s area. The 
ultimate s o l u t i o n w i l l involve the creation of newer polymers and 
also better a r t i f i c i a l organ designs
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Synthetic Polymeric Biomaterials 

ALLAN S. HOFFMAN 

Department of Chemical Engineering and Center for Bioengineering, University of 
Washington, Seattle, WA 98105 

A review is presented of the applications of 
synthetic polymers in medicine. The major 
uses of these biomaterials are in devices and 
implants for diagnosis or therapy. The 
composition and properties  characterization
and biologic interaction
of synthetic polymers e reviewed. Biologic 
testing and clearance of biomaterials for 
clinical use are also covered. 

Biomaterials and Their Uses 

There i s a wide variety of materials which are foreign to 
the body and which are used i n contact with body f l u i d s . These 
include t o t a l l y synthetic materials as well as reconstituted or 
specially treated human or animal tissues. Some are needed only 
for short term applications while others are, hopefully, useful 
for the lifetime of the individual. The various uses of such 
foreign materials, otherwise known as "biomaterials" may be 
generally categorized as devices or implants, for diagnosis or 
therapy. They include invasive instrumentation (e.g., catheters); 
implanted devices or instruments (e.g., pacemakers, hydro
cephalus tubes); extra-corporeal devices i n series with blood 
flow (e.g., a r t i f i c i a l kidney, heart-lung blood oxygenators); 
implanted parts (or whole) of hard structural elements (e.g., hip 
jo i n t s , teeth); implanted parts (or whole) of organs (e.g., 
heart valves, heart assist devices, skin); and implanted soft 
tissue substitutes (e.g., blood vessels, tendon, ureter). 

One may also l i s t the " i d e a l " requirements for selecting 
a particular biomaterial for a particular end-use. The material 
chosen should have the required physical properties (as strength, 
e l a s t i c i t y , permeability); i t must be easily p u r i f i e d , fabricated 
and s t e r i l i z e d ; i t should maintain the needed physical properties 
and function in vivo over the desired time period (1 hour, 1 day, 
1 year, 10 years, patient l i f e t i m e ) ; and i t should not induce 
undesirable host reactions (as blood c l o t t i n g , tissue necrosis. 
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14 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

carcinogenesis, allergenic responses, etc.). It should be noted 
that very few ( i f any) biomaterials in fact conform to a l l these 
c r i t e r i a . Nevertheless, a wide variety of biomaterials have 
emerged and are i n daily use i n the c l i n i c . Table I i d e n t i f i e s 
six classes of biomaterials, and the many different forms i n 
which they are found in devices and implants. The f i r s t f i v e 
classes are cl e a r l y separate types of materials, while the sixth 
class, "Composites,11 includes systems which combine different 
forms of materials within any one class (as a rubber diaphragm 
reinforced with a fabric) or different classes of materials (as a 
heart valve made of a metal and different synthetic polymers or 
of natural animal tissues and different synthetic polymers). 
This paper i s a review of the f i e l d of synthetic polymeric bio
materials and as such w i l l not attempt to cover natural tissue 
biomaterials, carbons, metals, or ceramics. A general reference 
l i s t i s provided which does cover a l l of these materials and 
their applications i n

Table I. Classes and Forms of Biomaterials 
CLASSES FORMS 

I. Polymers 
a) fibers 
b) rubbers 
c) p l a s t i c s 

I I . Metals 

films or membranes 
fibers or fabrics 
tubes 
powders or part i c l e s 
molded shapes 
bags or containers, etc. 
liquids solids (adhesives) 

cast or molded shapes 
powders or part i c l e s 
fibers 

III . Ceramics molded shapes 
powders or particles 
liquids solids (cements) 

IV. Carbons machined shapes 
coatings 
fibers 

V. Natural Tissues 

VI. Composites 

fibers 
natural forms 
also, reconstituted as 
films, tubes, fibers, etc. 

coatings 
fibrous f e l t s or sheets 
fi b e r or fabric-reinforced 

shapes, etc. 
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2. HOFFMAN Synthetic Polymeric Biomaterials 

Synthetic Polymeric Biomaterials 

Synthetic polymers make up by far the broadest and most 
diverse class of biomaterials used. This i s mainly because 
synthetic polymers are available with such a wide variety of 
compositions and properties and also because they may be 
fabricated readily into complex shapes and structures. In 
addition, their surfaces may be readily modified physically, 
chemically, or biochemically. 

This wide variety of synthetic polymeric biomaterials can 
be seen in Figures 1-3, which are separated into categories of 
so l i d , l i q u i d , or water-soluble polymer systems (Figure 1). 
The s o l i d polymeric biomaterials may be subdivided into soft 
and/or rubbery materials, amorphous and hard materials, and 
semi-crystalline materials. Figure 2 shows examples in each 
of these categories fo
applications. 

Water sorption in biomaterials i s very important to the 
functioning of some polymers, such as hydrogels i n soft contact 
lenses. Water uptake may also lead to absorption of ions and 
other molecules, as enzymes, which can cause biodégradation of 
the polymer, especially i f i t contains susceptible bonds. 
Figure 3 l i s t s the rel a t i v e water sorption of a variety of 
polymeric biomaterials. Figure 4 indicates the most commonly 
encountered biodegradable repeating bond units i n polymer back
bones. Such polymers generally degrade via hydrolysis reactions 
Biodegradability may or may not be desired in a polymeric implant 

An additional complication of polarity or polar additives i 
polymers i s the p o s s i b i l i t y of extraction of polymer additives, 
smaller molecules, etc. into the surrounding b i o l o g i c a l f l u i d s . 
This can lead to l o c a l or even systemic toxic responses (see 
below). Table II l i s t s some potential extractables i n polymers. 

Table II. Some Potential Extractables i n Commercial Polymers 

— Catalyst fragments 
— Anti-oxidants 
— U.V. s t a b i l i z e r s 
— P l a s t i c i z e r s 
— Low molecular weight polymer molecules 
— Surface active agents 

(lubricants, wetting agents, a n t i - s t a t i c agents) 
— Dyes 
— Flame retardants 
— Fragments of f i l l e r s , reinforcing agents 
— Polymer degradation byproducts 

Bi o l o g i c a l l y Active Polymers 

Reactable sites as -OH, -COOH, or -NH2 may be present on 
the polymer backbone, or may be introduced v i a a free ra d i c a l 
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LOW WATER SORPTION 
(I) SOLID POLYMERS 

HIGH WATER SORPTION 

GEL OR SOLID 
(2) LIQUID POLYME

SYSTEMS REMAIN LIQUID 

(3) WATER SOLUBLE 
POLYMERS 

NOTE ·• ANY OR ALL OF THESE POLYMERS MAY: 
(a) BIODEGRADE AND AT VARYING RATES 
(b) HAVE IMMOBILIZED DRUGS, ENZYMES, 

ANTIBODIES AND/OR OTHER BIOMOLE-
CULES ATTACHED TO THEM 

Figure 1. Polymeric biomaterials. 
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PROPERTIES EXAMPLES USES 

(o) SOFT (RUBBERY) 
—LOW WATER SORPTION SR, PU, PVC 

-HIGH WATER SORPTION PHEMA 

TUBES, DIAPHRAGMS. 
COATINGS, IMPLANTS, 
PACEMAKERS, ADHESIVES, 
BLOOD BAGS 

CONTACT LENS, BURN 
DRESSING, COATINGS 

(b) AMORPHOUS. HARD PMMA 

(c) SEMI-CRYSTALLINE 
LOW WATER SORPTION PET, PP, PTFE 

NYLONS, PGA 
PE 
PFEP 
CA 

-MODERATE WATER C E L L 
SORPTION 

CONTACT LENS, IOL, 

CEMENTS 

SUTURES, VASCULAR GRAFTS, 
SEWING ANCHORS, TISSUE 
INGROWTH 

SUTURES, (BIODEGRADABLE) 
IUD, BONE JOINTS. 
CATHETERS 
HOLLOW FIBER DIALYSER, 
CONTACT LENS 

DIALYSIS MEMBRANE 

Figure 2. Solid polymeric biomaterials. Symbols used: 
SR Silicone rubber (crosslinked) 
PU Polyurethane rubber 
PVC Poly(vinyl chloride) 
PHEMA Poly(hydroxyethyl methacrylate) 
PMMA Poly(methyl methacrylate) 
PET Poly(ethylene terephthalate) 
PP Polypropylene 
PTFE Poly(tetrafluoroethylene) 
PGA Poly(glycolic acid) 
PE Polyethylene 
PFEP Poly(perfluoro ethylene-propylene) 
CA Cellulose acetate 
C e l l Cellulose 
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POLARITY 

WATER SORPTION 

E X A M P L E S 

"NON-POLAR" "POLAR" 

NEGLIGIBLE LOW MED. HIGH 

< 1% 1-5% . 5- l5%_--> l5% 

PTFE SR PU Nylon Cellulose PHEMA 
PE PET PAAm 
PP PMMA 

Figure 3 . Relative "polarity" ( i . e . , water sorption) of 
some s o l i d polymeric biomaterials. (Additional symbol: 
PAAm = polyacrylamide.) 

-£-C-NH^-

R1 OR 

R1 R 

Polyomides, polypeptides 

Polyesters 

Polyorthoesters 

Polyocetols 

Polysocchondes 

CN 

C H 2 - C ̂ - Poly (methyl cyonoocrylote ) 

C 0 2 C H 3 

Figure 4. Repeat units i n some biodegradable polymer 
backbones. 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



2. HOFFMAN Synthetic Polymeric Biomaterials 19 

graft polymerization reaction. Figure 5 l i s t s the variety of 
process techniques which may be used to create macroradical 
sites for grafting polar monomers onto more inert polymer back
bones. The presence of such groups on the surface of (or 
throughout) polymers can permit the chemical immobilization of 
a wide variety of b i o l o g i c a l l y functional molecules (Table I I I ) . 
Such active compounds may also be e l e c t r o s t a t i c a l l y "bound11 to 
the polymer by opposite charge or acid-base attractions, or 
they may be entrapped within the polymer. 

Table III. Some Bi o l o g i c a l l y Active Species which may be 
Immobilized on or within Polymeric Biomaterials 

Enzymes 
Antibodies 
Antigen
Anti-thrombogeni
Antibiotics 
Antibacterial agents 
Contraceptives 
Hormones 
Anticancer agents 
Drug antagonists 
Drug analogs 
Other drugs, in general 
Sugars and polysaccharides 
Cells 

A wide variety of drug delivery systems has been developed 
for achieving a regulated or controlled release of therapeutic 
agents over a sustained and pre-determined period of time. 
Polymers may be u t i l i z e d as diffusion-controlling barrier 
membranes (in "reservoir" devices), matrices for containment and 
release of active agents (in "monolithic" devices), or more 
simply as containers, conduits, or other components of the 
device. The polymers may be designed to r e s i s t attack or to 
erode or degrade. In particular, a number of biodegradable 
polymers have been specially synthesized for release of active 
agents inside the body, during or after which the polymer 
disappears as i t erodes or degrades and i s metabolized. 

Another interesting new combination of polymers and 
bi o l o g i c a l species may be synthesized by covalently binding 
b i o l o g i c a l l y active molecules to the surface of polymeric 
pa r t i c l e s , such as those prepared in microemulsion polymeriza
tions. Thus, i f a particular antibody i s attached, the micro-
par t i c l e s w i l l be attracted to sp e c i f i c antigenic sites i n the 
body. If these sites are on sp e c i f i c cancer c e l l s , and i f an 
anti-cancer drug i s incorporated into or onto the micro-article, 
with the p o s s i b i l i t y of subsequent release from the p a r t i c l e , 
then s p e c i f i c drugs may be delivered to sp e c i f i c sites i n the 
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Figure 5. Examples of techniques and reactions for 
generating radicals on surfaces. (Note: The precise 
nature of the radical intermediates formed has not been 
elucidated i n some cases. Representations i n this figure 
show schematically ra d i c a l species which might be formed.) 
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body, using the body's own circulatory system to transport the 
par t i c l e s . 

Cells may also be cultured within or on the outside of 
hollow fiber exchange devices and a patient's blood may be 
circulated through the device for treatment of various diseases 
(e.g., using pancreatic beta c e l l s for diabetes patients i n an 
" a r t i f i c i a l pancreas," or using l i v e r c e l l s i n an " a r t i f i c i a l 
l i v e r " during hepatic f a i l u r e ) . Table IV l i s t s some general 
examples of biomedical uses of immobilized biomolecule or c e l l 
systems. 

Table IV. Some Examples of Uses of Immobilized 
Biomolecule or C e l l Systems 

Improved biocompatibility 
Drug deliver
C e l l "finders" and "markers" 

(via antibody-antigen binding) 
Diagnostic k i t s 
Enzyme reactors (including 

a r t i f i c i a l organs) 
Biomedical sensors or electrodes 

The Polymer Biologic Interface 

When a foreign surface i s exposed to a b i o l o g i c a l environ
ment, there i s a natural tendency to destroy (digest) the foreign 
object or, f a i l i n g that, to "wall i t o f f " and cover (encapsulate) 
the object. The biologic species which are involved i n this 
process are proteins and c e l l s (Figure 6). The f i r s t event i s 
generally to coat the polymer surface with a layer of proteins; 
the composition and organization of this layer w i l l influence 
the subsequent c e l l u l a r events (see below). Thus, i t i s 
essential that one characterize and reproduce the surface of the 
biomaterial to be used in any implant or device. 

There are a number of other important factors which 
influence the bi o l o g i c a l interaction and ultimate fate of a 
biomaterial i n the body. Biomaterial properties, such as purity, 
tendency to absorb water and degrade are cle a r l y important. Also, 
the design of the device or implant, the flow of b i o l o g i c a l 
f l u i d s by the foreign surfaces or movement of the implant within 
a tissue space, the test techniques selected to assay biomaterial 
responses in v i t r o or i n vivo (in different animal species), and 
the implantation i t s e l f can a l l contribute to the ultimate fate 
of the implant device. Table V l i s t s these factors and Table VI 
details important biomaterial surface properties. 
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Table V. Important Factors i n Biomaterial-Biologic Interactions 

I. Biomaterial 
A. Bulk properties 
B. Surface properties 
C. Handling, packaging 

II. Biologic Environment 
A- 2H v i t r o vs. i n vivo 
B. Species 

II I . Physical Factors 
A. System design; flow characteristics 
B. Time
C. Air

Table VI. Important Material and Surface Properties 
at the Biomaterial Interface 

I. Composition 
— hydrophilic/hydrophobic 
— polar/apolar 
— high energy/low energy 
— wettable/non-wettable 
— acid/base 
— anionic/cationic 
— uniform/domain structure 

II. Sorbed Water 
— oriented 
— structured 
— "free" 

III. "Compliance" 
— f l e x i b i l i t y of chain ends, loops 
— glass t r a i n s i t i o n 

IV. Roughness 
— scale and intensity 
— porosity 
— l o c a l imperfections 
— gas nuclei 
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Over the past several years, a great deal of effort has gone 
into characterizing the biomaterial surface composition. Contact 
angle measurements, infra-red reflectance spectroscopy (MIRS, 
FTIR), and electron microscopy (XPS or ESCA) have been the most 
popular techniques u t i l i z e d . ESCA has become a very useful tool, 
since i t yields an average composition of the top 10-100 A of the 
biomaterial surface (although the measurement i s made at low 
temperature and under high vacuum). The surface topography i s 
also very important, p a r t i c u l a r l y when compared to the scale of 
proteins and c e l l s (Figures 7, 8). Surface roughness has been 
visualized using o p t i c a l and (especially) scanning electron 
microscopy. Profilometry has occasionally been used. Table VII 
l i s t s various common biomaterials i n approximate categories of 
increasing roughness. 

Table VII. Relativ  Roughnes f Som  Biomaterial

Very Smooth: P y r o l i t i c Carbons; Metals 
Smooth: Silicone Rubbers; Polyurethanes; 

Polyethylene; Polyvinylchloride 
Microrough: Grafted Polyethylenes; 

Micro-porous materials (as PTFE) 
Medium Rough: Woven Dacron, Teflon fabrics; 

Medium porosity materials 
Very Rough: Knitted, velour or non-woven 

fabrics; macro-porous materials; 
sand-blasted materials 

Biologic Responses 

One may imagine that the body i s divided into two systems: 
(1) the soft tissues, surfaces and spaces, organs and nerves, 
external to cardiovascular system (called the extravascular 
system); and (2) the cardiovascular-blood system (called the 
intravascular system). 

Tissue responses. The major response to foreign bodies i n the 
extravascular system is the inflammatory process. Whether the 
foreign "body" i s a molecule or a s o l i d p a r t i c l e or object, there 
i s inflammation i n the v i c i n i t y and the proteins and c e l l s 
attempt to digest the foreign element and convert i t to tolerable 
metabolites. Most foreign devices or implants are not readily 
or rapidly metabolized and the alternate fate i s to be encapsu
lated i n a fibrous collagen scar tissue capsule. If the bio
material i s porous, this tissue may be deposited within the pores, 
and such a process may be useful in anchoring and/or plugging 
the implant. Indeed, some researchers have attempted to develop 
porous implants (as a fibrous vessel prosthesis) which would 
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Foreign ..v.v.v.v Bound Water, Ions, and Small Molecules 
Interface / / / / / / / / / / / { 2 H 0 Â ) 

Figure 6. The primary interactions at a foreign bio
material interface i n the body are f i r s t with proteins and 
then with l i v i n g c e l l s . The drawing i s schematic, and not 
to scale. 

Smooth Rough Porous 

mm/I jytnmn 7T77 

Figure 7. Biomaterial surfaces may be "smooth," "rough," 
or "porous" (schematic). 
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permit the reconstruction of the tissue being replaced while the 
implant i t s e l f slowly degrades and disappears. 

In some cases the material may evolve toxic substances, and 
cause tissue necrosis (the question of carcinogenesis i s con
sidered below), or i t may be of a s p e c i f i c geometry (as asbestos 
fibers) to induce excessive collagen f i b r o s i s , which can be 
undesirable. Figure 9 summarizes these responses. 

Blood responses. Blood i s the f l u i d which transports body 
nutrients and waste products to and from the extravscular tissue 
and organs, and as such i s a v i t a l and special body tissue. The 
major response of blood to any foreign surface (which includes 
most extravascular surfaces of the body's own tissues) i s f i r s t 
to deposit a layer of proteins and then, within seconds to 
minutes, a thrombus composed of blood c e l l s and f i b r i n (a fibrous 
protein). The characte
and pattern of blood flo
the biomaterial system i s p a r t i c u l a r l y important for cardio
vascular implants and devices. The thrombus may break off and 
flow downstream as an embolus and this can be a very dangerous 
event. In some cases the biomaterial interface may eventually 
"heal" and become covered with a "passive" layer of protein 
and/or c e l l s . Growth of a continuous monolayer of endothelial 
c e l l s onto this interface i s the one most desirable end-point for 
a biomaterial i n contact with blood. Figure 10 summarizes 
possible blood responses to polymeric biomaterials. 

Testing and Clearance of Polymeric Biomaterials 

Test techniques for both tissue and blood responses of bio
materials have evolved s i g n i f i c a n t l y over the past several years. 
Increased government regulation of biomaterials i n medical 
devices (as legislated i n the U.S.A. in 1976 by the Medical 
Devices Amendments Act) has stimulated the development of a 
number of common In v i t r o and i n vivo animal test systems for 
screening a wide variety of biomaterials and devices or implants 
for both tissue and blood responses. Tissue tests encompass a 
variety of in v i t r o and i n vivo techniques. Blood tests include 
in v i t r o , ex vivo, and in vivo techniques. It i s unlikely that 
successful medical devices or implants can be perfected for 
human use without such preliminary jLn v i t r o and (especially) 
animal tests. 

Ultimately, the biomaterial device or implant system must 
be tested c l i n i c a l l y , f i r s t in small scale studies, then la t e r , 
i f a l l goes well, i n larger multi-center c l i n i c a l t r i a l s . The 
FDA, the device or implant manufacturer and their "monitor" 
(who w i l l interface with the physician), the physician 
("investigator") and his i n s t i t u t i o n a l review board, and f i n a l l y 
the patient are a l l involved i n responsible roles i n the 
c l i n i c a l t r i a l s , the clearance process, and the eventual 
general c l i n i c a l use. 
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Rounded-up c e l l s vs. Spread Cells 

Figure 8. The importance of the scale and intensity of 
biomaterial surface "roughness" w i l l depend upon the 
re l a t i v e size and interaction of c e l l s on that surface 
(schematic). 

CHEMICALLY 
INDUCED 

[by leochobles, biodégradation 
products] 

Mild Inflammation 

(suture absorption) 

Severe Inflammation 

(toxic substances evolved) 

^ Τι 

PHYSICALLY 
INDUCED 

[by surface/volume ratio, 
shape, degree of surface 
roughness, movement] 

Cell 
Ingestion 
(particles) 

Fibrous 
Encapsulation 

- β -
Excessive Fibrosis 

ssue Necrosis 

Fibrous 
Ingrowth 

Granulomas 
Tumoriqenesis P) 

Figure 9 . Tissue responses to foreign materials i n the 
extravascular space. The overall process involved i n a l l 
cases i s called the inflammatory process. 
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Figure 10. Blood responses to foreign materials depend on 
the material as well as i t s design and the character of 
the blood flow near the biomaterial surface. 
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Fin a l l y , something should be said about the p o s s i b i l i t y of 
biomaterial-induced carcinogenesis i n humans. In the absence of 
evolution of chemical carcinogens by the foreign material, there 
i s no evidence for carcinogenesis i n humans caused by the 
biomaterials currently used i n implants or devices. This i s i n 
contrast to the tumorigenic responses of rodents to many of 
these same biomaterials. If the latent period for foreign body 
tumorigenesis i n humans i s merely much longer than that in 
rodents, s u f f i c i e n t time may not have elapsed to conclude that 
tumors induced by implanted biomaterials w i l l not eventually be 
seen i n humans. On the other hand, i t i s even more l i k e l y that 
this latent period — i f i t exists — would be longer than the 
useful lifespan of the implant. 
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Artificial Organs and the Immune Response 

P. Y. WANG and C. C H A M B E R S 

Laboratory of Chemical Biology, Institute of Biomedical Engineering & Department of 
Physiology, Faculty of Medicine, University of Toronto, Ontario, Canada M5S 1A8 

Availability and immunological limitations of 
homografts have stimulated the development of 
artificial organs. Many extracorporeal and 
implantable devices have achieved remarkable 
success in substitutin  defectiv l func
tions. Recently
release delivery systems to mimic the functions of 
the endocrines, e.g., in contraceptive steroid 
delivery, may extend this area of biotechnology to 
affect a large number of healthy individuals. 
Possible immune responses to synthetic materials 
used in fabrication should be among important 
aspects of artificial organ research. Antigenicity 
can be assessed by many antibody detection methods. 
The radioimmunoassay method is particularly 
suitable and our results show that C57BL/6 mice are 
high responders to many water-soluble biomedical 
polymers of acrylic acid, acrylamide, vinylpyrroli-
done, vinyl alcohol, Na+ styrenesulfonate, etc. 
Others have observed that some of these polyanions 
can influence the outcome of the immune response. 
Insoluble polymers are not as easily assessed, but 
an indirect method has shown that several inert 
inorganic and organic biomedical polymers can also 
alter the immune response. The scanty information 
available at present already indicates that 
artificial organs may not be immune to responses 
from the immune system. 

Advances in modern medical practice have increased the use of 
p l a s t i c materials for tissue or organ replacements as w e l l as 
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i n devices which may help to restore the ph y s i o l o g i c a l state of 
the body. P r i o r to use, the s u i t a b i l i t y of a material f o r 
biomedical applications must be established. Often, the 
material performance i s assessed by measuring the ph y s i c a l , 
chemical, and bi o c o m p a t i b i l i t y properties. Since they do not 
occur i n nature, many synthetic polymers are believed to 
generate no immune response. There i s s u f f i c i e n t information 
available at present to indicate that an immune response can 
indeed be induced by some polymer components in drug 
formulations or in s u r g i c a l implants. This paper b r i e f l y 
surveys the immunological events from presently rather l i m i t e d 
amount of avai l a b l e data i n t h i s developing area of 
biomaterials research. 

H i s t o r i c a l Background (1) 

The early study of th
c l i n i c a l observation o
to a second i n f e c t i o n of the same disease was noted around 500 
B.C. An early form of vaccine was the rather unsafe use of 
l i v e smallpox organisms given to people for protection against 
i n f e c t i o n . Later, Jenner vaccinated against smallpox with the 
non-virulent cowpox organism. However, i t was not u n t i l the 
la t e 19th century that the rol e of antibodies i n the defense 
against i n f e c t i o n became gradually apparent. Soon, the presence 
of a substance i n the serum that could combine with red blood 
c e l l s i n v i t r o and made the c e l l s r e s i s t a n t to the r i c i n t o xin 
was observed by E h r l i c h . The observation was the f i r s t evidence 
of antigen-antibody complexing which was part of the defense 
mechanism. This l e d to further studies of antigen (abbrev. as 
Ag) immunochemistry, and the immunology of antibody (abbrev. as 
Ab) production, p a r t i c u l a r l y with proteins, plant and b a c t e r i a l 
products. With the discovery of the ABO types i n human blood 
group substances by Lansteiner, the genetic control of the 
immune system was also r e a l i z e d . 

Concepts of the Immune System (1, 2) 

The adaptive or acquired immune system i n mammals i s 
characterized by three features, i. e . , s p e c i f i c i t y , recognition, 
and memory. These features depend on the i n t r i n s i c a b i l i t y of 
the lymphocytes to recognize a substance as foreign, and allow 
an increased e f f i c i e n c y of response upon a second exposure to 
the same substance. An Ag i s a material capable of reacting 
s p e c i f i c a l l y with the Ab produced as a manifestation of the 
response. I t i s also possible for an Ag, e s p e c i a l l y i n high 
doses, to produce a state of non-responsiveness referred to as 
tolerance. For an Ag to induce a response, i t should have a 
r e l a t i v e l y large molecular weight, e.g., greater than 1,000 
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daltons. Otherwise, i t i s referred to as a hapten which would 
not induce a response by i t s e l f , unless l i n k e d to a polymeric 
" c a r r i e r " such as poly- ( v i n y l a l c o h o l ) , poly- acrylamide, 
etc. The immune response produced i s affected by the 
presentation of the Ag to the host, e.g., the state of the Ag, 
adjuvant, dose, route, etc., as w e l l as by genetic f a c t o r s . 
The primary effectors of the immune system are the lymphocytes, 
and t h e i r precursors are the stem c e l l s i n the bone marrow. 
One sub-population of the stem c e l l s d i f f e r e n t i a t e s i n the 
thymus ( i . e . the T - c e l l s ) , while the other matures p r i m a r i l y i n 
the bone marrow and the gut-associated lymphoid tissues ( i . e . 
the B - c e l l s ) . Accordingly, there are two types of responses 
depending on the c e l l sub-population that i s activated. The 
f i r s t i s the c e l l mediated response, i f the T-lymphocytes are 
stimulated. The other i s the humoral response, i f only the 
B-c e l l s are involved. However t B - c e l l  which d b
releasing Ab also ma
transform and p r o l i f o r a t e into plasma c e l l s . s series o
events i s further complicated by the regulation of such 
responses which involve T-suppressor c e l l s , p a r t i c i p a t i o n of 
macrophages, other accessory c e l l s , negative feedback from the 
Ab themselves, genetic co n t r o l s , and possibly other factors yet 
to be delineated. 

Antibody Detection Methods (3) 

There are many well-established methods for the detection of 
immune responses, e s p e c i a l l y when the Ab are released into the 
systemic c i r c u l a t i o n . E a r l i e r , the agglutination of bac t e r i a 
was used to show the presence of s p e c i f i c Ab i n serum of 
infected i n d i v i d u a l s . The formation of Ag-Ab complex can also 
be observed as aggregates i n the r i n g t e s t , p r e c i p i t i n reaction 
or various gel media. More recently, s e n s i t i v e methods are 
developed to detect Ab i n the ug to pg range. D e t a i l s of the 
hemagglutination, hemolysis, radioimmunoassay (abbrev. as RIA) 
and plaque forming assay, etc., can be found i n a standard 
manual (3). The l i m i t s of s e n s i t i v i t y of these methods are 
shown in Table I. However, a l l these Ab analyses are devised 
to study natural or haptenic Ag, and may not always be 
applicable to the detection of Ag-Ab i n t e r a c t i o n involving 
highly water-soluble non-biological polymers that are strong 
p o l y e l e c t r o l y t e s . Thus, adaption and use of these c l a s s i c a l 
methods to the synthetic polymers should be made with caution. 

Experimental 

Several mouse st r a i n s were observed to produce Ab af t e r 
stimulation with water-soluble synthetic polymers (4). The 
C57BL/6 s t r a i n was found to be most responsive. Therefore, i n 
th i s study several common water-soluble polymer Ag were used to 
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Table I. A n a l y t i c a l S e n s i t i v i t y of Some Detection 
Methods f o r Ab 

S e n s i t i v i t y 
Methods (UK Ab/ml serum) 

P r e c i p i t a t i o n 20 
Gel D i f f u s i o n 3 to 200 
Hemagglutination 0.001 to 1 
Hemolysis 0.0001 to 0.01 
Complement F i x a t i o n 0.1 
RIA 0.001 

induce Ab production i n groups of f i v e C57BL/6 mice for each 
experiment. The polymer Ag were emulsified i n Freund's 
complete adjuvant, and injected i n t r a p e r i t o n e a l l y as described 
previously (4). At regular i n t e r v a l s , the rodents were bled 
and the sera were separated from the coagulated c e l l u l a r 
components (4). Presence of Ab i n the sera was detected by the 
s o l i d phase RIA. B r i e f l y , 50 u l aliquots of a s p e c i f i c Ag 
solution containing 2% bovine serum albumin (abbrev. as BSA) 
were added to a number of the 96-well p l a s t i c assay plate which 
was then incubated for 2 hr at 37°C to allow the Ag to become 
adsorbed onto the p l a s t i c . The Ag-coated wells were washed 3x 
with a BSA~containing buffer, and 50 μΐ aliquots of a 
s e r i a l l y d i l u t e d Ab solu t i o n were added accordingly to the 
coated w e l l s . After 2 hr at room temperature for Ab 
int e r a c t i o n with the adsorbed Ag, the wells were again washed, 
and then treated with 50 y l aliquots of an " ^ I - l a b e l l e d 
rabbit anti-mouse Ab fragment. The plate was incubated at 4°C 
for 16 hr, and the wells were washed once more. After c u t t i n g 
the wells apart, the le v e l s of gamma-ray emitted by each sample 
were counted, and the r e s u l t s were reported as the maximum i n 
geometric s e r i a l d i l u t i o n s of the anti-serum that showed Ab 
a c t i v i t y a f t e r deduction of any background a c t i v i t i e s from the 
control which had normal mouse serum in place of the Ab 
sol u t i o n . 

Results 

Several r e a d i l y available biomedical polymers (Table II) were 
used as Ag to induce immune response i n C57BL/6 mice and the Ab 
in the sera were detected by RIA. The r e s u l t s i n Table I I show 
that under the present experimental conditions, PVA, PAA, and 
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Ρ AM are weakly or moderately immunogenic, while PSS and PVP are 
more potent Ag comparable to some natural Ag. T y p i c a l l y , the 
more immunogenic PSS exh i b i t s a dose response r e l a t i o n s h i p 
(Table I I I ) . Doses as low as 10~ 3 yg can induce detectable 
Ab by the RIA, but almost a m i l l i o n - f o l d increase i n the 
immunizing dose of PSS i s required i n order to obtain a 
su b s t a n t i a l l y higher Ab t i t r e , and the optimal response 
decreases rather r a p i d l y (Table I I I ) . An apparent secondary 
response i s observed when the mice were immunized with a 
sub-optimal dose followed by a booster i n j e c t i o n (Table IV). 
This secondary response decreased to a lower l e v e l of Ab t i t r e 
i n about 1 week. S i m i l a r l y , PVP i s also known to induce such 
responses i n mice (5). 

Table I I . Antigenic Biomedica

Max. RIA Ab T i t r e 
Abbrev. Namesa ( 2 n d i l u t i o n s ) 

PSS 4096 
PVP 4096 
PVA 64 
PAA 1024 
PAM 16 b 

aPSS: Poly(styrenesulfonate Na +) ; PVP: P o l y v i n y l p y r r o l i 
done); PVA: p o l y v i n y l a l c o h o l ) ; PAA: P o l y U c r y l i c a c i d ) ; 
PAM: Poly(acrylamide). 
^Detected by hemagglutination assay; immune serum from SJL 
mice. 

Table I I I . Dose Response Relationship for PSS i n C57BL/6 Mice 

Max. RIA Ab Ti r e 
Dose (yg) ( 2 n d i l u t i o n s ) 

'"~{^~3 256 
10~ 2 256 
10- 1 256 
10 2 256 

5 χ 10 2 1024 
8 χ 10 2 512 

10 3 4096 
5 χ 10 3 512 
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Table IV. Responses to Two Injections of 0.1 yg PSS 
in C57BL/6 Mice 

RIA Ab T i t r e 
Days ( 2 n d i l u t i o n s ) 

0 (1st Inj.) 
10 128 
15 256 
28 32 
35 16 
38 (2nd Inj.) 
42 1024 
50 25
58 25
66 16 

Discussion 

In our previous report (4, !5 ), the a n t i g e n i c i t y of some of the 
biomedical polymers shown i n Table I I has been evaluated by 
using hemagglutination as the Ab detection method. However, 
probably because of the chemical or physical c h a r a c t e r i s t i c s of 
these synthetic polymers, t h i s method does not always produce 
predictable r e s u l t s . The s o l i d phase RIA has corrected t h i s 
inconsistency, and most of the Ab t i t r e s shown in Table I I to 
IV are reproducible to within 2 n - 2 d i l u t i o n s which are i n 
the range of v a r i a t i o n f o r t h i s type of experiments. 
Therefore, synthetic polymers, some as shown in Table I I at 
l e a s t , are not necessarily i n a c t i v e to the immune system. 

Although there are substa n t i a l amount of data available on 
responses to synthetic poly(amino acids) which are e s s e n t i a l l y 
pseudo-biological polymers, a survey of l i t e r a t u r e s has 
provided information mostly on PVP. For example, Andersson and 
coworkers (6) have shown that PVP can induce Ab production i n 
adult thymectomized mice a f t e r i r r a d i a t i o n , followed by 
rec o n s t i t u t i o n with B - c e l l s i s o l a t e d from the spleens of other 
non-treated mice with the same genetic background. Their 
experiment demonstrates that PVP i s a T-independent Ag (4). 
Further studies have shown that such response i n reconstituted 
mice i s affected by the maturity of the B - c e l l s , and in younger 
animals, the co-operation of T- c e l l s i s required (7.). In 
addition, others have observed that low doses of PVP may 
stimulate a sub-population of T- c e l l s (the helper c e l l s ) to 
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enhance the Ab production by B- c e l l s (8). The opposite e f f e c t 
occurs when higher or the optimal dose i s given (9). There are 
also reports i n d i c a t i n g that p o l y ( a c r y l i c acid) can be used to 
replace the helper c e l l functions aforementioned i n the 
response to the T-dependent b a c t e r i a l lipopolysaccharides (10). 

For many water-insoluble polymers the immune response, i f 
any, i s more d i f f i c u l t to evaluate. Recently, Habal and 
coworkers (11) have reported a method to assess the e f f e c t of 
s o l i d implant materials such as s i l i c o n e , segmented polyether-
polyurethane, poly(methyl methacrylate), and Bioglas using 
tumor-bearing mice as the experimental model. They have found 
that the B- c e l l s from the test animals showed a reduced 
capacity f o r p r o l i f e r a t i o n when stimulated by mitogens as 
compared to the controls. The re s u l t s demonstrate once again 
that even the r e l a t i v e l y biocompatible s o l i d polymers may have 
a measurable e f f e c t o  th  immun  system

Besides the many immunologica
by the synthetic polymers as j u s t described, there are also the 
pathological implications to be considered, such as the i n vivo 
fate of the Ag-Ab complexes. Consequently, there i s an urgent 
need for emphasis on immunological studies of biomaterials. 
Meanwhile, from our data and the information i n the l i t e r a t u r e 
as j u s t described, i t appears that a r t i f i c i a l organs may not be 
immune to immune responses. But the long-term e f f e c t s of such 
responses as w e l l as these e f f e c t s on the complement system 
seem to be much more complex than are r e a l i z e d at present. 
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4 
The Basics of Biomedical Polymers: Interfacial 
Factors 

R O B E R T E. BAIER 

Advanced Technology Center, Calspan Corporation, Buffalo, NY 14225 

I n t e r f a c i a l phenomena, including initial adsorption 
of macromolecular f i lms , attachment of cells, and 
tr igger ing of cellular aggregation and exudation, 
often dictate the suitability of materials for b i o 
medical appl icat ions
understood, control le
of the in ter fac ing materials i s wel l characterized 
i n advance. This i s p a r t i c u l a r l y true in implant 
environments where appl ica t ion of such diagnostic 
tools as in terna l r e f l e c t i o n spectroscopy, contact 
angle checks, f i lm thickness determinations, and 
surface electrical potent ia l measurements can a id 
considerably in se lect ing materials for prosthet ic 
devices that promote good t issue incorporation while 
remaining passive to blood elements. The predic t ive 
patterns developed serve wel l across a large span of 
bioadhesive problems from those i n t issue and blood 
to those i n sa l i va and the sea. Spec i f ic appl i ca t ion 
of the concept of critical surface tension has led to 
s ign i f i cant success i n the design and clinical accep
tance of new human arterial graf ts , and is a iding 
i n the development of artificial hearts , and sub
per ios tea l dental implants. With these data i n hand, 
materials def ic iencies become less of a l i m i t i n g fac 
tor i n biomedical device construct ion. A s ign i f i cant 
research need i s for spec i f i ca t ion of the mechanical 
shear forces that are required to assure r e l i a b l e 
detachment of even weakly bound b iofoul ing fi lms 
from the least adherent substrata now ava i lab le . 
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In t e r f a c i a l phenomena often dictate the s u i t a b i l i t y of biomateri
als for _in vivo use. In particular, the surface characteristics 
of various implants control the r e l a t i v e adhesive strengths ob
tained between biomaterials and the l i v i n g tissues they touch. 
While great adhesive strength and immobility are desired for 
orthopedic and dental implants, minimal bioadhesion i s c r i t i c a l 
to preventing thrombus formation i n cardiovascular devices, or 
plaque buildup on oral prostheses. This overview addresses the 
principles of surface phenomena i n b i o l o g i c a l environments, 
describes useful methods for sensitive analysis of the e a r l i e s t 
i n t e r f a c i a l events, and provides i l l u s t r a t i o n s of their use for 
characterizing materials placed i n the human body. 

Scope of the Problem 

Attention i s directed to bioadhesive phenomena i n the o r a l envi
ronment that present improve
promote excellent bondin
devices (1). Other important surface phenomena include those 
necessary to the safe and effective function of cardiovascular 
appliances such as the a r t i f i c i a l heart and substitute blood 
vessels (2,3). Impressive s i m i l a r i t i e s exist with b i o l o g i c a l 
fouling of materials i n the sea (4) . The primary i n t e r f a c i a l 
events i n these diverse s y s t e m s — a l l wet, salty, and biochemically 
a c t i v e — a r e similar enough to suggest that Nature has been most 
conservative i n accommodating encounters with strange boundaries. 

Research Premise 

A major d i f f i c u l t y i n many prior studies of biomedical implants i n 
the dental, orthopedic, or cardiovascular environment, has been 
the tendency to focus on long term behavior of the m a t e r i a l s — 
from weeks to months to years post-implantation. There has s e l 
dom been proper implant characterization or even knowledge of 
their surface states at the time of placement or of the early 
bioadhesive sequelae (within minutes, hours and days) changing 
the surface properties to others that can promote or i n h i b i t ad
hesion of formed b i o l o g i c a l elements (such as tissue c e l l s or 
b a c t e r i a l organisms) (5). In more t r a d i t i o n a l engineering stud
ies, for example those dealing with the rate of b i o l o g i c a l fouling 
of heat exchange materials (as i n power plant condenser tubes) and 
i t s consequences, an analogous ignorance of the i n i t i a t i n g events 
has been commonly dismissed with the label "induction period." (6) 
In such engineering systems, as with biomedical implants, s i g n i 
ficant gains i n our understanding of the performance and control 
of the devices i s highly dependent upon better knowledge of the 
actual, i n i t i a l microfouling events. The f i r s t adhesive layers 
prepare the devices for grosser biofouling, with consequent 
deterioration, functional losses, and degraded performance. 
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Improved Methods f o r Analysis of I n t e r f a c i a l Factors 

Test plates allowing s e n s i t i v e inspection of the f i r s t organic 
layers accumulating on t h e i r faces are among the more us e f u l tools 
of the i n t e r f a c i a l s c i e n t i s t interested i n bioadhesive phenomena. 
In relevant b i o l o g i c a l locations and during a c t u a l use, these are 
most valuable i n characterizing the f i r s t adsorbed or adherent 
la y e r s . The primary technique permitting inspection of the 
" i n t e r f a c e conversion l a y e r s " spontaneously adsorbed to a l l known 
materials exposed to the environments of the month, tis s u e 
(whether i n l i v i n g animal or human hosts or i n culture i n labora
tory containers), blood, or the sea, i s known as i n t e r n a l r e f l e c 
t i o n i n f r a r e d spectroscopy (7). In essence, the technique places 
the analyst i n s i d e the t e s t material that serves as a " l i g h t pipe" 
f o r probing beams of electromagnetic energy. The spectroscopic 
" f i n g e r p r i n t " of the material f i r s t adsorbing at the p l a t e surface 
may be recorded during th

Such test plates hav
volunteers (9) and s i m i l a r studies have been completed i n broths 
c o n s i s t i n g of nutrient medium inoculated with s p e c i f i c micro
organisms o r i g i n a l l y taken by micromanipulation techniques from 
the adherent plaque of human teeth (10). The plates obviously 
experience d i f f e r e n t events on t h e i r faces, d i c t a t e d by s p e c i f i c 
surface property differences. Some plates emerge from the plaque 
forming challenge as clean and shiny as upon f i r s t immersion. 
Others accumulate t y p i c a l dental "brown s t a i n s " from m i c r o b i a l 
c o l o n i z i n g f i l m s (11). M e t a l l i c test plates such as germanium or 
s i l i c o n are often used because t h e i r conductive properties prevent 
e l e c t r i c charge accumulation during scanning electron microscopic 
inspection. This eliminates the need f o r a d d i t i o n a l m e t a l l i c 
overcoatings usually applied to SEM samples p r i o r to microscopic 
viewing. Absence of the uniformly electron-dense m e t a l l i c over
coat on the i n t r i n s i c a l l y organic conditioning f i l m s (and attached 
c e l l u l a r layers) then allows the r e l a t i v e thicknesses and l o c a 
tions of the organic masses to be distinguished by the differences 
i n t h e i r a b i l i t y to suppress secondary electron emission—the pro
cess that provides the image of the common scanning e l e c t r o n 
micrograph—of the high-electron-density m e t a l l i c substrata. 

The test plates can be made i n almost any shape and s i z e , and 
placed i n s p e c i a l i n t r a o r a l holders worn i n mouths of human volun
teers. Such holders provide means to analyze the " s k i n " on one's 
teeth, the p e l l i c l e acquired by s p e c i f i c adsorption of s a l i v a r y 
components before any successful c o l o n i z a t i o n by m i c r o b i a l f l o r a 
i s noted (12). 

Infrared s p e c t r a l traces obtained by the i n t e r n a l r e f l e c t i o n 
method applied through test plates exposed f o r only a few moments 
i n the human mouth, demonstrate the presence of r a p i d l y adsorbed 
proteinaceous matter. Thus, the r e a l i t y of the " s k i n " on one's 
teeth, or on any other object immersed even momentarily i n t h i s 
r i c h b i o l o g i c a l environment, can be documented. I t i s made of the 
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same s u b s t a n c e — p r o t e i n — t h a t other natural " s k i n s " are made of. 
The spectra reveal that the p r o t e i n present i n the acquired p e l l i 
c l e s i s glycoprotein i n the main. 

In a d d i t i o n to the i n t e r n a l r e f l e c t i o n spectroscopic tech
nique, there i s a host of supporting methods. They range from 
techniques that estimate precise f i l m thickness and r e f r a c t i v e 
index to techniques that measure surface e l e c t r i c a l property and 
w e t t a b i l i t y changes that are associated with p r o t e i n f i l m deposi
t i o n (13). 

Use of these nondestructive methods, applied sequentially and 
ro u t i n e l y to test materials exposed i n b i o l o g i c a l environments of 
concern, has been i l l u s t r a t e d previously i n studies of the f o u l i n g 
of food processing equipment (14). 

Typical Results 

Simple modification of
materials, s p e c i f i c a l l y  provid  energy range
indicated by c r i t i c a l surface tensions between 20 and 30 dynes/cm, 
prevents permanent i n t e r f a c e conversion by spontaneously adsorbing 
glycoproteinaceous macromolecules. This induction of a poor 
"primer coat" i n h i b i t s the adhesion of b i o l o g i c a l c e l l s ; even 
those elements such as blood p l a t e l e t s s p e c i a l i z e d f o r the purpose 
of surface c o l o n i z a t i o n are prevented from getting a successful 
" g r i p " on the substrata. Conversely, upward adjustment of a 
material's surface energy promotes stronger b i o l o g i c a l i n t e r 
actions (15). 

With knowledge of the zones of surface energy that e i t h e r 
favor or minimize adhesion i n b i o l o g i c a l environments, i t i s now 
possible to design and develop improved prosthetic materials f o r 
a number of important a p p l i c a t i o n s . 

Elsewhere, we have reviewed many of the areas of current 
research i n bioadhesive phenomena: dental r e s t o r a t i v e s , prosthetic 
implants, s u r g i c a l adhesives, and even improved coatings f o r the 
prevention of marine f o u l i n g on commercial ships (16). 
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Fibrinogen-Glass Interactions: A Synopsis of Recent 
Research 
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Ontario, Canada L8S 4L7 

A synopsis of research from the authors' laboratory 
over the past few years on fibrinogen-glass inter
actions is attempted
on adsorption k ine t ics
exchange for the single protein system are discussed. 
The physical status of fibrinogen eluted from glass 
as evaluated by CD and polyacrylamide gel electro
phoresis i s also discussed and corre la ted with 
results from the phenomenological studies. It i s 
concluded that several populations of adsorbed mole
cules are present on glass and that these are 
degraded to varying extents, probably by the action 
of plasmin, formed by plasminogen activation on the 
surface. Competitive adsorption studies with albumin 
and IgG in binary and ternary mixtures show a strong 
preferential adsorption of fibrinogen. However with 
plasma itself fibrinogen is not detected on glass at 
contact times from 2 to 180 min. It i s postulated 
that f ibrinogen i s r ap id ly adsorbed and then 
desorbed, and that th is transient behaviour may be 
mediated by the degradative act ion of plasmin 
generated at the glass surface. 

The in t e r ac t i ons o f f ibr inogen with glass have been a cont inuing 
topic o f research i n t h i s laboratory over the past several years . 
In the context o f s tudies o f b lood-mater ia l i n t e r a c t i o n s , g lass 
may be regarded as a model h y d r o p h i l i c (water wettable) surface 
car ry ing a net negative charge at phys io log ic pH (Si0~ groups). 
It has also been used extens ively for handling blood and plasma i n 
the blood coagulat ion labora tory and i t s propensity for a c t i v a t i o n 
of the contact phase o f coagulat ion i s w e l l documented (1_). 
Fibr inogen i s important as the d i r e c t precursor o f f i b r i n , the 
e s s e n t i a l ma te r i a l o f blood c l o t . I t has also been c la imed, 
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notably by Vroman et a l (2), that i t i s p r e f e r e n t i a l l y adsorbed 
from blood onto contacting foreign surfaces and several groups 
(3-5) have shown that adsorbed layers of fibrinogen are r e a c t i v e 
towards p l a t e l e t s , causing extensive adhesion and secretion. 

In our continuing studies of the glass fibrinogen system, we 
have investigated adsorption k i n e t i c s and isotherms from solutions 
of fibrinogen as a single protein i n buffer (6^, adsorption 
" e q u i l i b r i a " for mixtures of two or three proteins (7,8), and 
adsorption k i n e t i c s from plasma (9.) and from buffered suspensions 
of red blood c e l l s ( 1_0). We have also investigated the properties 
of fibrinogen that has been eluted from glass; f o r example, i t s CD 
spectra ( 1_Ό , and polyacrylamide gel electrophoresis patterns 
(12). In the present paper, we review the t o t a l i t y of these data 
and attempt a synthesis of our current knowledge of t h i s system. 
Such a synthesis r e l a t e s both to the fundamental aspects of the 
i n t e r a c t i o n and to i t  r e l a t i o n s h i  blood-materia  i n t e r
actions, incorporating bot
the context of the present Symposium t h i s paper w i l l serve the 
a d d i t i o n a l purpose of i l l u s t r a t i n g some of the p r i n c i p l e s of 
p r o t e i n a d s o r p t i o n d i s c u s s e d i n the paper of Andrade ( t h i s 
volume). 

K i n e t i c s and Isotherms of Adsorption - Single Protein i n Buffer 

In most of these studies, we have used a commercial preparation of 
fibrinogen from Kabi (Grade L, greater than 90% c l o t t a b l e ) , and 
t h i s has normally been used af t e r d i a l y s i s into an appropriate 
b u f f e r . The experimental methods involve the use of radioiodine-
l a b e l l e d fibrinogen and have been described i n d e t a i l elsewhere 
( 6 ^ ) . I t i s merely noted here that t h i s technique has been 
widely used i n studies of protein adsorption ( 1_3,V4), mainly to 
obtain an accurate measure of quantity of protein adsorbed. With 
t h i s method, i t i s possible to determine with reasonable precision 
q u a n t i t i e s of the order of a microgram and t h i s i s a t y p i c a l 
requirement in systems where ^ s o r p t i o n may be of the order of a 
f r a c t i o n of a microgram per cm . Questions have been raised (15) 
as to the e f f e c t s of l a b e l l i n g on protein behaviour. In t h i s 
regard, we have established for many systems, including the glass-
fibrinogen system, that iodination by the iodine monochloride 
method at low degrees o f s u b s t i t u t i o n does not i n f l u e n c e 
adsorption. 

In these experiments, the glass surface i s i n the form of 
Pyrex tubing, treated extensively with chromic acid followed by 
d i s t i l l e d water and then equilibrated in the buffer to be used for 
adsorption. The experimental design i s such that measurements can 
be done under either s t a t i c or flow conditions. 

In an e x t e n s i v e study of the a d s o r p t i o n k i n e t i c s and 
isotherms (6^), we showed (a) that the adsorption i s 75% complete 
within 5 minutes and e s s e n t i a l l y at equilibrium in 2 hours, (b) 
that the k i n e t i c s between 5 and 300 minutes i s not affected by 
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shear rate up to 2100 s" i n a laminar tube flow experiment, (c) 
that the adsorption isotherm, as shown i n Figure 1, ̂ s Langmuir-
l i k e , reaching a plateau value of about 0.7 Pg cm" in_.j0.05 M 
T r i s , pH 7.35 at a concentration of about 0.2 mg ml" (for 
comparison, the plasma concentration of fibrinogen i s 2-4 mg 
ml" ), and (d) that the adsorption i s i r r e v e r s i b l e i n the sense 
that one cannot redescend the isotherm by reducing the fibrinogen 
concentration. This l a t t e r aspect was investigated over times of 
5 h and the p o s s i b i l i t y cannot be ruled out that desorption occurs 
on a much longer time scale. Desorption i s l i k e l y to be highly 
activated and therefore to be an inherently slow process. In 
addition binding may involve several s i t e s on a single protein 
molecule as has been suggested by Morrissey and Stromberg (16) and 
by Jennissen (17). Desorption would then involve the simultaneous 
breaking of several bonds, a process of low p r o b a b i l i t y . 

These findings suggest that th  glass-fibrinoge  i n t e r a c t i o
i s a strong one, since
controlled in t h i s experimenta  arrangement),
t r a t i o n i s high (for comparison, polyethylene adsorbs about 0.2 yg 
cm"~ under s i m i l a r c o n d i t i o n s ) , and the adsorption i s either not 
at a l l or only slowly r e v e r s i b l e . A l l t h i s notwithstanding, a 
determination of the free energy change based on a pseudo-
equilibrium constant derived from the slope of the isotherm at 
zero concentration (Figure 2) (18) indicates a value of the order 
of -7 kcal mole" . This r e l a t i v e l y low value may r e f l e c t non
s p e c i f i c b i n d i n g mechanisms perhaps i n v o l v i n g hydrophobic 
i n t e r a c t i o n s . 

However, i t must be kept i n mind that such a value r e f l e c t s 
o n l y those i n t e r a c t i o n s o c c u r r i n g i n the i n i t i a l stages o f 
adsorption at very low surface coverage. Since the glass surface 
i s probably heterogeneous with several d i f f e r e n t types of adsorp
t i o n s i t e (see below), the i n i t i a l l y occupied s i t e s may not be 
t r u l y representative of the surface as a whole. Also, i n the 
int e r m e d i a t e and l a t e r stages o f a d s o r p t i o n , p r o t e i n - p r o t e i n 
i n t e r a c t i o n s w i l l become important and w i l l i n f l u e n c e the 
energetics of the process. 

Additional data showed (6^ that i n media of increased i o n i c 
strength at physiologic pH, adsorption decreases and that about 
80% of the fibrinogen adsorbed from 0.05 M T r i s can be eluted 
instantaneously with 1.0 M T r i s (Figure 3). In addition, i t was 
shown that under steady state conditions (surface concentration 
i n v a r i a n t with t i m e ) , exchange occurs between adsorbed and 
dissolved fibrinogen but only a c e r t a i n f r a c t i o n of the adsorbed 
layer (between 30 and 70%, depending on e l e c t r o l y t e concentration 
and fibrinogen concentration) i s exchangeable. Such exchange 
occurs with relaxation times of the order of one hour (Figure 4). 

The e f f e c t of e l e c t r o l y t e concentration suggests binding i n 
the adsorbed layer (protein-surface and perhaps protein-protein) 
i s an a t t r a c t i v e e l e c t r o s t a t i c phenomenon, since i n t e r a c t i o n s of 
t h i s type would be expected to diminish through the charge 
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Figure 1. Adsorption isotherm of fibrinogen on glass. When 
not s p e c i f i e d , data were obtained at 1060 sec" . Reproduced 
with permission from Ref. 6. Copyright 1981, Academic Press, 
Inc. 
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Figure 2. Adsorption isotherm of fibrinogen on glass i n low 
concentration regime. 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



5. BRASH ET AL. Fibrinogen-Glass Interactions 49 

E ο 

< 
oc 
IAJ 
ο 
ζ 
ο 
ο 
in Ο 
ί 
ce D 0) 

0.81-

0.6 

0.4 

0.2 

0.01 JL 
1

Figure 3. Desorption of fibrinogen from glass at pH 7.35 
and 1060 sec ; (0)^.05 M T r i s ; (Δ) 1.0 M T r i s . Adsorption 
was from 1.0 mg ml" fibrinogen in 0.05 M T r i s , pH 7.35. 
Reproduced with permission from Ref. 6. Copyright 1981, 
Academic Press, Inc. 
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Figure 4. Turnover k i n e t i c s ^ t 2JX mg ml" 1 f i b r i n o g e n , 0.05 
fc)3fris, pH 7.35, 1060 sec" . I-labeled fibrinogen (0); 

I-labeled fibrinogen (0). Reproduced with permission 
from Ref. 6.Copyright 1981, Academic Press, Inc. 
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screening and ion exchange e f f e c t s of ad d i t i o n a l ions. The 
occurrence of self-exchange of only a part of the layer and the 
p a r t i a l desorption by 1 M T r i s are i n d i c a t i v e of at least two 
populations of adsorbed molecules, distinguished by d i f f e r e n t 
binding a f f i n i t i e s . Indeed, since the f r a c t i o n adsorbed or 
exchanged i s a continuous increasing function of e l e c t r o l y t e 
c o n c e n t r a t i o n (6), t h e r e may w e l l be a continuum o f such 
populations. Such a model of the adsorption system would help to 
reconcile the apparent contradiction between the data suggesting 
strong i n t e r a c t i o n s ( i n c l u d i n g i n d i c a t i o n s o f e l e c t r o s t a t i c 
binding) and the r e l a t i v e l y low free energy value, suggesting 
weaker i n t e r a c t i o n s . As already indicated, the l a t t e r would 
r e l a t e to the near zero coverage regime which may be a small "non-
t y p i c a l " population of s i t e s . 

The fact that some self-exchange occurs may be seen as 
d i f f i c u l t to reconcil
adsorption. I f one take
inherently r e v e r s i b l e but that desorption occurs at a vanishingly 
slow r a t e , the question immediately a r i s e s as to why self-exchange 
i s r apid. Since self-exchange presumably involves desorption of 
one molecule followed by adsorption of another, then i t would be 
expected that desorption into buffer would occur at a s i m i l a r rate 
to self-ex change. The major difference between the self-exchange 
experiment and the desorption experiment i s the complete absence 
of s o l u t i o n fibrinogen i n the l a t t e r . I t may therefore be 
speculated that desorption i s f a c i l i t a t e d by the p a r t i c i p a t i o n of 
protein from solution perhaps v i a impact c o l l i s i o n or complex 
formation. 

For example i f adsorption involves m u l t i - s i t e binding then 
one can envisage a cooperative e f f e c t whereby a single s i t e of an 
adsorbed molecule "desorbs" while a sin g l e s i t e of a sol u t i o n 
molecule "adsorbs" to the same surface s i t e . Such single s i t e 
exchange would represent the i n i t i a t i o n step of whole molecule 
exchange. These ideas represent a simple extension of the 
cooperative adsorption mechanism proposed by Jennissen (17) and 
have been discussed i n r e l a t i o n to s e l f exchange by Andrade ( t h i s 
volume). 

Our current view on r e v e r s i b i l t y i n t h i s system, taking a l l 
the above evidence into account, i s that the adsorption i s 
i n h e r e n t l y r e v e r s i b l e . In a d d i t i o n to the self-exchange 
phenomenon, other evidence in support of t h i s view i s that one can 
"climb" the isotherm in well delineated stages: i f adsorption 
were t r u l y i r r e v e r s i b l e , one would expect the isotherm to r i s e 
i n s t a n t l y to the plateau so that i n very d i l u t e solutions (e.g., 
the c o n d i t i o n s of Figure 2) , complete d e p l e t i o n would be 
predicted. Since t h i s does not occur r e v e r s i b i l i t y i s implied. 
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S t r u c t u r a l Status of Eluted Protein 

51 

As indicated above, there appears to be a s i g n i f i c a n t contribution 
of e l e c t r o s t a t i c i n t e r a c t i o n s , whether protein-surface or protein-
protein i n t e r a c t i o n s , i n the glass-fibrinogen system. Such strong 
i n t e r a c t i o n s may generate i n t e r f a c i a l forces that are s u f f i c i e n t 
to disrupt the secondary and t e r t i a r y structures of the fibrinogen 
molecule and t h e r e f o r e one might expect the occurrence o f 
denaturation. To examine the p o s s i b i l i t y of such denaturation 
e f f e c t s , which could have strong b i o l o g i c a l s i g n i f i c a n c e , we 
undertook s t u d i e s to evaluate the s t r u c t u r a l p r o p e r t i e s o f 
fibrinogen a f t e r elution from glass. C l e a r l y , i t would be 
preferable to evaluate s t r u c t u r a l a l t e r a t i o n while the protein 
remains on the surface but such an approach presents formidable 
experimental d i f f i c u l t i e s , not the least of which i s s e n s i t i v i t y . 
Therefore, we made the compromise of studying eluted protein and 
making the t a c i t assumptio
s t r u c t u r a l l y s i m i l a r t
(high molarity buffers and surfactants) were shown not to af f e c t 
the properties examined. 

In one series of experiments, fibrinogen eluted from glass 
tubing or f r i t t e d glass f i l t e r s was examined by c i r c u l a r dichroism 
(11 ). Controls were incorporated so that any e f f e c t s of protein 
handling (e.g., the concentration step) could be allowed for. The 
eluted protein showed a lo s s of α-helix content of the order of 
50% r e l a t i v e to the "native" unexposed fibrinogen, so that surface 
i n t e r a c t i o n s appear to be capable of disrupting α-helical regions 
of the protein. It should be noted that we could not d i s t i n g u i s h 
in these experiments between indiscriminate desorption of whole 
protein with an ove r a l l reduction of α-helix content and preferen
t i a l desorption of portions of the molecule with inherently low a-
helix content. 

A second series of experiments u t i l i z i n g glass bead columns 
was designed so that adsorbed fibrinogen could be eluted in stages 
(1_2). After adsorption from 0.05 M T r i s , pH 7.4, i n i t i a l 
f ractions were eluted with 1 M T r i s , which, as had been shown with 
l a b e l l e d protein, removes 80% of the adsorbed fibrinogen. The 
remaining 20% (as judged by la b e l l e d protein) was eluted with 2% 
SDS. The fr a c t i o n s were examined by SDS-PAGE under reducing con
d i t i o n s and a t y p i c a l gel i s shown i n Figure 5. I t can be seen 
that the i n i t i a l l y e l u t i n g f r a c t i o n s , presumably containing the 
f i b r i n o g e n molecules t h a t are the l e a s t f i r m l y bound, have 
undergone considerable chain degradation. It seems l i k e l y that 
degradation i s related to contact with the glass. The extent of 
degradation decreases i n l a t e r - e l u t i n g f r a c t i o n s u n t i l for the 
SDS-eluate, there i s very l i t t l e d i f f e r e n c e from " n a t i v e " 
fibrinogen. The fact that various f r a c t i o n s d i f f e r i n extent of 
degradation suggests that several surface populations are present, 
i n agreement wi t h c o n c l u s i o n s based on self-exchange and 
d i f f e r e n t i a l e l u t a b i l i t y as discussed above. 
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Figure 5. SDS-polyacrylamide gel electrophoresis (reducing 
conditions) of fibrinogen a f t e r e l u t i o n from glass bead 
column· 
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A l l eluted samples reacted with antibody to human fibrinogen 
i n d o u b l e - d i f f u s i o n experiments, i n d i c a t i n g t h a t the e l u t e d 
material i s fibrinogen-related and not an impurity concentrated on 
the column. Furthermore, the gel band patterns of the degraded 
f r a c t i o n s bear a strong resemblance to those of ea r l y plasmin-
induced degradation products of fibrinogen (FDP). Figure 6 shows 
gels of FDP and column eluates for comparison. The FDP contain 
bands that have been attributed by Furlan and Beck (19.) to 
fragments X and Y. Therefore, a possible explanation of our 
re s u l t s i s that traces of plasminogen present i n the fibrinogen 
preparation are activated to plasmin by contact with glass. In 
t h i s regard, we have found that fibrinogen p u r i f i e d on DEAE 
c e l l u l o s e , which i s reported to remove plasminogen (20), i s l e s s 
degraded a f t e r glass contact than i s unpurified fibrinogen. 

It i s pertinent to mention at t h i s point that we have 
recently observed s i m i l a  PAGE pattern  i  protein  eluted fro
glass bead column afte
observations suggest rathe  strongly  plasminoge
and subsequent f i b r i n o g e n degradation may be b l o o d - m a t e r i a l 
i n t e r a c t i o n s of some significance that have not been recognized 
heretofore. This p o s s i b i l i t y w i l l be further discussed below i n 
r e l a t i o n to data on adsorption of fibrinogen from plasma. 

An a l t e r n a t i v e explanation of fibrinogen degradation on glass 
i s that adsorption renders the molecule more susceptible to 
hydrolytic attack (either enyzme-related or otherwise). In t h i s 
regard, i t i s worth noting that the α-chains, which are known to 
be hydrophilic and to extend as random c o i l s into the aqueous 
phase (22), are the most extensively degraded i n a l l eluted 
f r a c t i o n s . 

I t i s also i n s t r u c t i v e to compare the CD and PAGE data for 
the 1 M T r i s eluate. It seems reasonable that chain degradation 
would be accompanied by changes i n α-helix content, as a c t u a l l y 
observed. Unfortunately, we do not have CD data on the SDS-eluted 
p r o t e i n which, as we have seen, i s r e l a t i v e l y undegraded. 
Budzynski has reported (23) that plasmin fragments D and Ε contain 
more α-helix than whole fibrinogen. On the other hand, the model 
recently presented by D o o l i t t l e (22) indicates that a large 
proportion of the α-helical content of the molecules i s located i n 
the "connector" regions between the D and Ε fragments, suggesting 
that the l a t t e r would be lower in α-helical content than the whole 
molecule. Regardless of which of these opposite "models" i s 
correct, i t seems l i k e l y that since the 1 M T r i s eluates are much 
lower i n α-helix content than i s native fibrinogen, the degrada
t i o n products eluted from glass have undergone a l t e r a t i o n s of 
th e i r secondary structure due to t h e i r contact with the surface. 
This explanation appears more plausib l e than the a l t e r n a t i v e one 
based on p r e f e r e n t i a l desorption of p a r t i c u l a r fragments that are 
low i n α-helix and retention of others that are high. 

F i n a l l y , i t may be noted that the condition of the eluted 
protein may have a bearing on r e v e r s i b i l i t y . A necessary (though 
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not s u f f i c i e n t ) condition of r e v e r s i b i l i t y i s that the protein 
should be capable of e l u t i o n by some means (e.g., change in buffer 
c o n d i t i o n s ) , such that i t i s not denatured or altered in any way 
(2_4). Otherwise, i t would have to be assumed that the protein had 
undergone an i r r e v e r s i b l e change in the adsorbed state so that 
r e v e r s i b i l i t y of the adsorption would be impossible. In t h i s 
regard, the fact that part of the fibrinogen eluate (the l a t e r 1 M 
Tr i s and SDS eluates) i s recovered i n apparently unaltered form, 
supports the point of view that at l e a s t a part of the adsorbed 
layer i n t e r a c t s r e v e r s i b l y with g l a s s . 

Competitive Adsorption 

In order to approach more c l o s e l y to the blood system i t s e l f and 
to determine the influence of other proteins on fibrinogen adsorp
t i o n , we undertook studie f competitiv  adsorptio  betwee
fibrinogen and other plasm
the a d s o r p t i o n of only f i b r i n o g e  ( l a b e l l e )
followed; sometimes that of both fibrinogen and a second protein 
( l a b e l l e d with I ) were followed. 

For the binary system albumin-fibrinogen i n T r i s buffer ( 7), 
i t was found that fibrinogen i s p r e f e r e n t i a l l y adsorbed. In a 
series of mixtures of varying composition, the equilibrium r a t i o 
of surface mole f r a c t i o n to solu t i o n mole f r a c t i o n of fibrinogen 
ranged from 70 (solution mole f r a c t i o n = 0.01) to 6 (solution mole 
f r a c t i o n = 0.15). These data are i l l u s t r a t e d i n Figure 7 and 
emphasize the very strong f r a c t i o n a t i o n e f f e c t of the glass 
surface with these mixtures. The r e s u l t s for glass can be placed 
i n the context of other surfaces by reference to Table I. 

Table I. Adsorption of Albumen and Fibrinogen to Various Surfaces. 
Albumin 2 mg cm + Fibrinogen 0.05 mg cm 

Albumin Γ 
A 

Fibrinogen Γ 
Γ 

Mole Ratio 

Surface -2 -2 (F:A) Surface (ug cm ) (ug cm ) (F:A) 

Polyurethane 1200 0.330 0.083 0.051 
S i l i c o n i z e d Glass 0.216 0.069 0.065 
Polyurethane 1540 0.016 0.041 0.520 
Polyurethane 600 0.013 0.055 0.859 
Polystyrene 0.193 0.215 0.226 
Collagen 0.097 0.213 0.446 

Reproduced with permission from Ref. 25. Copyright 1979, John 
Wiley & Sons, Inc. 
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Kabi fibrinogen 

Deg. prod, lh 

Deg. prod. 2h 

Deg. prod. 3h 

Deg. prod. Ah 

Eluate (early) 

Eluate (late) 

Figure 6. Comparison of plasmin degradation products with 
glass bead column eluate of fibrinogen. 
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Figure 7. Ads o r p t i o n on g l a s s from v a r i o u s mixtures o f 
albumin and fibrinogen. Reproduced with permission from 
Ref. 7· Copyright 1976, Pergamon Press, Inc. 
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This Table (25) gives the fibrinogen:albumin mole r a t i o in the 
layer adsorbed from solutions having a mole r a t i o of 0.005, close 
to the r a t i o found in normal human plasma. The sur face'mole 
r a t i o s range from 0.05 to 0.5, r e f l e c t i n g a surface enrichment 
factor between 10 and 100. For the same solution r a t i o , the 
surface enrichment on glass i s about 450. 

In ternary mixtures of fibrinogen, IgG and albumin (26), the 
p r e f e r e n t i a l adsorption of fibrinogen i s again observed. These 
experiments were conducted using proportions of the proteins the 
same as are found in blood, but at varying t o t a l concentrations. 
For each composition, three separate k i n e t i c experiments were 
conducted in which each of the three pair combinations of the 
proteins were l a b e l l e d , and the t h i r d protein was unlabelled. 
Figure 8 shows t y p i c a l data for the composition having the highest 
t o t a l concentration of protein. Over four hours, the fibrinogen 
adsorption increases continuously  although th  rat  decreases
while the IgG shows an
then remains constant a y  adsorp
t i o n was e f f e c t i v e l y zero in these experiments. These data again 
demonstrate the overwhelming preference of glass for fibrinogen 
r e l a t i v e to the other abundant plasma proteins. Thus, i t i s 
tempting to suggest that from plasma or blood, fibrinogen would be 
p r e f e r e n t i a l l y adsorbed. This point should be kept in mind when 
re s u l t s of adsorption from plasma are discussed below. I t i s also 
relevant to point out that the experiments with the ternary system 
were a l l conducted at t o t a l concentrations that are very d i l u t e 
compared to plasma. For example, the data of Figure 8 were 
obtained at an albumin concentration about 3% of that i n normal 
plasma. As w i l l be seen below, we have recently found in plasma 
i t s e l f at t h i s d i l u t i o n that adsorption of fibrinogen i s gre a t l y 
enhanced. Thus, i n retrospect, i t would be desirable to conduct 
the ternary system experiment at or near the t o t a l concentrations 
i n plasma before making d e f i n i t i v e conclusions or extrapolations 
to plasma and blood. 

Several other groups have also found p r e f e r e n t i a l adsorption 
of fibrinogen from 2- and 3-protein mixtures (27-30). These 
studies have been done on a v a r i e t y of surfaces with various 
mixture compositions and t o t a l concentrations and co n s i s t e n t l y 
confirm fibrinogen p r e f e r e n t i a l adsorption as a general e f f e c t . 
Many of these measurements refer to equilibrium and involve 
r e l a t i v e l y long a d s o r p t i o n t i m e s ; i n f o r m a t i o n on the time 
dependence of r e l a t i v e q u a n t i t i e s adsorbed i n m u l t i - p r o t e i n 
systems i s l a r g e l y missing. One of the few such studies i s that 
of Gendreau et a l (28), using FTIR spectroscopic techniques. They 
found that for a 1:1, (w/w) mixture of albumin and fibrinogen, 
albumin predominated in the f i r s t 7 minutes and then was gradually 
displaced by fibrinogen. Again, these r e s u l t s are relevant to 
ef f e c t s noted in adsorption from plasma, to which we now turn our 
att e n t i o n . 
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.801-

FIBRINOGEN 
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Figure 8. Adsorption on g l a s s from the t e r n a r y system 
fibrincjgen-albumin-I G, concentrations 0.09, 1.20 and 0.36 
mg ml" r e s p e c t i v e l y ! Buffer: 0.05 M T r i s , pH 7.35. 
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Adsorption from Plasma 

In these studies (9) we again u t i l i z e d i o d i n e - l a b e l l e d fibrinogen 
added to the plasma as a tr a c e r . The amounts of l a b e l l e d 
fibrinogen were always l e s s than 10% of the t o t a l amount of 
fibrinogen in the plasma and we have v e r i f i e d that the proportion 
of the tracer does not influence the data. Using either undiluted 
plasma or plasma d i l u t e d 1:4, i t was concluded that e s s e n t i a l l y no 
fibrinogen was adsorbed to a Pyrex glass surface over a period of 
4 hours. This r e s u l t i s s u r p r i s i n g i n view of the very sub
s t a n t i a l adsorption from si n g l e protein solutions and simple 
mixtures. On other surfaces (e.g., polyethylene), fibrinogen 
adsorbed s u b s t a n t i a l l y at short times ( l e s s than 2 minutes), but 
then desorbed almost completely over the subsequent 60 minutes. 
Also, fibrinogen that was pre-adsorbed from buffer was almost 
completely desorbed a f t e r 5 minutes of contact with plasma  These 
observations suggest tha
very short times and the
other proteins or by enzymatic action. 

The work of Vroman et a l (3Ό i s p a r t i c u l a r l y relevant i n 
regard to our plasma r e s u l t s . They have determined by various 
means, including ellipsometry and immunochemical techniques, that 
on " g l a s s - l i k e " s u r f a c e s , f i b r i n o g e n i s adsorbed e x t e n s i v e l y 
during the f i r s t few seconds of contact with plasma, but i s 
rap i d l y replaced by high molecular weight kininogen (HMWK), and 
possibly by factor XII. When the surface i s exposed to very t h i n 
layers of plasma (less than 10 pm), t h i s replacement does not 
occur because, i t i s believed, there i s i n s u f f i c i e n t HMWK or 
factor XII (32). If t h i s explanation i s c o r r e c t , then i t suggests 
that when very d i l u t e plasma i s used, there may also not be 
s u f f i c i e n t HMWK to replace i n i t i a l l y adsorbed fibrinogen. Recent 
experiments i n our laboratory (33) n a v e shown, in agreement with 
t h i s point of view, that at high d i l u t i o n s , there i s a marked 
increase in fibrinogen adsorption to glass. Horbett (3fO has made 
si m i l a r observations. Adsorption shows a maximum at a d i l u t i o n of 
1 to 200 and then decreases at higher d i l u t i o n s . The surface 
concentration at maximum adsorption i s about a factor of 20 higher 
than for 1:10 di l u t e d plasma. I t thus appears that as the 
absolute concentration of each species i n plasma decreases, the 
r e l a t i v e amounts of these proteins in the surface layer changes 
even though the r e l a t i v e amounts i n the plasma remain the same. 
Such an e f f e c t could r e s u l t from d i f f e r e n t shaped isotherms for 
the d i f f e r e n t proteins i n plasma. For example, the absolute 
concentrations at which the isotherm plateaux are reached i s 
almost c e r t a i n l y d i f f e r e n t for the various proteins so that 
increases in adsorption of some proteins and decreases i n others 
w i l l occur as a function of plasma d i l u t i o n . If t h i s explanation 
i s c o r r e c t , i t would be of in t e r e s t to determine which of the 
multitude of proteins in plasma decreases as fibrinogen increases 
in the adsorbed l a y e r . These proteins would presumably be 
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important components of the adsorbed layer in normal undiluted 
plasma. 

Additional information on plasma-fibrinogen-glass i n t e r 
actions has been obtained by examining the eluates from glass bead 
columns after plasma contact (2J_) . E s s e n t i a l l y , undiluted ACD-
human plasma i s loaded on the column and allowed to e q u i l i b r a t e . 
After washing out re s i d u a l plasma, the columns are sequentially 
eluted with 1 M Tr i s and 2% SDS. SDS-PAGE of eluted proteins 
shows complex banding patterns. This work i s as yet at a very 
preliminary stage and no d e f i n i t e conclusions have been reached as 
to the i d e n t i t y of the eluted proteins. The M.W. patterns are, 
however, very strongly suggestive of plasmin-induced degradation 
products and the 1 M Tris eluates give p r e c i p i t a t i o n l i n e s i n 
Ouchterlony double immunodiffusion experiments with anti-human 
fib r i n o g e n . In agreement with the e a r l i e r r e s u l t s for "pure" 
fibrinogen, these data agai t th  possibl  a c t i v a t i o f 
plasminogen on glass surfac
fibrinogen. Further experiment y
p o s s i b i l i t y . 

For the moment some speculation may be permissible regarding 
a possible connection between t h i s degradation e f f e c t and the time 
transients i n fibrinogen adsorption from plasma observed by Vroman 
et a l and implied i n data from t h i s laboratory. As already 
indicated, Vroman et a l at t r i b u t e the time-transient e f f e c t to 
replacement by HMWK, but i t could equally well be that i t i s due 
in the f i r s t instance to the action of surface-generated plasmin 
in f a c i l i t a t i n g desorption v i a degradation and that t h i s i s 
potentiated by HMWK. The d i l u t i o n e f f e c t would then be seen as 
the r e s u l t of having i n s u f f i c i e n t plasminogen and HMWK to cause 
degradation and desorption. These hypotheses could be tested by 
working with plasmas d e f i c i e n t i n plasminogen and/or HMWK. 
Addition of i n h i b i t o r s of the plasminogen-plasmin system to normal 
plasma would also provide useful information to help resolve these 
questions. 

Acknowledgments 

The f i n a n c i a l support of our research by the Medical Research 
Council of Canada and the Ontario Heart Foundation over the past 
several years i s g r a t e f u l l y acknowledged. 

Literature Cited 

1. Cochrane, C.G.; Griffin, J.H. Amer. J. Med. 1979, 67, 
657-64. 

2. Vroman, L.; Adams, A.L.; Klings, M. Fed. Proc. 1971, 30, 
1494. 

3. Packham, M.A.; Evans, G.; Glynn, M.F.; Mustard, J.F. J. Lab. 
Clin. Med., 1969, 73, 686-697. 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



60 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

4. Lyman, D.J.; Klein, K.G.; Brash, J.L.; Fritzinger, B.K.; 
Andrade, J.D.; Bonomo, F. Thromb. Diath. Haemorrhag. 1971, 
Suppl. 42, 109. 

5. Whicher, S.J.; Brash, J.L. J. Biomed. Mater. Res. 1978, 12, 
181-201. 

6. Chan, B.M.C.; Brash, J.L. J. Colloid Interface Sci. , 1981, 
82, 217-25. 

7. Brash, J.L.; Davidson, V.J. Thromb. Res. 1976, 9, 249-59. 
8. Yu, Α.; Brash, J.L., unpublished observations. 
9. Uniyal, S.; Brash, J.L. Thromb. Haemostas. 1982, 47, 285-90. 

10. Uniyal, S.; Brash, J.L.; Degterev, I.Α., in "Biomaterials: 
Interfacial Phenomena and Applications"; Cooper, S.L. , ; 
Peppas, N.A., Eds.; ADVANCES IN CHEMISTRY SERIES No. 199, 
American Chemical Society; Washington D.C., 1982; p. 277. 

11. Chan, B.M.C.; Brash, J.L. J . Colloid Interface Sci., 1981, 
84, 263-5. 

12. Brash, J.L.; Chan
85. 

13. Horbett, T.A. J. Biomed. Mater. Res., 1981, 15, 673-95. 
14. Young, B.R.; Lambrecht, L.K.; Cooper, S.L.; Mosher, D.F. In 

"Biomaterials: Interfacial Phenomena and Applications"; 
Cooper, S.L.; Peppas, N.A., Eds.; ADVANCES IN CHEMISTRY 
SERIES No. 199, American Chemical Society; Washington, D.C., 
1982; p. 317. 

15. Crandall, R.E.; Janatova, J . ; Andrade, J.D. Preparative 
Biochem. 1981, 11, 111-138. 

16. Morrissey, B.W.; Stromberg, R.R. J. Colloid Interface Sci. 
1974, 46, 152-64. 

17. Jennissen, H.P. Biochemistry 1976, 15, 5683-92. 
18. Schmitt, Α.; Varoqui, R.; Uniyal, S.; Brash, J.L.; Pusineri, 

C. J. Colloid Interface Sci. 1983, 92, 25-34. 
19. Furlan, M.; Beck, E.A. Biochem. Biophys. Acta. 1972, 263, 

631-44. 
20. Lawrie, J.S.; Ross, J . ; Kemp, G.D. Biochem. Soc. Trans. 

1979, 7, 693-4. 
21. Brash, J.L.; Szota, P., unpublished observations. 
22. Doolittle, R.F. Scientific American 1981, 245, 126-35. 
23. Budzynski, A.Z. Biochem. Biophys. Acta 1971, 229, 663-71. 
24. One of us (J.L.B.) is indebted to M. Jozefowicz on this 

point. 
25. Brash, J.L.; Uniyal, S., J. Polymer Sci. 1979, C66, 377-89. 
26. Yu, Α.; Brash, J.L., unpublished observations. 
27. Lee, R.G.; Adamson, C.; Kim, S.W. Thromb. Res. 1974, 4, 

485-90. 
28. Gendreau, R.M., Leininger, R.I.; Winters, S.; Jakobsen, R.J. 

In "Biomaterials: Interfacial Phenomena and Applications"; 
Cooper, S.L.; Peppas, N.A., Eds.; ADVANCES IN CHEMISTRY 
SERIES No. 199, American Chemical Society; Washington, D.C., 
1982; p. 371. 

29. Lok, B.K.; Cheng, Y-L.; Robertson, C.R. J. Colloid Interface 
Sci. 1983, 91, 104-16. 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



5. BRASH ET AL. Fibrinogen-Glass Interactions 61 

30. Horbett, T.A.; Hoffman, A.S. In "Applied Chemistry at 
Protein Interfaces"; Baier, R.E., Ed.; ADVANCES IN CHEMISTRY 
SERIES No. 145; American Chemical Society; Washington, D.C., 
1975; p. 230. 

31. Vroman, L.; Adams, A.L.; Fischer, G.C.; Munoz, P.C. Blood 
1980, 55, 156-59. 

32. Vroman, L . ; Adams, A.L . ; Fischer, G.C.; Munoz, P.C.; 
Stanford, M. In "Biomaterials: Interfacial Phenomena and 
Applications"; Cooper, S.L.; Peppas, N.A., Eds.; ADVANCES IN 
CHEMISTRY SERIES No. 199, American Chemical Society; 
Washington, D.C., 1982; p. 265. 

33. Brash, J .L . ; ten Hove, P. Thromb. Haemostas., to be 
published. 

34. Horbett, T.A. Thromb. Haemostas., to be published. 

RECEIVED March 19, 1984 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



6 
Silicones in Artificial Organs 

Ε. E. FRISCH 

Dow Corning Corporation, Midland, MI 48640 

Starting with the si l icone elastomer hydroceph
alus shunt in 1955, si l icone elastomer has become 
widely used as a soft, f l ex ib le , elastomeric 
material of construction for artificial organs and 
implants for the human body. When prepared with 
controls to assur
contamination,
biocompatibility, biodurabil i ty, and a long history 
of c l i n i c a l safety. Properties can be varied to 
meet the needs in many different implant applica
tions. Silicone elastomer can be fabricated in a 
wide variety of forms and shapes by most all of the 
techniques used to fabricate thermosetting elasto
mers. Radiopacity can be increased by fillers such 
as barium sulfate or powdered metals. It can be 
s te r i l i zed by ethylene oxide, steam autoclave, dry 
heat, or radiation. Shel f - l i fe at ambient condi
tions is indefinite. When implanted the host 
reaction is typical ly limited to encapsulation of 
the implant in fibrous tissue. Silicone elastomer 
implants have become used in essentially a l l 
surgical specialties including neurosurgery, 
ophthalmology, plast ic surgery, urology, orthopae
dic surgery, obstetrics and gynecology, otolaryn
gology, cardiovascular surgery, and others. 
Significant advances have been made in si l icone 
elastomer technology in recent years. A medical 
grade high performance si l icone elastomer with 
excellent resistance to tear propagation and 
fatigue flexing has been developed and qualified 
for use in the implants used in bone and joint 
reconstruction. Properties, biocompatibility, 
biodurability and medical applications for si l icone 
elastomers w i l l be discussed. 

0097-6156/84/0256-0063S09.75/0 
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S i l i c o n e i s t h e common name f o r p o l y d i o r g a n o s i l o x a n e s . T h e t e r m 
a l l e g e d l y o r i g i n a t e d b e c a u s e i t w a s t h o u g h t s i l i c o n - c o n t a i n i n g 
m a t e r i a l s f i r s t p r e p a r e d b y K i p p i n g O J a t a b o u t t h e t u r n o f t h e 
c e n t u r y m i g h t b e s i l i c o n - c o n t a i n i n g a n a l o g u e s o f k e t o n e s . 

C ( C H 3 ) 2 = 0 - [ S i ( C H 3 ) 2 0 - ] x 

A c e t o n e P o l y d i m e t h y l s i l o x a n e 

M o d e r n p r o c e s s e s f o r s y n t h e s e s o f s i l i c o n e s w e r e d e v e l o p e d 
f r o m r e s e a r c h c o n d u c t e d i n t h e 1 9 3 0 ' s . S i l i c o n e s w e r e f i r s t 
m a n u f a c t u r e d i n q u a n t i t y d u r i n g W o r l d W a r I I f o r t h e U . S . 
g o v e r n m e n t t o i m p r o v e t h e p e r f o r m a n c e o f U . S . a i r c r a f t . A f t e r 
W o r l d W a r I I a n d p r i o r t o d i s t r i b u t i o n f o r o t h e r t h a n a i r c r a f t 
u s e , a n i m a l s t u d i e s w e r e u n d e r t a k e n t o e v a l u a t e b i o l o g i c a l 
c h a r a c t e r i s t i c s . T h e f i n d i n g s i n d i c a t e d t h a t n o n - v o l a t i l e m e t h y l -
a n d m i x e d m e t h y l - p h e n y l p o l y s i l o x a n e
t o x i c i t y . A l s o , f i n i s h e
i n e r t a n d p r e s e n t e d n o h e a l t h h a z a r d s . P u b l i c a t i o n ( 2 - 3 ) o f t h e 
s t u d y s t i m u l a t e d i n t e r e s t i n u s i n g s i l i c o n e s f o r a r t i f i c i a l 
o r g a n s b e c a u s e o f t h e n e e d f o r i m p l a n t a b l e , b i o c o m p a t i b l e , s o f t , 
f l e x i b l e , e l a s t o m e r i c m a t e r i a l s . T h i s p a p e r w i l l r e v i e w t h e 
c h e m i s t r y , t h e p h y s i c a l a n d b i o l o g i c a l c h a r a c t e r i s t i c s , a n d 
a p p l i c a t i o n s o f s i l i c o n e s i n a r t i f i c i a l o r g a n s . 

C H E M I S T R Y 

T h e s y n t h e s i s o f s i l i c o n e s t a r t s w i t h n a t u r a l l y o c c u r r i n g s i l i c o n 
d i o x i d e ( q u a r t z , s a n d , o r q u a r t z i t e r o c k ) . S i l i c o n d i o x i d e i s 
r e a c t e d w i t h c a r b o n a t h i g h t e m p e r a t u r e t o y i e l d e l e m e n t a l 
s i l i c o n . 

S i 0 2 + C £ • S i + C 0 2 

T h e h a r d , c r y s t a l l i n e , b r i t t l e e l e m e n t a l s i l i c o n i s p u l v e r 
i z e d a n d r e a c t e d d i r e c t l y w i t h m e t h y l c h l o r i d e a t e l e v a t e d 
t e m p e r a t u r e . 

S i + C H 3 C 1 _ ^ S i C l 4 + C H 3 S i C l 3 + ( C H 3 ) 2 S i C l 2 

+ ( C H 3 ) 3 S i C l + ( C H 3 ) 4 S i 

A m i x t u r e o f m e t h y l - a n d c h l o r i n e - c o n t a i n i n g s i l a n e s r a n g i n g 
f r o m t e t r a c h l o r o s i l a n e t o t e t r a m e t h y l s i l a n e i s o b t a i n e d . C o n d i 
t i o n s a r e g e n e r a l l y a d j u s t e d t o p r o d u c e a m a x i m u m a m o u n t o f 
d i m e t h y l d i c h l o r o s i l a n e , t h e m o n o m e r f o r p o l y d i m e t h y l s i l o x a n e s . 
T h e l i q u i f i e d s i l a n e s a r e s e p a r a t e d b y f r a c t i o n a l d i s t i l l a t i o n . 

P o l y d i m e t h y l s i l o x a n e i s p r e p a r e d b y c o n d e n s a t i o n c o p o l y m e r -
i z a t i o n o f d i m e t h y l d i c h l o r o s i l a n e w i t h w a t e r . 

χ ( C H 3 ) 2 S i C l 2 + χ H 2 0 - [ S i ( C H 3 ) 2 0 - ] x + 2 x HC1 
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T h e p r e p o l y m e r t h u s o b t a i n e d i s f u r t h e r p o l y m e r i z e d t o y i e l d 
s p e c i f i c s i l i c o n e p o l y m e r s w h i c h c a n v a r y i n m o l e c u l a r w e i g h t 
( a v e r a g e a n d d i s t r i b u t i o n ) , p r e s e n c e o r a b s e n c e a n d c o n t e n t o f 
f i l l e r s o r o t h e r a d d i t i v e s , t y p e o f o r g a n i c l i g a n d s a t t a c h e d t o 
s i l i c o n , t h e p o s s i b l e p r e s e n c e o f r e a c t i v e r a d i c a l s s u c h a s v i n y l 
l i g a n d s o n s i l i c o n f o r u s e i n c r o s s - l i n k i n g , a n d i n o t h e r w a y s . 
A b o u t 6 0 , 0 0 0 s i l i c o n - c o n t a i n i n g c o m p o u n d s a r e k n o w n . H o w e v e r , 
o n l y a f e w h a v e b e e n f o u n d t o b e u s e f u l a n d h a v e t h u s b e c o m e 
c o m m e r c i a l l y a v a i l a b l e . S i l i c o n e s u s e d i n a r t i f i c i a l o r g a n s a n d 
i m p l a n t s h a v e p r i m a r i l y b e e n t h e p o l y d i m e t h y l s i l o x a n e s . 

H y d r o c e p h a l u s S h u n t 

H o l t e r ' s s u c c e s s f u l d e v e l o p m e n t o f a s i l i c o n e e l a s t o m e r h y d r o 
c e p h a l u s s h u n t ( 4 ) ( F i g u r e s 1 - 2 ) i n 1 9 5 5 h e r a l d e d t h e e r a o f 
i m p l a n t s . No e f f e c t i v e t r e a t m e n t f o r h y d r o c e p h a l u s w a s k n o w n a t 
t h e t i m e . T h u s , b y 1 9 5 7
f i r s t u s e d , a n d c o n t i n u i n
c h i l d b o r n i n t h e d e v e l o p e d c o u n t r i e s o f t h e w o r l d h a s r e c e i v e d a 
s i l i c o n e e l a s t o m e r h y d r o c e p h a l u s s h u n t i m p l a n t . H y d r o c e p h a l u s 
o c c u r s i n a p p r o x i m a t e l y o n e o u t o f e v e r y 4 0 0 t o 6 0 0 c h i l d r e n b o r n 
a l i v e . T h e h y d r o c e p h a l u s s h u n t i s o n e o f t h e o l d e s t , a n d a l s o 
o n e o f t h e m o s t w i d e l y u s e d o f a l l s i l i c o n e e l a s t o m e r i m p l a n t s . 
Some i n d i v i d u a l s h a v e now h a d s h u n t i m p l a n t s f o r m o r e t h a n 2 5 
y e a r s . T h e e x c e l l e n t b i o c o m p a t i b i l i t y o f i m p l a n t g r a d e s o f 
s i l i c o n e e l a s t o m e r i s e v i d e n c e d b y t h e e s s e n t i a l a b s e n c e o f 
a d v e r s e b i o l o g i c a l r e s p o n s e i n t h i s l o n g t e r m , l a r g e v o l u m e u s e . 

M e d i c a l G r a d e S i l i c o n e E l a s t o m e r s 

M e d i c a l g r a d e s i l i c o n e e l a s t o m e r s b e c a m e a v a i l a b l e i n t h e e a r l y 
1 9 6 0 ' s . " M e d i c a l g r a d e " r e f e r s t o s i l i c o n e e l a s t o m e r s s p e c i f i 
c a l l y f o r m u l a t e d , m a n u f a c t u r e d a n d q u a l i f i e d f o r i m p l a n t u s e s . 
T h e f o r m u l a t i o n s c o n t a i n n o m a t e r i a l s w i t h p o t e n t i a l f o r b i o d é g r a 
d a t i o n o r a d v e r s e b i o c o m p a t i b i l i t y . M a n u f a c t u r i n g a n d p r o c e s s i n g 
a r e d o n e u n d e r c a r e f u l l y c o n t r o l l e d , c l e a n c o n d i t i o n s t o a s s u r e 
b a t c h - t o - b a t c h d u p l i c a t i o n , a n d f r e e d o m f r o m a d u l t e r a t i o n , 
c o n t a m i n a t i o n , a n d c r o s s c o n t a m i n a t i o n . B a t c h - t o - b a t c h t e s t s 
i n c l u d e a s s e s s m e n t o f c h e m i c a l , p h y s i c a l , a n d b i o l o g i c a l p r o p e r 
t i e s . T h e m a t e r i a l s m u s t e l i c i t n o c y t o t o x i c r e a c t i o n b y d i r e c t 
c o n t a c t t i s s u e - c e l l c u l t u r e t e s t i n g ( 5 , 6 ) . Q u a l i f i c a t i o n o f a 
c o n t r o l l e d f o r m u l a t i o n f o r i m p l a n t u s e t y p i c a l l y r e q u i r e s 2 - y e a r 
m i n i m u m b i o c o m p a t i b i l i t y ( h o s t a n d t i s s u e r e a c t i o n ) {7) a n d 
2 - y e a r b i o d u r a b i l i t y ( i m p l a n t r e a c t i o n ) s t u d i e s . 

H i g h - c o n s i s t e n c y t h e r m o s e t t i n g m e d i c a l g r a d e s i l i c o n e e l a s 
t o m e r c o m p o u n d s a r e p r e p a r e d f r o m h i g h m o l e c u l a r w e i g h t p o l y d i o r -
g a n o s i l o x a n e s c o m p o u n d e d w i t h h i g h - s u r f a c e f u m e d s i l i c a ( a p p r o x 
i m a t e l y 4 0 0 m / g ) . S i l i c a i s t h e o n l y m a t e r i a l k n o w n t h a t 
a d e q u a t e l y r e i n f o r c e s s i l i c o n e e l a s t o m e r . 

V u l c a n i z a t i o n r e q u i r e s c r o s s - l i n k i n g p o l y m e r c h a i n s . I n o n e 
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F i g u r e 1 . A s i l i c o n e e l a s t o m e r h y d r o c e p h a l u s s h u n t . T h i s 
t y p e o f s h u n t i s u s e d t o d r a i n c e r e b r o s p i n a l f l u i d f r o m 
t h e v e n t r i c l e o f t h e b r a i n t o e i t h e r t h e v a s c u l a r s y s t e m 
o r t o t h e p e r i t o n e a l c a v i t y . T h e f i r s t h y d r o c e p h a l u s 
s h u n t w a s d e v e l o p e d b y H o l t e r i n 1 9 5 5 . T h e s h u n t i n t h i s 
i l l u s t r a t i o n c o n t a i n s a d u a l f l u s h i n g c h a m b e r t o a s s u r e 
c o n t i n u a l f u n c t i o n o f t h e s h u n t , a n d i s d e s i g n e d t o d r a i n 
c e r e b r a l s p i n a l f l u i d f r o m t h e v e n t r i c l e o f t h e b r a i n t o 
t h e p e r i t o n e a l c a v i t y . 
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F i g u r e 2. P o s i t i o n i n g o f t h e h y d r o c e p h a l u s s h u n t i n a 
c h i l d ' s b o d y . T h e e n t i r e s h u n t i s i m p l a n t e d s u b d e r m a l l y . 
T h e t i p o f t h e s h u n t i s i n s e r t e d i n t o t h e v e n t r i c l e o f t h e 
b r a i n t h r o u g h a h o l e m a d e i n t h e s k u l l , w h i l e t h e d r a i n a g e 
c a t h e t e r i s p l a c e d i n t h e p e r i t o n e a l c a v i t y t h r o u g h a 
s m a l l i n c i s i o n i n t h e p e r i t o n e a l l i n i n g . A n e x t r a l e n g t h 
o f t h e p e r i t o n e a l c a t h e t e r i s g e n e r a l l y l e f t s o t h a t t h e 
c h i l d may g r o w w i t h o u t d i s l o d g i n g t h e c a t h e t e r f r o m t h e 
p e r i t o n e a l c a v i t y . 
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type o f c r o s s - l i n k i n g , s i l i c o n - h y d r o g e n l i g a n d s , contained as 
small amounts o f methylhydrogensiloxy copolymer i n one formula
t i o n , r e a c t with s i l i c o n - v i n y l l i g a n d s , contained as m e t h y l v i n y l -
s i l o x y copolymer i n small amounts i n a second f o r m u l a t i o n . When 
the two formulations are i n t i m a t e l y blended and heated i n the 
presence o f a c a t a l y s t , c r o s s - l i n k i n g occurs. T y p i c a l c a t a l y s t s 
i n c l u d e t r a c e q u a n t i t i e s o f rar e metals, such as platinum. The 
c r o s s - l i n k s are dimethylene r a d i c a l s c o v a l e n t l y bonded between 
s i l i c o n atoms i n separate polymer chains. 

C r o s s - l i n k i n g e s s e n t i a l l y forms a che m i c a l l y bonded network 
matrix o f one g i a n t molecule. Organic peroxides are a l s o used as 
v u l c a n i z a t i o n c a t a l y s t s . 

B i o c o m p a t i b i l i t y o f Medical Grade S i l i c o n e Elastomers 
When once formulated o r processed s i l i c o n e elastomer cannot be 
adequately c h a r a c t e r i z e
h i s t o r i c animal and c l i n i c a
able s a f e t y f o r implant use. Unlike some substances where 
a n a l y s i s and acute e v a l u a t i o n s can provide thorough c h a r a c t e r i z a 
t i o n chemical, p h y s i c a l , and acute b i o c o m p a t i b i l i t y t e s t s , used 
alone o r i n combination, are not adequate. Formulation e r r o r s 
or contamination, which could adversely a f f e c t c h r o n i c biocompat
i b i l i t y c h a r a c t e r i s t i c s , may i n a d v e r t e n t l y occur and not be 
detected by short-term t e s t i n g . When used i n implants reasonable 
assurance o f d u p l i c a t i o n must i n c l u d e c h a r a c t e r i z a t i o n o f a l l 
b a s i c i n g r e d i e n t s , c o n t r o l o f the manufacturing processes, and 
s t r i n g e n t q u a l i t y assurance. A l l f o r m u l a t i o n , compounding, and 
processing o f elastomers must be done i n f a c i l i t i e s which comply 
with Good Manufacturing P r a c t i c e Regulations as a minimum. 
S i l i c o n e elastomer prepared under l e s s s t r i n g e n t c o n d i t i o n s , such 
as those t y p i c a l l y used to produce elastomer f o r i n d u s t r i a l use 
cannot be adequately upgraded by a f t e r - t h e - f a c t short-term 
t e s t i n g to assure t h a t c h r o n i c b i o c o m p a t i b i l i t y c h a r a c t e r i s t i c s 
have been d u p l i c a t e d . 

The c h r o n i c b i o c o m p a t i b i l i t y and b i o d u r a b i l i t y o f medical 
grade s i l i c o n e elastomers have been evaluated. In one study 
specimens o f medical grade s i l i c o n e elastomer were implanted i n 
purebred beagle dogs f o r 3 y e a r s . T i s s u e r e a c t i o n s t y p i c a l l y 
i n c l u d e d an i n i t i a l inflammatory r e a c t i o n a s s o c i a t e d with the 
in t r o d u c t i o n o f a f o r e i g n m a t e r i a l . The r e a c t i o n appeared to be 
s e l f - l i m i t i n g and f u r t h e r diminished with time, l e a v i n g a d e f i n 
able f i b r o u s capsule around the implant as the terminal observa
t i o n . The most n o t i c e a b l e f i b r o u s - t i s s u e responses were caused 
by the intramuscular implants, with l e s s intense r e a c t i o n s 
r e s p e c t i v e l y i n subcutaneous and i n t r a p e r i t o n e a l s i t e s . The 
r e s u l t s o f t e s t i n g done on c l i n i c a l l a b o r a t o r y specimens c o l l e c t 
ed during the terminal weeks o f the 3-year implantation study f o r 
e v a l u a t i o n of c l i n i c a l chemistry i n d i c a t e d t h a t a l l values were 
w i t h i n normal l i m i t s f o r the s p e c i e s , with no abn o r m a l i t i e s 
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d e t e c t e d . T h e g r o s s a n d m i c r o s c o p i c f i n d i n g s i n t i s s u e s t a k e n a t 
a u t o p s y r e v e a l e d n o p a t t e r n o f p o l y m e r - i n d u c e d s y s t e m i c t o x i c i t y . 

I n a s t u d y w i t h a l b i n o r a t s s p e c i m e n s o f t e s t m a t e r i a l s w e r e 
i m p l a n t e d i n a g r o u p o f 1 0 0 r a t s , c o n s i s t i n g o f 5 0 m a l e s a n d 5 0 
f e m a l e s . S i m i l a r g r o u p s , s e r v i n g a s c o n t r o l s , r e c e i v e d i m p l a n t s 
o f USP p o l y e t h y l e n e a n d s h a m s u r g e r y o n l y . T h e s t u d y w a s c o n t i n 
u e d f o r t h e l i f e t i m e o f t h e a n i m a l s , o r 2 y e a r s , w h i c h e v e r 
o c c u r r e d f i r s t . M o r t a l i t y d a t a r e v e a l e d n o s i g n i f i c a n t d i f f e r 
e n c e s b e t w e e n t e s t , t r e a t e d c o n t r o l , o r c o n t r o l g r o u p s w i t h 
r e s p e c t t o t h e f r e q u e n c y o r n u m b e r o f d e a t h s . T h e r e w e r e n o 
u n t o w a r d b e h a v i o r a l r e a c t i o n s i n a n y o f t h e a n i m a l s . H i s t o p a t h o -
l o g i c a l e v a l u a t i o n s r e v e a l e d t h a t t i s s u e c h a n g e s f o u n d i n t r e a t e d 
r a t s w e r e s i m i l a r t o t h o s e i n c o n t r o l r a t s . T h e t y p e a n d i n c i 
d e n c e o f n e o p l a s m s o b s e r v e d w e r e c o n s i d e r e d n o r m a l f o r t h e 
l a b o r a t o r y r a t s o f t h e a g e a n d s t r a i n i n v o l v e d i n t h i s s t u d y . 
N o n e o f t h e n e o p l a s m s o b s e r v e d  a t t r i b u t a b l  t h  e x p e r i
m e n t a l p r o c e d u r e s . 

B i o d u r a b i l i t y w a s a s s e s s e d b y a 2 - y e a r s u b c u t a n e o u s i m p l a n t a
t i o n s t u d y i n d o g s ( 8 ) . T h e s t u d y f o u n d n o s i g n i f i c a n t c h a n g e s 
i n p h y s i c a l p r o p e r t i e s o f s i l i c o n e e l a s t o m e r a s a r e s u l t o f 2 

y e a r s o f s u b c u t a n e o u s i m p l a n t a t i o n . 
T h u s , m e d i c a l g r a d e s i l i c o n e e l a s t o m e r s a r e b i o d u r a b l e , 

n o n c y t o t o x i c , n o n a l l e r g e n i c , n o n p y r o g e n i c , n o n c a r c i n o g e n i c , 
n o n t o x i c , a n d n o n i r r i t a t i n g . When i m p l a n t e d , t h e r e a c t i o n i s 
l i m i t e d t o a m i l d f o r e i g n - b o d y r e a c t i o n a n d e n c a p s u l a t i o n o f t h e 
i m p l a n t i n f i b r o u s t i s s u e a s a n o r m a l p h y s i o l o g i c a l r e s p o n s e . 

P h y s i c a l P r o p e r t i e s o f M e d i c a l G r a d e S i l i c o n e E l a s t o m e r s 

T h e e a r l i e r m e d i c a l g r a d e s i l i c o n e e l a s t o m e r s v a r i e d p r i m a r i l y i n 
d u r o m e t e r ( S h o r e A , A S T M 2 2 4 0 ) f r o m a l o w o f a b o u t 3 0 t o a h i g h 
o f a b o u t 7 0 ( s o f t , m e d i u m a n d f i r m g r a d e s ) . D u r o m e t e r w a s v a r i e d 
p r i m a r i l y b y i n c r e a s i n g o r d e c r e a s i n g f i l l e r c o n t e n t . O t h e r 
p h y s i c a l p r o p e r t i e s v a r i e d e s s e n t i a l l y a s e x p e c t e d . H o w e v e r , a s 
t h e e l a s t o m e r s b e c a m e u s e d i n a p p l i c a t i o n s w h e r e p h y s i c a l p r o p e r 
t y r e q u i r e m e n t s w e r e m o r e d e m a n d i n g , s u c h a s i n t h e i m p l a n t s u s e d 
i n b o n e a n d j o i n t r e c o n s t r u c t i o n [9)9 t h e p e r f o r m a n c e o f c o n v e n 
t i o n a l m e d i c a l g r a d e e l a s t o m e r s w a s n o l o n g e r a d e q u a t e . 

T e c h n o l o g y f o r s u b s t a n t i a l l y i n c r e a s i n g t e a r p r o p a g a t i o n 
s t r e n g t h a n d r e s i s t a n c e t o f l a w p r o p a g a t i o n d u r i n g f a t i g u e 
f l e x i n g w a s d e v e l o p e d i n t h e e a r l y 1 9 7 0 ' s a l l o w i n g t h e d e v e l o p 
m e n t o f m e d i c a l g r a d e h i g h p e r f o r m a n c e s i l i c o n e e l a s t o m e r . C r a c k 
g r o w t h r e s i s t a n c e e v a l u a t i o n s w e r e d o n e b y A S T M D 8 1 3 . I n t h i s 
t e s t a D e M a t t i a s p e c i m e n i s f a t i g u e f l e x e d s h a r p l y a t t h e p r e c u t 
f l e x i o n g r o o v e t h r o u g h a 1 8 0 ° b e n d . T h e g r o w t h o f a n i n i t i a l 
t h r o u g h - a n d - t h r o u g h 2 MÏ\ ( 0 . 0 8 0 i n c h ) c u t i s m o n i t o r e d a s t h e 
s p e c i m e n i s f l e x e d 10 c y c l e s , o r u n t i l t h e c u t g r o w s t o 1 2 . 7 
mm ( 0 . 5 ) w h i c h e v e r o c c u r s f i r s t . W i t h c o n v e n t i o n a l m e d i u m 
h a r d n e s s m e d i c a l g r a d e s i l i c o n e e l a s t o m e r t h e l e n g t h o f t h e c u t 
t y p i c a l l y e q u a l l e d o r e x c e e d e d 1 2 . 7 mm a t 7 3 3 3 c y c l e s , w i t h a n 
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e x t r a p o l a t e d c a t g r o w t h r a t e e q u a l t o a p p r o x i m a t e l y 1 4 5 9 mm ( 5 7 . 3 
i n c h e s ) p e r 10 c y c l e s . B y c o m p a r i s o n , w i t h m e d i c a l g r a d e h i g h 
p e r f o r m a n c e s i l i c o n e e l a s t o m e r t h e t y p i c a l c u t g r o w t h r a t e w a s 
2 . 5 mm ( 0 . 1 i n c h ) a t 10 c y c l e s ( r e d u c e d b y a f a c t o r o f a p p r o x 
i m a t e l y 5 7 0 ) . 

L i s t e d i n T a b l e I a r e t y p i c a l p h y s i c a l p r o p e r t i e s o f m e d i c a l 
g r a d e h i g h p e r f o r m a n c e a n d c o n v e n t i o n a l s i l i c o n e e l a s t o m e r . 

F l e x - l i f e s t u d i e s w e r e c o n d u c t e d o n p r e f l a w e d f i n g e r j o i n t s . 
B e f o r e t e s t i n g , a 1 . 5 7 mm ( 0 . 0 6 5 2 i n c h ) t h r o u g h - a n d - t h r o u g h c u t 
w a s m a d e i n t h e c e n t e r o f t h e i m p l a n t h i n g e . T h e p l a n e o f t h e 
c u t w a s p e r p e n d i c u l a r t o t h e l o n g a x i s o f t h e i m p l a n t . I m p l a n t s 
f a b r i c a t e d f r o m c o n v e n t i o n a l m e d i c a l g r a d e s i l i c o n e e l a s t o m e r 
t y p i c a l l y s e p a r a t e d c o m p l e t e l y b y 9 0 , 0 0 0 f l e x e s . B y c o m p a r i s o n , 
i m p l a n t s f a b r i c a t e d f r o m h i g h p e r f o r m a n c e m e d i c a l g r a d e s i l i c o n e 
e l a s t o m e r r o u t i n e l y f l e x e d 9 m i l l i o n t i m e s w i t h a n i n c r e a s e i n 
f l a w s i z e b u t w i t h o u t s e p a r a t i o n  T h u s  i  v i t r  f l e x - l i f  i
f l a w e d f i n g e r j o i n t s w a

A f t e r q u a l i f i c a t i o y  b i o c o m p a t i b i l i t y
b i o d u r a b i l i t y e v a l u a t i o n s , c l i n i c a l s t u d i e s w e r e c o n d u c t e d t o 
c o n f i r m t h a t t h e i m p l a n t s w e r e h i g h l y d u r a b l e . M e d i c a l g r a d e 
h i g h p e r f o r m a n c e s i l i c o n e e l a s t o m e r h a s now b e c o m e u s e d i n 
v a r i o u s b i o m e d i c a l a p p l i c a t i o n s i n c l u d i n g c o n s t r u c t i o n o f f l e x i 
b l e b o n e a n d j o i n t i m p l a n t s a s d e s i g n e d b y S w a n s o n {9) ( F i g u r e s 
3 - 8 ) . 

A p p l i c a t i o n s f o r M e d i c a l G r a d e S i l i c o n e E l a s t o m e r s 

A r t i f i c i a l o r g a n s a n d i m p l a n t s f a b r i c a t e d f r o m s i l i c o n e e l a s t o m e r 
h a v e a l l o w e d o r i m p r o v e d t r e a t m e n t o f a v a r i e t y o f human h e a l t h 
c o n d i t i o n s w h e r e n o e q u a l l y e f f e c t i v e t r e a t m e n t i s o t h e r w i s e 
a v a i l a b l e . 

P l a s t i c & R e c o n s t r u c t i v e S u r g e r y 
T h e i m p l a n t s u s e d i n p l a s t i c a n d r e c o n s t r u c t i v e s u r g e r y s e r v e 

a s s p a c e - o c c u p y i n g t i s s u e a n d o r g a n s u b s t i t u t e s i n a p p l i c a t i o n s 
t h a t r e s u l t i n c o n t o u r o r c o s m e t i c c h a n g e s . T h e h a r d n e s s c a n b e 
v a r i e d w i t h i n l i m i t s t o s i m u l a t e t h e t e x t u r e o f t i s s u e s r e p l a c e d . 
I m p l a n t s u s e d i n r e c o n s t r u c t i o n o f t h e n o s e a n d c h i n ( 1 1 , 1 2 ) 
( F i g u r e s 9 - 1 1 ) a r e u s u a l l y r e l a t i v e l y f i r m t o s i m u l a t e b o n e . T h e 
e a r i m p l a n t ( 1 3 ) ( F i g u r e s 1 2 - 1 4 ) i s f l e x i b l e t o s i m u l a t e 
c a r t i l a g e . T h e i m p l a n t s u s e d f o r b r e a s t r e c o n s t r u c t i o n ( 1 4 ) 
( F i g u r e s 1 5 - 2 0 ) t y p i c a l l y c o n t a i n a s o l i d , t h i n s i l i c o n e 
e l a s t o m e r e n v e l o p e ( f a b r i c a t e d f r o m d i s p e r s i o n ) a n d f i l l e d w i t h a 
s o f t , c r o s s - l i n k e d s i l i c o n e g e l t o s i m u l a t e t h e t e x t u r e o f b r e a s t 
t i s s u e . C u s t o m i m p l a n t s f r o m e i t h e r s o l i d s i l i c o n e e l a s t o m e r , o r 
o f t h e s i l i c o n e g e l t y p e may a l s o b e p r e p a r e d t o m e e t 
o n e - o f - a - k i n d c o n t o u r n e e d s w i t h s p e c i f i c p a t i e n t s . 

O p h t h a l m o l o g y 
S i l i c o n e e l a s t o m e r i n b o t h s o l i d a n d s p o n g e f o r m i s u s e d a s a 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



P O L Y M E R I C M A T E R I A L S A N D A R T I F I C I A L O R G A N S 

F i g u r e 3. T y p i c a l a p p e a r a n c e o f a h a n d d e f o r m e d b y 
r h e u m a t o i d a r t h r i t i s a n d a c a n d i d a t e f o r r e c o n s t r u c t i o n b y 
i m p l a n t r e s e c t i o n a r t h r o p l a s t y . U l n a r d e v i a t i o n a n d 
s u b l u x a t i o n i n t h e m e t a t a r s o p h a l a n g e a l j o i n t s , a n d d e f o r m 
i t y o f t h e t h u m b a r e e v i d e n t . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



6. FRISCH Silicones in Artificial Organs 73 

F i g u r e 4 . A n x - r a y o f t h e h a n d s h o w n i n F i g u r e 3 c l e a r l y 
i l l u s t r a t e s t h e e x t e n t o f t h e d e f o r m i t i e s . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



74 P O L Y M E R I C M A T E R I A L S A N D A R T I F I C I A L O R G A N S 

F i g u r e 5. F l e x i b l e h i n g e f i n g e r j o i n t i m p l a n t s d e s i g n e d 
b y A l f r e d B . S w a n s o n , M . D . f o r u s e i n r e c o n s t r u c t i o n o f 
d i s e a s e d o r d e s t r o y e d f i n g e r j o i n t s . T h e h i g h f l e x u r a l 
d u r a b i l i t y o f t h e s e i m p l a n t s i s d e r i v e d f r o m t h e d e s i g n o f 
t h e l o a d - d i s t r i b u t i n g h i n g e a n d t h e f l e x u r a l f a t i g u e 
r e s i s t a n c e o f m e d i c a l g r a d e h i g h p e r f o r m a n c e s i l i c o n e 
e l a s t o m e r . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



6. FRISCH Silicones in Artificial Organs 75 

F i g u r e 6 . S u r g i c a l p l a c e m e n t o f t h e f l e x i b l e h i n g e f i n g e r 
j o i n t i m p l a n t . T h e m e t a c a r p a l h e a d i s r e m o v e d t o c r e a t e 
a n a p p r o p r i a t e j o i n t s p a c e a n d t h e i n t r a m e d u l l a r y c a n a l s 
a r e t h e n p r e p a r e d t o a c c e p t t h e i m p l a n t s t e m s . When t h e 
i m p l a n t i s p l a c e d i n p o s i t i o n t h e s t e m s f i t s e c u r e l y i n 
t h e i n t r a m e d u l l a r y c a n a l s w i t h t h e f l e x i b l e h i n g e p e r m i t 
t i n g 9 0 ° a c t i v e m o t i o n . J o i n t s p a c e i s m a i n t a i n e d b y 
t r a n s f e r o f t h e c o m p r e s s i v e f o r c e s o f j o i n t m o t i o n a c r o s s 
t h e i m p l a n t t o c o r t i c a l b o n e . C a r e f u l a t t e n t i o n t o 
r e c o n s t r u c t i o n s o f t e n d o n s , l i g a m e n t s , a n d j o i n t c a p s u l e s 
a n d p o s t o p e r a t i v e t h e r a p y a r e v e r y i m p o r t a n t i n t h i s 
p r o c e d u r e . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 7 . A p p e a r a n c e o f t h e h a n d s h o w n i n F i g u r e 3 a f t e r 
r e c o n s t r u c t i o n . T h e h a n d now h a s e s s e n t i a l l y a n o r m a l 
a p p e a r a n c e , i s p a i n - f r e e , m o b i l e , a n d f u n c t i o n a l . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRISCH Silicones in Artificial Organs 

F i g u r e 8. A n x - r a y o f t h e h a n d s h o w n i n F i g u r e 7 w i t h i m 
p l a n t s i n a l l o f t h e m e t a t a r s o p h a l a n g e a l j o i n t s . C o r r e c 
t i o n o f d e f o r m i t y i n t h e t h u m b i n c l u d e d f u s i o n o f t h e 
i n t e r p h a l a n g e a l j o i n t t o p r o v i d e a s t r o n g p i n c h s t r e n g t h . 
P o s t o p e r a t i v e l y , t h e p a t i e n t r e t u r n e d t o g a i n f u l e m p l o y 
m e n t . T h e i l l u s t r a t i o n s s h o w n i n F i g u r e s 3-8 a r e c o u r t e s y 
A l f r e d B . S w a n s o n , M . D . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



78 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 9 . C h i n i m p l a n t s m o l d e d f r o m m e d i c a l g r a d e s i l i 
c o n e e l a s t o m e r t o i n c r e a s e t h e p r o j e c t i o n o f t h e m a n d i b l e . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



6. FRISCH Silicones in Artificial Organs 79 

F i g u r e 1 0 . P r e o p e r a t i v e a p p e a r a n c e o f a p a t i e n t w h o 
b e l i e v e d h e r q u a l i t y o f l i f e w o u l d b e i m p r o v e d b y a c h i n 
a u g m e n t a t i o n . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 1 1 . P o s t o p e r a t i v e a p p e a r a n c e o f t h e s a m e p a t i e n t 
s h o w n i n F i g u r e 1 0 . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



6. FRISCH Silicones in Artificial Organs 81 

F i g u r e 1 2 . An e a r i m p l a n t m o l d e d f r o m m e d i c a l g r a d e 
s i l i c o n e e l a s t o m e r a n d u s e d a s a r t i f i c i a l c a r t i l a g e i n e a r 
r e c o n s t r u c t i o n . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 1 3 . P r e o p e r a t i v e a p p e a r a n c e o f a c h i l d w i t h a 
m i s s i n g e a r . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRISCH Silicones in Artificial Organs 

F i g u r e 1 4 . P o s t o p e r a t i v e a p p e a r a n c e o f t h e s a m e c h i l d 
s h o w n i n F i g u r e 13 f o l l o w i n g e a r r e c o n s t r u c t i o n w i t h t h e 
s i l i c o n e e l a s t o m e r i m p l a n t . H i s own s u b c u t a n e o u s t i s s u e 
a n d s k i n w e r e s h a p e d a r o u n d t h e s i l i c o n e f r a m e w o r k d u r i n g 
t h e p r o c e s s o f e a r r e c o n s t r u c t i o n . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



84 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 1 5 . P r e o p e r a t i v e a p p e a r a n c e o f a p a t i e n t who h a s 
u n d e r g o n e a u n i l a t e r a l m a s t e c t o m y f o r c a r c i n o m a o f t h e 
b r e a s t . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRISCH Silicones in Artificial Organs 

F i g u r e 1 6 . A p p e a r a n c e o f t h e p a t i e n t s h o w n i n F i g u r e 16 
f o l l o w i n g r e c o n s t r u c t i o n o f a b r e a s t s h a p e w i t h a 
s i l i c o n e - g e l t y p e mammary i m p l a n t . T h e n i p p l e may b e 
r e c o n s t r u c t e d b y e i t h e r a s p l i t t h i c k n e s s s k i n g r a f t f r o m 
t h e r e m a i n i n g n i p p l e , o r t h e c o l o r c a n b e e s t a b l i s h e d b y 
t a t t o o i n g . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 1 7 . P r e o p e r a t i v e a p p e a r a n c e o f a p a t i e n t w i t h 
c h r o n i c c y s t i c m a s t i t i s a n d a f a m i l y h i s t o r y o f b r e a s t 
c a n c e r , m a k i n g h e r a h i g h r i s k p a t i e n t a n d a c a n d i d a t e f o r 
p r o p h y l a c t i c s u b c u t a n e o u s m a s t e c t o m y t o s u b s t a n t i v e l y 
r e d u c e t h e p o t e n t i a l o f d e v e l o p i n g c a r c i n o m a o f t h e 
b r e a s t . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRISCH Silicones in Artificial Organs 

F i g u r e 1 8 . P o s t o p e r a t i v e a p p e a r a n c e o f t h e p a t i e n t s h o w n 
i n F i g u r e 17 f o l l o w i n g s i m p l e s u b c u t a n e o u s m a s t e c t o m y w i t h 
r e p l a c e m e n t o f b r e a s t t i s s u e b y s i l i c o n e - g e l mammary 
i m p l a n t s . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



88 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

F i g u r e 1 9 . P r e o p e r a t i v e a p p e a r a n c e o f a n a d u l t f e m a l e 
p a t i e n t w h o h a s n o t d e v e l o p e d n o r m a l f e m a l e b r e a s t c o n 
t o u r . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



FRISCH Silicones in Artificial Organs 

F i g u r e 2 0 . P o s t o p e r a t i v e a p p e a r a n c e o f t h e p a t i e n t s h o w n 
i n F i g u r e 19 f o l l o w i n g b r e a s t r e c o n s t r u c t i o n w i t h s i l i 
c o n e - g e l mammary i m p l a n t s . 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



9 0 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

s p a c e - o c c u p y i n g i m p l a n t t o b u c k l e t h e s c l e r a f o r t r e a t m e n t o f a 
d e t a c h e d r e t i n a ( 1 0 ) ( F i g u r e s 2 1 - 2 2 ) . S i l i c o n e i m p l a n t s a r e u s e d 
i n r e p a i r i n g f r a c t u r e o f t h e f l o o r o f t h e o r b i t . S p a c e - o c c u p y i n g 
i m p l a n t s a r e a l s o u s e d f o l l o w i n g e n u c l e a t i o n t o f i l l o r a d j u s t 
t h e v o i d l e f t b y r e m o v a l o f t h e e y e , a l l o w i n g a p r o s t h e t i c e y e t o 
b e w o r n . S i l i c o n e e l a s t o m e r t u b e s a r e o f t e n u s e d t o r e s t o r e 
p a t e n c y t o b l o c k e d o r d e s t r o y e d l a c r i m a l d u c t s . 

O r t h o p a e d i c S u r g e r y 
A v a r i e t y o f f l e x i b l e s i l i c o n e e l a s t o m e r i m p l a n t s h a v e b e e n 

d e v e l o p e d (9) f o r r e c o n s t r u c t i o n o f d i s e a s e d o r d e s t r o y e d s m a l l 
j o i n t s o f t h e b o d y . A t o t a l o f 1 4 d i f f e r e n t i m p l a n t s h a v e b e e n 
d e v e l o p e d , e a c h i n a r a n g e o f s i z e s , f o r r e c o n s t r u c t i o n o f 
f i n g e r s , t h u m b s , w r i s t s , e l b o w s , a n d f e e t . T h e d e v i c e s i n c l u d e a 
p a s s i v e t e n d o n i m p l a n t u s e d i n 2 - s t a g e p r o c e d u r e s f o r r e c o n s t r u c 
t i o n o f t e n d o n s . F i n g e r  w r i s t d  j o i n  i m p l a n t
a v a i l a b l e w i t h f l e x i b l
i n t r a m e d u l l a r y s t e m s w h i c h a i d i n p o s i t i o n i n g t h e i m p l a n t s a n d 
h e l p m a i n t a i n t h e i m p l a n t s p a c e r i n c o r r e c t a n a t o m i c a l p o s i t i o n . 
T h e i m p l a n t s a r e f a b r i c a t e d f r o m m e d i c a l g r a d e h i g h p e r f o r m a n c e 
s i l i c o n e e l a s t o m e r t o p r o v i d e m a x i m u m d u r a b i l i t y . 

C a r d i o v a s c u l a r S u r g e r y 
O n e o f t h e e a r l i e s t u s e s o f m e d i c a l g r a d e s i l i c o n e e l a s t o m e r 

i n c a r d i o v a s c u l a r s u r g e r y w a s f o r t h e b a l l i n t h e b a l l - a n d - c a g e 
h e a r t v a l v e ( F i g u r e 2 3 ) . I n t h e e a r l y I 9 6 0 ' s s o m e o f t h e s e 
v a l v e s f a i l e d b e c a u s e o f s w e l l i n g o f t h e s i l i c o n e e l a s t o m e r b a l l s 
d u e t o a b s o r p t i o n o f l i p i d - t y p e s u b s t a n c e s f r o m t h e b l o o d . T h i s 
r e s u l t e d i n e i t h e r l o s s o f b a l l m o t i o n b e c a u s e o f a t i g h t f i t 
w i t h i n t h e c a g e , o r f r a g m e n t a t i o n o f t h e b a l l s . H o w e v e r ; t h e 
d i f f i c u l t i e s w e r e t r a c e d t o i m p r o p e r p r o c e s s i n g o f t h e s i l i c o n e 
e l a s t o m e r , a n d w h e n t h e s e p r o c e s s i n g d i f f i c u l t i e s w e r e c o r r e c t e d 
t h e s e t y p e s o f p r o b l e m s w i t h s i l i c o n e e l a s t o m e r h e a r t v a l v e b a l l s 
h a v e n o t r e c u r r e d . 

O t h e r c a r d i o v a s c u l a r u s e s h a v e i n c l u d e d c o a t i n g s o n p a c e 
m a k e r s a n d p a c e m a k e r l e a d - w i r e s f o r p u r p o s e s o f i n s u l a t i o n a n d 
f o r a c h i e v i n g b i o c o m p a t i b i l i t y . M e d i c a l g r a d e s i l i c o n e e l a s t o m e r 
h a s b e e n w i d e l y u s e d a s a m a t e r i a l o f c o n s t r u c t i o n i n e x p e r i m e n 
t a l a r t i f i c i a l h e a r t s a n d h e a r t a s s i s t d e v i c e s . S i l i c o n e t u b i n g 
i s o f t e n p r e f e r r e d f o r u s e i n r o l l e r - t y p e b l o o d p u m p s d u r i n g 
c a r d i o p u l m o n a r y b y p a s s . M e d i c a l g r a d e s i l i c o n e e l a s t o m e r c o n 
t a i n s n o l e a c h a b l e o r o r g a n i c p l a s t i c i z e r s a n d t h u s c o n t r i b u t e s 
m i n i m a l c o n t a m i n a t i o n i n b l o o d c o n t a c t a p p l i c a t i o n s . 

M e d i c a l A p p l i c a t i o n s f o r S i l i c o n e F l u i d 

T h e b i o m e d i c a l c h a r a c t e r i s t i c s o f m e d i c a l g r a d e s i l i c o n e f l u i d 
( l i q u i d p o l y d i m e t h y l s i l o x a n e s ) h a v e b e c o m e w i d e l y m i s u n d e r s t o o d . 
T h i s i s p r i m a r i l y b e c a u s e o f t h e p u b l i c i t y g i v e n i n b o t h t h e l a y 
a n d p r o f e s s i o n a l p r e s s t o c o m p l i c a t i o n s a r i s i n g f r o m " s i l i c o n e 
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Sclera 

F i g u r e 21. D r a w i n g o f a c r o s s - s e c t i o n o f a n e y e w i t h 
d e t a c h e d r e t i n a w h i c h t y p i c a l l y r e s u l t s i n l o s s o f v i s i o n 
a n d r e t i n a l d e t e r i o r a t i o n . 

F i g u r e 22. C o r r e c t i o n o f d e t a c h e d r e t i n a b y s c l e r a l 
b u c k l i n g . A s i l i c o n e e l a s t o m e r b a n d c o m p l e t e l y e n c i r c l e s 
t h e e y e t o i n c r e a s e i n t r a o c c u l a r p r e s s u r e . A n e x t r a p a d 
o f m e d i c a l g r a d e s i l i c o n e i s o f t e n u s e d b e n e a t h t h e b a n d 
a t t h e p o i n t o f d e t a c h m e n t i n o r d e r t o b u c k l e t h e s c l e r a 
i n w a r d a n d p l a c e i t i n c o n t a c t w i t h t h e r e t i n a . R e a t t a c h 
m e n t may b e e n c o u r a g e d b y l a s e r b e a m o r d i a t h e r m y s t i m u l a 
t i o n . 
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F i g u r e 2 3 . B a l l - a n d - c a g e h e a r t v a l v e s c o n s t r u c t e d w i t h 
s i l i c o n e e l a s t o m e r b a l l s . C o m p a r e d t o m e t a l o r r i g i d 
p l a s t i c b a l l s , s i l i c o n e e l a s t o m e r b a l l s c r e a t e n o n o i s e a s 
t h e h e a r t b e a t s . P r o b l e m s f r o m s w e l l i n g a n d f r a g m e n t a t i o n 
o f t h e b a l l s w h i c h o c c u r r e d i n a f e w p a t i e n t s i n t h e 
m i d - 1 9 6 0 ' s w e r e t r a c e a b l e t o t h e p r o c e s s i n g t e c h n i q u e s 
u s e d i n f a b r i c a t i n g b a l l s , a n d w h e n o n c e c o r r e c t e d t h e 
p r o b l e m s h a v e n o t r e c u r r e d . S i l i c o n e b a l l s c o n t i n u e t o b e 
u s e d i n h e a r t v a l v e s . 
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f l u i d " i n j e c t i o n s . I n j e c t i o n i s a s e r i o u s m i s u s e s i n c e n o 
m a n u f a c t u r e r r e c o m m e n d s i n j e c t i o n a s a u s e f o r s i l i c o n e f l u i d , 
a n d n o s i l i c o n e f l u i d h a s b e e n a p p r o v e d v i a t h e FDA p r e m a r k e t 
a p p r o v a l a p p l i c a t i o n p r o c e s s f o r u s e a s a n i n j e c t a b l e . F u r t h e r 
m o r e , m a n y o f t h e c o m p l i c a t i o n s r e s u l t e d f r o m t h e i n j e c t i o n o f 
n o n - s i l i c o n e o r i n d u s t r i a l s i l i c o n e m a t e r i a l s a n d w e r e d o n e u n d e r 
u n c o n t r o l l e d , s c i e n t i f i c a l l y u n s o u n d c o n d i t i o n s . T h o s e m a k i n g 
t h e i n j e c t i o n s t y p i c a l l y r e p r e s e n t e d t o t h e i r p a t i e n t s t h a t t h e 
m a t e r i a l b e i n g i n j e c t e d w a s " m e d i c a l g r a d e s i l i c o n e f l u i d " 
w i t h o u t r e g a r d f o r i t s a c t u a l c o m p o s i t i o n . 

E s s e n t i a l l y a l l i n j e c t i o n m i s u s e s i n v o l v e d s u b d e r m a l i n j e c 
t i o n f o r p u r p o s e s o f s o f t t i s s u e a u g m e n t a t i o n . M a n y o f t h e 
c o m p l i c a t i o n s r e p o r t e d w e r e a s s o c i a t e d w i t h i n j e c t i o n s i n t o t h e 
f e m a l e b r e a s t . B y c o m p a r i s o n , i n c o n t r o l l e d c l i n i c a l i n v e s t i g a 
t i o n s ( w h e r e i n j e c t i o n s i n t o t h e f e m a l e b r e a s t w e r e s p e c i f i c a l l y 
e x c l u d e d ) , d o n e i n k e e p i n  w i t h r e g u l a t o r  p r o c e d u r e s  c l i n i c a l 
e v i d e n c e h a s s u g g e s t e d
s e l e c t e d c a s e s p r o p e r l y d o n e b y a t r a i n e d p h y s i c i a n , b e r e a s o n
a b l y s a f e a n d e f f e c t i v e f o r s o f t t i s s u e a u g m e n t a t i o n b y i n j e c 
t i o n . H o w e v e r ; a d e m o n s t r a t i o n o f s a f e t y a n d e f f i c a c y a s r e q u i r 
e d f o r p r e m a r k e t a p p r o v a l b y FDA h a s n o t b e e n a c c o m p l i s h e d . 
A c c o r d i n g l y , n o s i l i c o n e f l u i d s h o u l d b e a d m i n i s t e r e d t o h u m a n s 
b y i n j e c t i o n f o r a n y p u r p o s e u n l e s s d o n e a s p a r t o f a c o n t r o l l e d 
c l i n i c a l i n v e s t i g a t i o n a n d d o n e i n k e e p i n g w i t h a l l o f t h e 
r e g u l a t o r y p r o v i s i o n s . 

I n t h e i n t e r i m t h e r e a r e o t h e r i m p o r t a n t h e a l t h c a r e a p p l i c a 
t i o n s f o r s i l i c o n e f l u i d s . M a n y o f t h e s e i n v o l v e i t s u s e a s a 
l u b r i c a n t . T h e a v a i l a b i l i t y o f s i l i c o n e f l u i d a s a l u b r i c a n t f o r 
u s e o n d i s p o s a b l e h y p o d e r m i c n e e d l e s ( F i g u r e 2 4 ) c o n t r i b u t e d t o 
t h e d e v e l o p m e n t o f t h e d i s p o s a b l e h y p o d e r m i c n e e d l e . E s s e n t i a l l y 
a l l d i s p o s a b l e h y p o d e r m i c n e e d l e s a r e l u b r i c a t e d w i t h s i l i c o n e 
f l u i d t o p e r m i t e a s y i n s e r t i o n a n d r e m o v a l , a n d t o m i n i m i z e p a i n . 
P r i o r t o t h e u s e o f s i l i c o n e f l u i d l u b r i c a n t s d i s p o s a b l e n e e d l e s 
t e n d e d t o b e v e r y p a i n f u l a n d s o m e t i m e s b r o k e o r b e n t u p o n 
i n s e r t i o n . 

S i l i c o n e f l u i d i s a l s o u s e d t o l u b r i c a t e d i s p o s a b l e h y p o d e r 
m i c s y r i n g e s ( F i g u r e 2 5 ) . W i t h o u t a s u i t a b l e l u b r i c a n t i t i s 
u n l i k e l y t h a t t h e d i s p o s a b l e h y p o d e r m i c s y r i n g e w o u l d h a v e b e c o m e 
a v a i l a b l e . S i l i c o n e f l u i d l u b r i c a n t s a l l o w t h e r u b b e r p l u n g e r 
t i p t o s l i d e e a s i l y d o w n t h e m o l d e d p l a s t i c b a r r e l w h i l e i t 
c o n t i n u e s t o p r o v i d e a t i g h t s e a l t o p r e v e n t l e a k a g e o f t h e 
m a t e r i a l b e i n g i n j e c t e d o r i n f l o w o f a i r u p o n a s p i r a t i o n . 
S y r i n g e s t h u s l u b r i c a t e d may b e s t o r e d f o r l o n g p e r i o d s o f t i m e 
w i t h o u t c h a n g e i n t h e l u b r i c i t y p r o p e r t i e s o r t h e f o r c e r e q u i r e d 
f o r p l u n g e r m o v e m e n t , v e r y i m p o r t a n t c o n s i d e r a t i o n s i n t h e 
c o n t r o l o v e r t h e s p e e d a n d v o l u m e w i t h w h i c h i n j e c t i o n s a r e 
g i v e n . 

W i t h e a c h i n j e c t i o n a s m a l l a m o u n t o f s i l i c o n e i s d e p o s i t e d 
i n t h e p a t i e n t ' s t i s s u e f r o m t h e n e e d l e , a n d a l s o f r o m t h e 
s y r i n g e . H o w e v e r ; s t u d i e s (JL5) s u g g e s t t h a t i n t h e s e s m a l l 
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F i g u r e 2 4 . D i s p o s a b l e h y p o d e r m i c n e e d l e l u b r i c a t e d w i t h 
s i l i c o n e f l u i d . T h e u s e o f m e d i c a l g r a d e s i l i c o n e f l u i d 
l u b r i c a n t s m i n i m i z e p a i n a n d p e r m i t n e e d l e s t o b e i n s e r t e d 
a n d w i t h d r a w n f r o m t i s s u e w i t h m i n i m a l f o r c e a n d w i t h o u t 
b r e a k a g e o r b e n d i n g . 
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F i g u r e 2 5 . D i s p o s a b l e h y p o d e r m i c s y r i n g e w a s m a d e p o s s i 
b l e b y t h e a v a i l a b i l i t y o f m e d i c a l g r a d e s i l i c o n e f l u i d t o 
l u b r i c a t e t h e p l u n g e r . W i t h o u t a n a p p r o p r i a t e l u b r i c a n t 
i t w o u l d b e e s s e n t i a l l y i m p o s s i b l e t o m o v e t h e p l u n g e r t i p 
i n s i d e t h e m o l d e d p l a s t i c b a r r e l . S i l i c o n e f l u i d d o e s n o t 
d e t e r i o r a t e w i t h t i m e , t h u s s y r i n g e s may b e s t o r e d f o r 
l o n g p e r i o d s o f t i m e w i t h o u t c h a n g e i n t h e f o r c e s r e q u i r e d 
t o m o v e t h e p l u n g e r w i t h i n t h e b a r r e l . 
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q u a n t i t i e s s i l i c o n e f l u i d s e l i c i t n o a d v e r s e e f f e c t , e v e n w i t h 
p a t i e n t s w h o m u s t r e c e i v e i n j e c t i o n s f r e q u e n t l y s u c h a s t h o s e 
s u f f e r i n g f r o m d i a b e t e s . 

D I S C U S S I O N AND C O N C L U S I O N S 

A r t i f i c i a l o r g a n s a n d i m p l a n t s t o r e p l a c e d i s e a s e d , d e f e c t i v e , o r 
d e s t r o y e d c o m p o n e n t s o f t h e b o d y a r e u s e d b y e s s e n t i a l l y e v e r y 
m e d i c a l s p e c i a l t y . M e d i c a l g r a d e s i l i c o n e e l a s t o m e r i s t h e o n l y 
e l a s t o m e r g e n e r a l l y r e c o g n i z e d a s s a f e a n d e f f e c t i v e a s a m a t e r 
i a l o f c o n s t r u c t i o n f o r s o f t , f l e x i b l e , e l a s t o m e r i c i m p l a n t s . 
C a r e f u l l y c o n t r o l l e d f o r m u l a t i o n s h a v e b e e n q u a l i f i e d b y c h r o n i c 
b i o c o m p a t i b i l i t y a n d b i o d u r a b i l i t y s t u d i e s t o p r o v i d e a s o f t , 
f l e x i b l e , e l a s t o m e r i c m a t e r i a l o f c o n s t r u c t i o n t o m e e t m a n y o f 
t h e n e e d s i n t h e s e a p p l i c a t i o n s . 
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7 
Characteristics of an Implantable Elastomer 
Finger Joint Prosthesis Application 

H. B. LEE, H. QUACH, D. B. BERRY, and W. J. STITH 
Lord Corporation, Bioengineering Department, Erie, PA 16514 

Bion elastomer has been implanted i n humans as part 
of the Biomeric finger jo in t prosthesis for the past 
four years. C l i n i c a l trial experience of the Bio
meric prosthesis (over 500 jo in ts implanted) i n many 
research ins t i tu t ions has indicated that Bion e las 
tomer has excellen
biocompat ibi l i ty
terial have been reported. Marketing approval for 
the prosthesis has been granted by the FDA. Exten
sive characterization of the basic polymer and its 
compounded elastomer, Bion, has been done to support 
its use as an implantable material suitable for a 
var iety of medical appl icat ions . The material exh i 
b i t s excellent b iocompat ibi l i ty , is resistant to o x i 
dation, and is stable to i r r ad i a t i on at sterilization 
dose l eve l s . Other major advantages are its high 
f lex life and its low permeability by liquids. Phy
sical properties can be ta i lo red by judicious selec
t ion of polymer composition and elastomer formulation. 

Since the mid-1950 , s , a number of f inger prostheses have been de
veloped for res to r ing funct ion , co r rec t ing deformi t ies , and r e 
l i e v i n g pa in . Present ly the leading products on the market are 
the Swanson and Niebauer prostheses (Figure 1 ) . 

In ea r ly 1960, Swanson (1) introduced the use of s i l i c o n rub
ber i n t h i s a p p l i c a t i o n . A cruciform bar of S i l a s t i c provided 
support across the j o i n t and held the raw bone ends apart as a 
spacer. The major reported de f i c i enc i e s of Swanson*s product 
were f racture i n the stem and the l ack of s t a b i l i t y i n the j o i n t 
c a v i t y . 

The Niebauer j o i n t (2) i s made of a Dacron-reinforced s i l i c o n 
rubber. The stems are covered w i th a Dacron mesh i n t o which 
f ibrous t i s sue can grow, thus e f f e c t i v e l y l ock ing the stem i n 
p lace . I t s major def ic iency i s f racture across the hinge. 

Beckenbaugh (3) reported that the f racture rates of Swanson 

0097-6156/84/0256-0099S06.00/0 
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(A) Swanson j o i n t (Dow Corning) (B) Niebauer j o i n t (Sutter) 

(C) Biomeric j o i n t (Lord Corporation) 

Figure 1. Finger prosthesis. 
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and Niebauer prostheses, with an average follow-up of two and 
one-half years i n c l i n i c a l i n v e s t i g a t i o n , were 26.2% and 38.2%, 
respectively. 

In the early 1970 fs, Lord Corporation began to look toward 
the orthopaedic f i e l d as a natural extension of i t s expertise i n 
elastomeric bearings. The elastomeric bearing p r i n c i p l e applied 
to prostheses imparts s t a b i l i t y and con t r o l l e d motion without i n 
curring high r e s t r a i n i n g forces. The use of elastomer allowed 
the j o i n t design to consist of titanium stems f o r f i x a t i o n , a pin 
positioned transversely through the elastomeric section f o r l a t 
e r a l s t a b i l i t y , and an elastomer bridge bonded between the t i 
tanium stems. 

Selection of Elastomer 

Numerous elastomers wer  evaluated f o  finge  j o i n t prosthesi
a p p l i c a t i o n . Hexsyn showe
p l i c a t i o n . 

For several years, Goodyear supplied t h e i r compounded polymer 
under the name of Hexsyn to various research centers; namely, 
Monsanto Research Corporation (4), Washington University (5), 
National Bureau of Standards (6), Cleveland C l i n i c ( 7 ) , and Ther-
moelectron Corporation (8). These i n s t i t u t i o n s have research 
programs f o r physical t e s t i n g of polymers f o r use i n c i r c u l a t o r y 
a s s i s t devices and for the development and evaluation of a car
diac prosthesis funded by the NHLB-NIH. 

The objective of the f i r s t three i n s t i t u t i o n s 1 projects i s to 
develop short-term fatigue test methodologies that w i l l predict 
long-term i n v i t r o performance of elastomers used i n the devices 
and to evaluate the fatigue l i f e of candidate materials f o r po
t e n t i a l use i n the devices. Cleveland C l i n i c and Thermoelectron 
Corporation u t i l i z e t h i s elastomer f o r pumping diaphragms. 

Flex L i f e . K i r a l y and Hillegass (9) reported f l e x l i f e of v a r i 
ous polymers as shown i n Table I. Their r e s u l t s show c l e a r l y 
that the f l e x l i f e of Hexsyn i s superior to that of other e l a s 
tomers. 

P o i r i e r (10) at Thermoelectron Corporation investigated seven 
elastomers f o r blood pump bladder a p p l i c a t i o n s . The f l e x l i f e of 
diaphragms from the elastomers showed that Hexsyn, Pellethane, 
and Biomer were s i g n i f i c a n t l y superior to Tecoflex HR, Tecothane 
B, S i l a s t i c , and SRI. 

M c M i l l i n (11) at Monsanto investigated u n i a x i a l fatigue l i f e 
of various elastomers i n a i r , nitrogen, oxygen, s a l i n e , and blood 
environments. His method of accelerating fatigue indicated cut-
i n i t i a t e d fatigue t e s t i n g to be s i g n i f i c a n t i n predicting long-
term, low s t r a i n fatigue f a i l u r e . In t h i s respect, Hexsyn rubber 
was ranked number one among the test materials. 

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



102 POLYMERIC MATERIALS AND ARTIFICIAL ORGANS 

Table I . Flex L i f e of Various Polymers 
ASTM D430 DeMattia Test Machine 

Cycles to F a i l u r e 
Polymer ( m i l l i o n s ) 

S i l i c o n e rubber 0.8 
styrene-butadiene rubber 4 
natural rubber 4 
oxypropylene rubber 10 
ethylene-propylenediene-terpolymer 15 
Biomer 18 
Hexsyn 352 (no f a i l u r e ) 

B i o c o m p a t i b i l i t y . Primar
elastomer were conducte
t o r i e s at the u n i v e r s i t y of Tennessee, Johnson & Johnson Research 
Foundation, and North American Science Association using standard 
procedures. 

Results of primary acute t o x i c i t y screening t e s t s on medical 
grade Hexsyn elastomer are summarized i n Table I I and show excel
lent b i o c o m p a t i b i l i t y of the material and i t s extracts. 

Table I I . Biocompatibility Testing 
of Hexsyn 

Tests D i r e c t l y on Sample: 

Tissue Culture—Agar Overlay 
Intramuscular Implant (Rat) 
Intracutaneous Implant (Rat) 
Hemolysis Test 

Non-cytotoxic 
Non-toxic 
Non-toxic 
Not s i g n i f i c a n t 

Tests on Extracts: 

Tissue Culture—MEM E l u t i o n 
Intracutaneous Test (Rabbits) 
Systemic T o x i c i t y (Mice) 
C e l l Growth I n h i b i t i o n 
Ames Mutagenicity Test 

Non-cytotoxic 
N o n - i r r i t a t i n g 
No adverse e f f e c t s 
Not s i g n i f i c a n t 
Non-mutagenic 

Implantable Bion Elastomer 

In 1979, Lord Corporation became the sole supplier of Hexsyn 
rubber under lice n s e from Goodyear T i r e and Rubber Company. 
Minor changes were made i n the polymerization process of the 
basic polymer to compensate f o r larger scale production runs, and 
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the o r i g i n a l elastomer formulation was modified by s l i g h t l y r e 
ducing the l e v e l s of cure agents and s u l f u r . The new formula
t i o n , known as Bion, maintained physical properties and enhanced 
biocom p a t i b i l i t y . 

Composition. Bion polymer i s a terpolymer of 1-hexene and 
4-methyl-l,4-hexadiene and 5-methyl-l,4-hexadiene, the cross-
l i n k i n g agent. The polymer i s compounded with carbon black and 
t r a d i t i o n a l vulcanization aides. A standard formulation contains 
3 mol % c r o s s l i n k i n g agent (% r e l a t i v e to 1-hexene) and 50 phr 
carbon black loading. Elastomer f o r implantation use i s ex
tracted with an appropriate solvent i n a Soxhlet-type extractor 
to remove by-products of vulcanization and any leachable material. 

Polymer Properties. Physical c h a r a c t e r i s t i c s of the basic poly
mer are summarized i n Tabl

Table I I I . C h a r a c t e r i s t i c s of Bion Polymer 

Molecular weight: Mn = 0.6 - 1.0 χ 10 6 

Molecular weight d i s t r i b u t i o n : Mw/Mn = 1.5 - 1.8 
Gel content: Less than 3% 
Residual solvent: Less than 2% 
Color: White 

D i l u t e s o l u t i o n v i s c o s i t y measurements were made using a Can-
non-Fenske viscometer. Number average molecular weight (Mn) and 
weight average molecular weight (Mw) were calculated from v i s c o 
s i t y measurements and the Mark-Houwink Constants (12). Gel con
tent was determined by a modification of procedure ASTM D3616. 

Elastomer Properties. Mechanical properties, w e t t a b i l i t y , and 
swelling c h a r a c t e r i s t i c s of a t y p i c a l elastomer are summarized i n 
Table IV. 

Table IV. C h a r a c t e r i s t i c s of Bion Elastomer 

Flex l i f e (ASTM D430): over 300 χ 10 6 cycles 
Tensile strength: 13.1 MPa 
Elongation at breaking point: 350% 
Tear strength (ASTM D624, Die C): 24.5 KN/M 
Contact angle of water: l/2(0rec + 9adv) = 50° 
Swelling i n hexane at room temperature: 170 wt. % 
Swelling i n H20 at 37°C: 0.9 wt. % 
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Flex l i f e , a measure of rubber d e t e r i o r a t i o n by dynamic f a 
tigue, was determined on a DeMattia f l e x i n g machine (ASTM D430). 
Tensile and tear properties were determined on elastomer sheets 
(1/8 inch t h i c k ) using ASTM D412 and ASTM D624 respectively. The 
contact angle of water on the elastomer was measured with a cap
t i v e a i r bubble method (13). 

Resistance to I r r a d i a t i o n . Since medical devices are often 
s t e r i l i z e d by gamma-radiation, material properties must be main
tained a f t e r i r r a d i a t i o n . 

Physical properties of the Bion elastomer were measured f o l 
lowing i r r a d i a t i o n of one, three, and f i v e times the standard 
s t e r i l i z a t i o n dose l e v e l (2.5 Mrads). Tensile strength did not 
change s i g n i f i c a n t l y up to 12.7 Mrads i r r a d i a t i o n . Elongation 
and s w e l l a b i l i t y decreased while hardness increased with dosage 
due to increased c r o s s l i n k densit  I  th  rubber  Th  lo s f 
low molecular weight polyme
(Table V). 

Table V. Radiation E f f e c t s on Bion Elastomer 

(Tensile Properties) 

Dose 100% Modulus 300% Modulus Ultimate Ultimate 
(Mrads) (MPa) (MPa) Tensile (MPa) Elong. (%) 

0 1.5 8.3 13.1 430 
2.5 1.8 9.4 13.1 390 
7.6 2.0 9.7 11.7 350 

12.7 2.2 10.7 12.4 350 

(Hardness, Extractables, and Swelling) 

Dose Hardness Swelling i n hexane 
(Mrads) Shore A Extractable % Wt. Gain (%) 

0 61+1 1.0 168+3 
2.5 63+1 2.0 156+4 
7.6 63+1 2.4 15CH-2 

12.7 65+1 2.9 147+2 

Permeability. Bion elastomer has much less d i f f u s i o n of s i l i c o n 
o i l and water than s i l i c o n rubber under the same t e s t i n g condi
tions (ASTM D814). Comparative permeation rates are l i s t e d on 
Table VI. Applications demanding low permeable materials include 
implantation of encapsulated e l e c t r o n i c devices and s i l i c o n o i l -
f i l l e d breast prostheses. 
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Table VI. Permeation Rate of S i l i c o n O i l and Water 

Permeation Rate 
Membrane Diffusate gm/in 2 day 

Bion S i l i c o n o i l (a) 0.08 χ 10" 2 (b) 
S i l a s t i c (a) S i l i c o n o i l (a) 0.8 χ 10" 2 (b) 
Bion H 20 0.01 (c) 
S i l a s t i c (a) H20 0.2 (c) 

(a) : materials f o r breast implant supplied by Medical Engineering 
(b) : under vacuum at 37°C 
(c) : under forced a i r oven at 37°C 

Dispersion. The degre
obtaining reproducible and desirable c h a r a c t e r i s t i c s of any 
f i l l e d rubber. The advantage of f i n e p a r t i c l e f i l l e r s i s l o s t i f 
aggregates of p a r t i c l e s are not broken down and i f the p a r t i c l e s 
are not w e l l d i s t r i b u t e d throughout the elastomer. Therefore, 
a l l elastomers are evaluated f o r homogeneity of dispersion before 
being accepted f o r t e s t i n g and use. 

A simple q u a l i t a t i v e v i s u a l method f o r r a t i n g the dispersion 
of f i l l e r s (50phr carbon black) i n Bion elastomer was developed 
and i s i l l u s t r a t e d i n Figure 2 . A cross section of cured e l a s 
tomer i s examined under a binocular microscope to check gross 
dispersion of f i l l e r s . The v i s u a l dispersion i s rated against a 
set of standard photographs of dispersions which had previously 
been ranked and correlated with c e r t a i n important physical prop
e r t i e s . For example, i n Figure 3, the f l e x l i f e of a w e l l d i s 
persed elastomer was over 300 m i l l i o n cycles while that of a 
poorly dispersed one was below one m i l l i o n cycles. The c o r r e l a 
t i o n of physical properties to dispersion has been substantiated 
with other rubbers (14). 

Ef f e c t of Crosslinker Content 

A wide v a r i e t y of physical properties of Bion elastomer can be 
obtained through v a r i a t i o n of c r o s s l i n k e r amounts i n the raw 
polymer and of carbon black l e v e l s i n the compounded elastomer. 

Figure 3 shows t y p i c a l rheometer cure time curves of three 
Bion elastomers with d i f f e r e n t c r o s s l i n k e r l e v e l s at 50 phr car
bon black loading. With higher c r o s s l i n k e r content i n the poly
mer, the torque required to shear the rubber during vulcanization 
increased while cure time decreased. 

A t y p i c a l cure time of compounded elastomer having 50 phr 
carbon black and 3% c r o s s l i n k e r i n the raw polymer i s 48 minutes 
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Figure 2. Comparison of f i l l e r dispersion. 

Time (min) 

Figure 3. Effe c t of c r o s s - l i n k e r l e v e l on cure 
c h a r a c t e r i s t i c s . (Monsanto rheometer curves - 307 °F) 
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Table VII. Cure Time and Flex L i f e of Various Bion Elastomers 

Crosslinker Carbon Black Cure Time Flex L i f e 
Mole % (phr) (min.) (cycles) 

1 50 64 not determined 
1 65 66 not determined 
1 80 68 not determined 
3 35 46 not determined 
3 50 48 over 300 χ 10 6 (no f a i l u r e ) 
3 80 50 over 8 χ 10 6 (no f a i l u r e ) 
3 100 50 3 χ 10 6 ( f a i l u r e ) 

at 307°F; material containin
longer cure time of 68

Physical properties of various Bion elastomers with v a r i a t i o n 
of c r o s s l i n k e r amounts i n the raw polymer and carbon black l e v e l s 
i n the compounded elastomer are summarized i n Table V I I I . 

O v e r a l l , as cr o s s l i n k e r content increased, cure time substan
t i a l l y decreased. As cr o s s l i n k e r content increases, modulus and 
hardness increase but ultimate t e n s i l e strength, elongation and 
swelling decrease. Permeability to water was unchanged. 

Ef f e c t of Carbon Black Loading 

Unlike c r o s s l i n k e r content, the l e v e l of carbon black i n the 
elastomer did not s i g n i f i c a n t l y a f f e c t cure time (Table VII) but 
did have a dramatic e f f e c t upon f l e x fatigue l i f e . In order to 
obtain high f l e x l i f e , the maximum loading of carbon black was 
l i m i t e d to 80 phr. 

Tear resistance, modulus, and hardness increase along with 
the f i l l e r content. 

M a t e r i a l c h a r a c t e r i s t i c s can be t a i l o r e d to s u i t a desired 
a p p l i c a t i o n . For example, blood c o m p a t i b i l i t y of various Bion 
elastomers was investigated i n the a t r i a of goats by Dr. W i l 
liams' group (15) i n Toronto. I n i t i a l r e s u l t s indicated that 
elastomers containing high l e v e l s of carbon black showed greater 
thrombo resistance than those with lower amounts or no carbon 
black. 

Conclusion 

Bion elastomer i s an implantable material suitable f o r a var i e t y 
of medical ap p l i c a t i o n s . The material e x h i b i t s excellent biocom
p a t i b i l i t y , i s res i s t a n t to oxidation, and i s stable to i r r a d i a 
t i o n at s t e r i l i z a t i o n dose l e v e l s . Major advantages are i t s high 
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f l e x l i f e and i t s low permeabi l i ty by l i q u i d s . Phys i ca l proper
t i e s can be t a i l o r e d by jud ic ious s e l e c t i o n of polymer composi
t i o n and elastomer formulat ion. 

Bion elastomer has been implanted i n humans as part of the 
Biomeric f inger j o i n t prosthesis for the past four years . 
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The Current Status of Prosthetic Heart Valves 

AJIT P. YOGANATHAN, E. C. HARRISON, and R. H. FRANCH 

Bio Fluid Dynamics Laboratory, School of Chemical Engineering, Georgia Institute of 
Technology, Atlanta, GA 30332 

The main objective of the study is to correlate the 
in v i t ro fluid dynamic performances of prosthetic 
heart valves with the i r i n vivo clinical and 
pathological charac ter i s t ics . The aim is to c lea r ly 
document any relat ionship  betwee  i  vitro f l u i d 
dynamic performanc
pathological finding  complications
valve prostheses have been used successfully since 
1960. Of the nearly 50 different cardiac valves 
introduced over the past 22 years, many have been 
discarded due to the i r lack of success, and of those 
remaining, several modifications have been made. 
The most commonly used basic types of prosthetic 
valves are: (a) caged ball, (b) tilting d i s c , 
(c) caged d i s c , (d) bi-leaflet and (e) bioprostheses. 
The most serious problems and complications associ
ated with valve prostheses are: (a) thromboembolism, 
(b) t issue overgrowth, (c) in fec t ion , (d) tearing 
of sewing sutures, (e) hemolysis, (f) valve fa i lu re 
due to material fatigue or chemical change, (g) 
damage to the endothelial t issue l i n i n g of the 
vessel wall adjacent to the valve, (h) large pressure 
gradients especia l ly under exercise conditions, and 
(i) excess regurgi tat ion. Problems (a), (b), (e) , 
(g) - ( i ) are directly related to the fluid dynamics 
associated with the different prosthetic valve 
designs, and are discussed in deta i l i n th is paper. 

H e a r t v a l v e p r o s t h e s e s h a v e b e e n u s e d s u c c e s s f u l l y s i n c e 1 9 6 0 . 
A s s t a t e d b y R o b e r t s {Vj t h e d e c a d e o f 1 9 6 0 w i l l p r o b a b l y be 
r e m e m b e r e d m o s t i n t h e a n n a l s o f c a r d i o l o g y a s t h e d e c a d e d u r i n g 
w h i c h c a r d i a c v a l v e r e p l a c e m e n t became a s u c c e s s f u l r e a l i t y . O f 
t h e n e a r l y 50 d i f f e r e n t c a r d i a c v a l v e s i n t r o d u c e d o v e r t h e p a s t 
2 2 y e a r s , many h a v e b e e n d i s c a r d e d d u e t o t h e i r l a c k o f s u c c e s s , 
a n d o f t h o s e r e m a i n i n g , s e v e r a l m o d i f i c a t i o n s h a v e b e e n made o r 
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a r e b e i n g m a d e a t t h e t i m e o f t h i s w r i t i n g . T h e m o s t c o m m o n l y 
u s e d b a s i c t y p e s o f p r o s t h e t i c v a l v e s a t p r e s e n t a r e ( a ) c a g e d 
b a l l , ( b ) t i l t i n g d i s c , ( c ) c a g e d d i s c , ( d ) b i - l e a f l e t a n d ( e ) 
b i o p r o s t h e s e s . A t p r e s e n t o v e r 7 5 , 0 0 0 p r o s t h e t i c v a l v e s o f 
d i f f e r e n t d e s i g n s a r e u s e d a n n u a l l y t h r o u g h o u t t h e w o r l d . E v e n 
a f t e r 2 0 y e a r s o f e x p e r i e n c e t h e p r o b l e m s a s s o c i a t e d w i t h h e a r t 
v a l v e p r o s t h e s e s h a v e n o t b e e n t o t a l l y e l i m i n a t e d . T h e m o s t 
s e r i o u s p r o b l e m s a n d c o m p l i c a t i o n s a s s o c i a t e d w i t h h e a r t v a l v e 
p r o s t h e s e s a r e : ( a ) t h r o m b o e m b o l i s m , ( b ) t i s s u e o v e r g r o w t h , ( c ) 
i n f e c t i o n , ( d ) t e a r i n g o f s e w i n g s u t u r e s , ( e ) r e d c e l l d e s t r u c 
t i o n ( h e m o l y s i s ) , ( f ) v a l v e f a i l u r e d u e t o m a t e r i a l f a t i g u e o r 
c h e m i c a l c h a n g e , ( g ) d a m a g e t o t h e e n d o t h e l i a l t i s s u e l i n i n g o f 
t h e v e s s e l w a l l a d j a c e n t t o t h e v a l v e a n d ( h ) l e a k s c a u s e d b y 
f a i l u r e o f t h e v a l v e t o c l o s e p r o p e r l y . P r o b l e m s ( a ) , ( b ) , ( e ) 
a n d ( g ) a r e d i r e c t l y r e l a t e d t o t h e f l u i d d y n a m i c s a s s o c i a t e d 
w i t h t h e v a r i o u s p r o s t h e t i  h e a r  v a l v e s d d  b
a d d r e s s e d i n m o r e d e t a i
m e c h a n i c s . T h e o t h e r p r o b l e m s a r e i n d i r e c t l y r e l a t e d t o t h e 
f l u i d m e c h a n i c s . T h e p r o b l e m s r e l a t i n g t o v a l v e f a i l u r e d u e t o 
m a t e r i a l f a t i g u e o r c h e m i c a l c h a n g e a l s o n e e d t o b e s t u d i e d 
e s p e c i a l l y a s t h e y r e l a t e t o b i o p r o s t h e s e s . 

T i s s u e b i o p r o s t h e s e s g a i n e d w i d e s p r e a d u s e d u r i n g t h e m i d -
1 9 7 0 ' s . I t w a s e v e n n a i v e l y t h o u g h t b y s o m e o f t h e t i s s u e v a l v e 
m a n u f a c t u r e r s t h a t t h e i d e a l h e a r t v a l v e p r o s t h e s i s h a d b e e n 
d i s c o v e r e d . T h e m a j o r a d v a n t a g e o f t i s s u e b i o p r o s t h e s e s c o m 
p a r e d t o t h e i r m e c h a n i c a l c o u n t e r p a r t s i s t h a t t h e y h a v e a l o w e r 
i n c i d e n c e o f t h r o m b o e m b o l i c c o m p l i c a t i o n s . T h e r e f o r e , t i s s u e 
v a l v e s f o r a l a r g e p a r t c a n b e u s e d w i t h o u t a n t i c o a g u l a t i o n 
t h e r a p y t o e l i m i n a t e o r r e d u c e t h r o m b o e m b o l i c c o m p l i c a t i o n s . 
U n f o r t u n a t e l y , t h e t i s s u e b i o p r o s t h e s e s c l i n i c a l l y u s e d a t 
p r e s e n t a l s o h a v e m a j o r d i s a d v a n t a g e s s u c h a s : ( a ) r e l a t i v e l y 
l a r g e p r e s s u r e d r o p s c o m p a r e d t o s o m e o f t h e m e c h a n i c a l v a l v e s , 
e s p e c i a l l y i n t h e s m a l l e r s i z e s , ( b ) j e t - l i k e f l o w t h r o u g h t h e 
v a l v e l e a f l e t s , ( c ) m a t e r i a l f a t i g u e a n d / o r w e a r o f v a l v e 
l e a f l e t s , ( d ) c a l c i f i c a t i o n o f v a l v e l e a f l e t s , e s p e c i a l l y i n 
c h i l d r e n a n d y o u n g a d u l t s . B e c a u s e o f t h e s e a n d o t h e r d r a w b a c k s , 
v a l v e m a n u f a c t u r e r s a r e now d e v e l o p i n g n e w d e s i g n s o f m e c h a n i c a l 
v a l v e s s u c h a s t h e S t . J u d e , H a l l - K a s t e r a n d O m n i - S c i e n c e 
p r o s t h e s e s , n e w e r d e s i g n s o f b i o p r o s t h e s e s a n d t r i l e a f l e t v a l v e s 
m a d e f r o m p o l y m e r i c m a t e r i a l s . 

T h e i d e a l h e a r t v a l v e p r o s t h e s i s h a s n o t y e t b e e n d e s i g n e d 
a n d p r o b a b l y w i l l n e v e r e x i s t . A n i d e a l v a l v e s h o u l d h a v e t h e 
f o l l o w i n g c h a r a c t e r i s t i c s : 
1 . B e f u l l y s t e r i l e a t t h e t i m e o f i m p l a n t a t i o n a n d b e n o n t o x i c . 
2 . B e s u r g i c a l l y c o n v e n i e n t t o i n s e r t a t o r n e a r t h e n o r m a l 

l o c a t i o n i n t h e h e a r t . 
3 . C o n f o r m t o t h e h e a r t s t r u c t u r e r a t h e r t h a n t h e h e a r t 

s t r u c t u r e c o n f o r m i n g t o t h e v a l v e ( i . e . , t h e s i z e a n d s h a p e 
o f t h e p r o s t h e s i s s h o u l d n o t i n t e r f e r e w i t h c a r d i a c f u n c t i o n ) . 
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4 . S h o w a m i n i m u m r e s i s t a n c e t o f l o w s o a s t o p r e v e n t a 
s i g n i f i c a n t p r e s s u r e d r o p a c r o s s t h e v a l v e . 

5 . H a v e m i n i m a l r e v e r s e f l o w n e c e s s a r y f o r v a l v e c l o s u r e , s o 
a s t o k e e p t h e i n c o m p e t e n c e o f t h e v a l v e a t a l o w l e v e l . 

6 . S h o w l o n g m e c h a n i c a l a n d s t r u c t u r a l w e a r o f t h e v a l v e . 
7 . B e l o n g - l a s t i n g ( ^ 2 5 y e a r s ) , a n d m a i n t a i n i t s n o r m a l 

f u n c t i o n a l p e r f o r m a n c e ( i . e . , m u s t n o t d e t e r i o r a t e w i t h 
t i m e ) . 

8 . C a u s e m i n i m u m t r a u m a t o b l o o d e l e m e n t s a n d t h e e n d o t h e l i a l 
t i s s u e o f t h e c a r d i o v a s c u l a r s t r u c t u r e s u r r o u n d i n g t h e v a l v e . 

9 . S h o w a l o w p r o b a b i l i t y f o r t h r o m b o e m b o l i c c o m p l i c a t i o n s 
w i t h o u t t h e u s e o f a n t i c o a g u l a n t s . 

1 0 . S h o u l d n o t b e n o i s y a n d d i s t u r b t h e p a t i e n t . 
1 1 . S h o u l d b e r a d i o g r a p h i c a l l y v i s i b l e . 
1 2 . S h o u l d h a v e a m o d e s t p r i c e . 

A s s t a t e d p r e v i o u s l
e x c e s s t i s s u e o v e r g r o w t h
t o t h e e n d o t h e l i a l l i n i n g o f t h e v e s s e l w a l l a d j a c e n t t o t h e 
v a l v e a r e d i r e c t l y r e l a t e d t o t h e f l u i d d y n a m i c s a s s o c i a t e d w i t h 
t h e v a r i o u s t y p e s o f v a l v e p r o s t h e s e s . B l a c k s h e a r a n d h i s c o 
w o r k e r s ( 2 , 3 ) s u g g e s t t h a t t h e s h e a r s t r e s s e s r e q u i r e d i n t h e 
b u l k o f t h e " f l o w t o h e m o l y z e r e d b l o o d c e l l s a r e a b o u t 4 0 , 0 0 0 
d y n e s / c m 2 . N e v a r i l a n d h i s c o - w o r k e r s ( 4 ) c o n t e n d , h o w e v e r , 
t h a t t h i s v a l u e c o u l d b e a s l o w a s 1 5 0 0 d y n e s / c m 2 . I n v i t r o 
e x p e r i m e n t s ( 5 - 7 ) h a v e a l s o r e c e n t l y s h o w n t h a t p l a t e l e t s c o u l d , , 
be d a m a g e d b y s h e a r s t r e s s e s o f t h e o r d e r o f 1 0 0 - 5 0 0 d y n e s / c m . 
A f o r m e d e l e m e n t s u c h a s a r e d b l o o d c e l l w h i c h a d h e r e s t o t h e 
v e s s e l w a l l o r t o a f o r e i g n s u r f a c e ( s u c h a s t h e v a l v e s u p e r 
s t r u c t u r e ) may b e d a m a g e d b y s h e a r s t r e s s e s o f t h e o r d e r o f 
1 0 - 1 0 2 d y n e s / c m ^ ( 2 , 3 , 8 ) . L l o y d e t a l . , ( 9 ) i n d i c a t e t h a t 
s u b l e t h a l d a m a g e t o r e d b l o o d c e l l s c o u l d o c c u r a t s h e a r s t r e s s e s 
o n t h e o r d e r o f 5 0 0 d y n e s / c m 2 o r l e s s . A r e c e n t s t u d y b y 
M c l n t y r e ( 1 0 ) i n d i c a t e s t h a t t h e r e d b l o o d c e l l s o f h e a r t v a l v e 
p a t i e n t s a r e m o r e f i l t e r a b l e i n m i c r o p o r e s t h a n c o m p a r e d t o 
n o r m a l s u b j e c t s , d u e t o s u b l e t h a l d a m a g e t o t h e r e d c e l l s o f 
v a l v e r e c i p i e n t s . L e t h a l d a m a g e t o r e d b l o o d c e l l s c a u s e s 
h e m o l y s i s w h i c h i n t u r n l e a d s t o a n e m i a . S u b l e t h a l a n d / o r 
l e t h a l d a m a g e t o r e d b l o o d c e l l s c o u l d a l s o l e a d t o p l a t e l e t 
a d h e s i o n , a g g r e g a t i o n a n d c o a g u l a t i o n , r e s u l t i n g i n t h r o m b u s 
f o r m a t i o n . M e c h a n i c a l d a m a g e t o p l a t e l e t s ( l e t h a l a n d s u b l e t h a l ) 
w i l l e v e n t u a l l y l e a d t o t h r o m b o e m b o l i c c o m p l i c a t i o n s . 

F r y ( 1 1 , 1 2 ) h a s c o n d u c t e d t w o s t u d i e s o n t h e e f f e c t s o f 
w a l l s h e a r o n t h e e n d o t h e l i a l l i n i n g o f t h e a o r t i c w a l l . He 
f o u n d t h a t t h e e n d o t h e l i a l c e l l s o n t h e v e s s e l w a l l c o u l d be 
d a m a g e d a t w a l l - s h e a r s t r e s s e s o f a b o u t 4 0 0 d y n e s / c n r a n d c o u l d 
b e e r o d e d o f f t h e v e s s e l w a l l a t s h e a r s t r e s s e s o f a b o u t 9 5 0 
d y n e s / c m 2 . He o b s e r v e d t h a t w h e n t h e e n d o t h e l i a l s u r f a c e w a s 
e x p o s e d t o s h e a r i n g s t r e s s e s a b o v e s o m e c r i t i c a l v a l u e ( 4 0 0 
d y n e s / c m 2 ) t h e c e l l s b e g a n t o s u f f e r s t r u c t u r a l a n d c h e m i c a l 
c h a n g e s . T h e c r i t i c a l s t r e s s i s k n o w n a s t h e " y i e l d i n g " s t r e s s . 
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I f a s h e a r i n g s t r e s s a b o v e t h e c r i t i c a l v a l u e i s a p p l i e d f o r a 
l o n g t i m e p e r i o d , t h e y i e l d i n g p r o c e s s c o n t i n u e s u n t i l t h e c e l l s 
b e c o m e m e c h a n i c a l l y u n s t a b l e a n d a r e w a s h e d a w a y f r o m t h e i r 
m o o r i n g s t o t h e b a s e m e n t m e m b r a n e i n t o t a l o r b y p r o g r e s s i v e 
e r o s i o n o f c e l l s u b s t a n c e . A s t h e e r o d e d s u r f a c e o f t h e v e s s e l 
w a l l i s e x p o s e d t o t h e f l o w i n g b l o o d , d e p o s i t i o n o f b l o o d e l e m e n t s 
a n d t h r o m b o t i c m a t e r i a l s o c c u r . F r y f o u n d t h a t t h e d e p o s i t e d 
m a t e r i a l c o n s i s t e d o f f i b r o u s t i s s u e , p l a t e l e t s , r e d b l o o d c e l l s , 
a n d o t h e r u n i d e n t i f i e d d e b r i s . He s t a t e s t h a t s u c h d e p o s i t i o n 
c o u l d l e a d t o i n t i m a i t h i c k e n i n g o f t h e v e s s e l w a l l . W o o l f a n d 
C a r s t a i r s ( 1 3 ) s t a t e t h a t t h e f i b r o u s t i s s u e o b s e r v e d o n t h e 
a o r t i c w a l l a s a r e s u l t o f i n t i a m a l t h i c k e n i n g o w e s i t s p r e s e n c e 
t o e i t h e r i n f i l t r a t i o n o r t h r o m b u s f o r m a t i o n , o r a c o m b i n a t i o n 
o f t h e s e t w o f a c t o r s . 

P l a t e l e t s d o n o t a d h e r e t o i n t a c t e n d o t h e l i a l c e l l s b u t t h e y 
d o a d h e r e t o s u b e n d o t h e l i a l c o n n e c t i v  t i s s u d f 
c o l l a g e n a n d o t h e r m a t e r i a l s
t o c o l l a g e n f i b e r s o n c g
i s d a m a g e d o r e r o d e d o f f . T h e a d h e s i o n o f p l a t e l e t s t o t h e 
d a m a g e d v e s s e l l e a d s t o t h e s u b s e q u e n t r e l e a s e o f ADP a n d 
p l a t e l e t f a c t o r 3 ( P F - 3 ) . T h e s e s u b s t a n c e s p l a y a n a c t i v e r o l e 
i n p l a t e l e t a g g r e g a t i o n a n d c o a g u l a t i o n , r e s p e c t i v e l y , a n d m a y 
l e a d t o t h r o m b u s f o r m a t i o n . A r e d b l o o d c e l l w i l l n o t s t i c k t o 
t h e i n t a c t e n d o t h e l i a l l i n i n g o f a v e s s e l w a l l . I f , h o w e v e r , t h e 
v e s s e l i n t i m a i s d a m a g e d r e s u l t i n g i n a l o s s o f e n d o t h e l i a l 
i n t e g r i t y , r e d b l o o d c e l l s c o u l d a d h e r e o n t o t h e v e s s e l w a l l . 
I f t h e a d h e r e d r e d b l o o d c e l l i s e x p o s e d t o s h e a r s o n t h e o r d e r 
o f 10 t o 1 0 0 d y n e s / c m 2 i t w i l l p r o b a b l y be l e t h a l l y d a m a g e d a n d 
h e m o l y z e d . R e d b l o o d c e l l s c o n t a i n ADP a n d a c l o t - p r o m o t i n g 
f a c t o r k n o w n a s e r y t h r o c i n . T h e s e s u b s t a n c e s a r e r e l e a s e d i n t o 
t h e p l a s m a a s a r e s u l t o f h e m o l y s i s , i n i t i a t i n g b o t h p l a t e l e t 
a g g r e g a t i o n a n d c o a g u l a t i o n , w h i c h i n t u r n may l e a d t o t h r o m b u s 
f o r m a t i o n . 

T h e m e c h a n i c a l d a m a g e t o t h e b l o o d e l e m e n t s , a s w e l l a s t o 
t h e e n d o t h e l i a l t i s s u e o f t h e a d j a c e n t v e s s e l w a l l , m a y i n 
a d d i t i o n t r i g g e r t h e c o m p l e x b i o c h e m i c a l r e a c t i o n s w h i c h c o u l d 
l e a d t o t h e e x c e s s f i b r o u s t i s s u e o v e r g r o w t h o b s e r v e d o n s o m e 
r e c o v e r e d h e a r t v a l v e s . T h e r e f o r e , l a r g e w a l l a n d b u l k t u r b u l e n t 
s h e a r s t r e s s e s c o u l d c a u s e s e r i o u s p r o b l e m s a n d c o m p l i c a t i o n s 
i n v i v o . 

I t i s a l s o w e l l k n o w n t h a t r e g i o n s o f f l o w s t a g n a t i o n , f l o w 
s e p a r a t i o n a n d e x c e s s i v e l y l o w s h e a r , i n t h e i m m e d i a t e v i c i n i t y 
o f t h e v a l v e s u p e r s t r u c t u r e h a v e b e e n r e l a t e d t o t h r o m b u s 
f o r m a t i o n a n d / o r e x c e s s t i s s u e o v e r g r o w t h o n t h e p r o s t h e s i s . 
T h e f l o w v e l o c i t y , s h e a r s t r e s s a n d p r e s s u r e f i e l d s i n t h e 
i m m e d i a t e v i c i n i t y o f a g i v e n h e a r t v a l v e p r o s t h e s i s d e s i g n a r e 
d i r e c t l y r e l a t e d t o t h e f l u i d d y n a m i c c h a r a c t e r i s t i c s o f t h e 
p r o s t h e s i s . T h e r e f o r e , d e t a i l e d i n v i t r o f l u i d d y n a m i c s t u d i e s 
s h o u l d h e l p p r e d i c t p o t e n t i a l p r o b l e m s a n d c o m p l i c a t i o n s t h a t m a y 
a r i s e i n v i v o w i t h d i f f e r e n t d e s i g n s o f p r o s t h e t i c h e a r t v a l v e s . 
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M e t h o d o l o g y 

A n e x t e n s i v e s t u d y o f t h e l i t e r a t u r e w a s u n d e r t a k e n , a n d r e s u l t s 
f r o m o v e r 4 5 0 a r t i c l e s i n b o t h t h e m e d i c a l a n d e n g i n e e r i n g 
l i t e r a t u r e w e r e u t i l i z e d ( 1 4 0 . T h e r e s u l t s f o r t h e f o l l o w i n g 
h e a r t v a l v e p r o s t h e s e s a r e s u m m a r i z e d i n t h i s p a p e r : ( a ) S t a r r -
E d w a r d s b a l l v a l v e s , ( b ) K a y - S h i l e y d i s c v a l v e , ( c ) B e a l l d i s c 
v a l v e , ( d ) B j o r k - S h i l e y t i l t i n g d i s c v a l v e , ( e ) H a n c o c k p o r c i n e 
v a l v e , a n d ( f ) S t . J u d e b i - l e a f l e t v a l v e . T h e s e v a l v e p r o s t h e s e s 
s h o w n i n F i g u r e s 1 t h r o u g h 6 w e r e c h o s e n b e c a u s e o f t h e i r p a s t 
a n d / o r p r e s e n t p o p u l a r i t y i n c l i n i c a l u s e . T h e y a l s o e n c o m p a s s 
a l l t h e b a s i c d e s i g n s o f v a l v e p r o s t h e s e s u s e d d u r i n g t h e p a s t 
t w o d e c a d e s . 

I n v i v o p r e s s u r e d r o p , i n v i t r o p r e s s u r e d r o p a n d r e g u r g i 
t a t i o n ( r e f l u x a n d l e a k a g e ) , h e m o l y s i s , a n d t h r o m b o e m b o l i c 
c o m p l i c a t i o n ( T E C ) d a t
o f t h e a b o v e v a l v e s . T h
o b t a i n e d i n m o s t i n s t a n c e s f r o m p u l s a t i l e f l o w m e a s u r e m e n t s . 
T h e i n v i v o p r e s s u r e d r o p r e s u l t s p r e s e n t e d f o c u s p r i m a r i l y o n 
p a t i e n t s who w e r e e l e c t i v e l y c a t h e t e r i z e d a n d w h o d i d n o t h a v e 
a n y c l i n i c a l p r o b l e m s r e l a t e d t o t h e p r o s t h e s i s . T h e r e s u l t s 
s h o u l d t h e r e f o r e r e f l e c t t h e i n v i v o h e m o d y n a m i c p e r f o r m a n c e o f 
n o r m a l l y f u n c t i o n i n g p r o s t h e s e s . V a l v e a r e a s ( V A ) , o r o t h e r w i s e 
k n o w n a s t h e e f f e c t i v e o r i f i c e a r e a s , w e r e c a l c u l a t e d b y t h e 
v a r i o u s i n v e s t i g a t o r s f r o m t h e G o r l i n o r m o d i f i e d G o r l i n 
f o r m u l a e ( 1 5 ) . T h e i n v i v o v a l v e a r e a s g i v e a g o o d q u a l i t a t i v e 
a n d / o r q u a n t i t a t i v e r a n k i n g f o r t h e i n v i v o p r e s s u r e d r o p 
c h a r a c t e r i s t i c s o f t h e v a r i o u s v a l v e s . I f d i f f e r e n t v a l v e 
d e s i g n s a r e s t u d i e d b y t h e s a m e i n v e s t i g a t o r s a n d / o r a t t h e 
s a m e m e d i c a l c e n t e r , t h e r e s u l t s h a v e m o r e q u a n t i t a t i v e 
s i g n i f i c a n c e . E v e n t h o u g h t h e a b s o l u t e v a l u e s o f VA may v a r y 
f r o m c e n t e r t o c e n t e r f o r a g i v e n v a l v e d e s i g n , t h e r a n k i n g o f 
d i f f e r e n t v a l v e t y p e s a c c o r d i n g t o i n v i v o v a l v e a r e a s a r e 
g e n e r a l l y c o n s i s t e n t . T h e m a i n r e a s o n s f o r t h e v a r i a t i o n s i n 
t h e a b s o l u t e v a l u e s f r o m c e n t e r t o c e n t e r a r e : ( i ) i n a c c u r a c i e s 
i n o b t a i n i n g c a r d i a c c a t h e t e r i z a t i o n d a t a ( p r e s s u r e s a n d f l o w s ) , 
( i i ) o b t a i n i n g a s t a t i s t i c a l l y l a r g e e n o u g h p a t i e n t p o p u l a t i o n 
a n d ( i i i ) d i f f e r e n t f o r m u l a e u s e d t o e s t i m a t e V A . T h e i n v i v o 
r e s u l t s d o n o t c o n t a i n r e g u r g i t a t i o n d a t a b e c a u s e t h i s p a r a m e t e r 
c a n n o t be q u a n t i t a t i v e l y m e a s u r e d d u r i n g c a t h e t e r i z a t i o n , o r 
o t h e r i n v i v o p r o c e d u r e s , a t t h e p r e s e n t t i m e . 

I n v i t r o p r e s s u r e d r o p , f l o w r a t e , a n d r e g u r g i t a t i o n d a t a 
w e r e i n m o s t c a s e s o b t a i n e d d i r e c t l y f r o m t h e i r r e s p e c t i v e 
a r t i c l e s . F r o m t h e s e d a t a t h e v a l v e a r e a s ( V A ) ( i . e . : e f f e c t i v e 
o r i f i c e a r e a ) w e r e c a l c u l a t e d f r o m t h e f o l l o w i n g f o r m u l a : 

VA ( c m 2 ) = ^ r m s 

5 1 . 6 
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w h e r e 3 

Q r m s = r o o t m e a n s q u a r e s y s t o l i c o r d i a s t o l i c f l o w r a t e , cm / s 
Δ ρ = m e a n s y s t o l i c o r d i a s t o l i c p r e s s u r e d r o p , mmHg 

I n v i t r o r e g u r g i t a t i o n v o l u m e ( R V ) d a t a i n t h e b i o - m e d i c a l 
e n g i n e e r i n g l i t e r a t u r e i s g e n e r a l l y p o o r l y r e p o r t e d . O n l y RV 
d a t a e x p r e s s e d i n c m 3 / s t r o k e o r d a t a t h a t c o u l d b e c a l c u l a t e d 
( f r o m t h e i n f o r m a t i o n p r o v i d e d ) i n t o s u c h a f o r m w e r e u s e d . I n 

m a n y i n s t a n c e s , RV w o u l d b e e x p r e s s e d i n t h e l i t e r a t u r e a s a 
p e r c e n t a g e , w i t h n o i n f o r m a t i o n o n c a r d i a c o u t p u t a n d / o r h e a r t 
r a t e . T h e w o r k o f D e l l s p e r g e r e t a l . , ( 1 6 ) a n d i n o u r l a b o r a t o r y 
t e n d t o i n d i c a t e t h a t f o r a g i v e n v a l v e , a t a f i x e d h e a r t r a t e 
t h e v a l u e o f RV i n c n v t y s t r o k e d o e s n o t v a r y ( e x c e p t w i t h i n 
e x p e r i m e n t a l e r r o r ) w i t h c a r d i a c o u t p u t . 

T h e i n v i t r o p r e s s u r e d r o p a n d r e g u r g i t a t i o n r e s u l t s g i v e a 
v e r y g o o d q u a l i t a t i v e a n d / o r q u a n t i t a t i v e r a n k i n g o f t h e s t e n o t i c 
a n d r e g u r g i t a n t c h a r a c t e r i s t i c
I f d i f f e r e n t v a l v e t y p e
t h e r e s u l t s o b t a i n e d w i l l h a v e m o r e q u a n t i t a t i v e i m p o r t a n c e . 
E v e n t h o u g h t h e a b s o l u t e n u m e r i c a l v a l u e s o b t a i n e d b y d i f f e r e n t 
i n v e s t i g a t o r s may v a r y f o r a g i v e n v a l v e d e s i g n , t h e r a n k i n g o f 
t h e d i f f e r e n t v a l v e t y p e s a r e g e n e r a l l y c o n s i s t e n t . T h e m a j o r 
r e a s o n s f o r t h e v a r i a t i o n s i n t h e a b s o l u t e v a l u e s a m o n g t h e 
d i f f e r e n t i n v e s t i g a t o r s i s b e c a u s e d i f f e r e n t t y p e s o f p u l s e 
d u p l i c a t o r s a n d f l o w c h a m b e r g e o m e t r i e s h a v e b e e n u s e d . I t 
s h o u l d , h o w e v e r , b e n o t e d t h a t t h e r e i s b e t t e r q u a n t i t a t i v e 
a g r e e m e n t i n t h e i n v i t r o p r e s s u r e d r o p a n d r e g u r g i t a t i o n d a t a 
b e t w e e n d i f f e r e n t i n v e s t i g a t o r s , t h a n w i t h t h e i n v i v o h e m o 
d y n a m i c d a t a f r o m d i f f e r e n t m e d i c a l c e n t e r s . 

I n f o r m a t i o n o b t a i n e d f r o m t h e i n v i t r o f l o w v i s u a l i z a t i o n , 
a n d v e l o c i t y a n d s h e a r s t r e s s m e a s u r e m e n t s t u d i e s w i l l be 
d i s c u s s e d i n t h e t e x t . 

A l l t h e h e m o l y s i s a n d t h r o m b o e m b o l i c c o m p l i c a t i o n ( T E C ) 
t a b l e s w e r e c o n s t r u c t e d f r o m i n f o r m a t i o n e x t r a c t e d f r o m t h e i r 
r e s p e c t i v e a r t i c l e s . D u r i n g t h e s t u d y i t w a s n o t i c e d t h a t t h e r e 
i s n o c o n s i s t e n t s c i e n t i f i c m a n n e r i n w h i c h d a t a o n h e m o l y s i s 
a n d T E C ' s a r e r e p o r t e d i n t h e m e d i c a l l i t e r a t u r e . E l e v a t e d LDH 
l e v e l s , a n d r e d u c e d a n d / o r a b s e n t h a p t a g l o b i n l e v e l s a r e g o o d 
i n d i c a t o r s o f i n t r a v a s c u l a r h e m o l y s i s . R e d u c e d h a l f - l i f e s o f 
r e d c e l l s a n d p l a t e l e t s a r e i n o u r o p i n i o n o n e o f t h e b e s t w a y s 
o f m o n i t o r i n g m e c h a n i c a l ( s h e a r ) d a m a g e t o b l o o d e l e m e n t s . S u c h 
t e s t s a r e i n f r e q u e n t l y d o n e i n a c l i n i c a l e n v i r o n m e n t . E a r l y 
T E C ' s a n d d e a t h s a r e d e f i n e d a s t h o s e o c c u r r i n g d u r i n g t h e f i r s t 
3 0 d a y s a f t e r v a l v e r e p l a c e m e n t s u r g e r y . T E C e v e n t s a r e e x p r e s s e d 
w h e r e p o s s i b l e a s p a t i e n t r a t i o s a n d / o r a s a r a t e (% p e r p t . y r . ) . 

B a s e d o n t h e h e m o l y s i s a n d T E C d a t a a n d o t h e r p e r t i n e n t 
i n f o r m a t i o n i n t h e l i t e r a t u r e , we h a v e b e e n a b l e t o d r a w c e r t a i n 
c o n c l u s i o n s a b o u t t h e h e m o l y t i c a n d t h r o m b o e m b o l i c p o t e n t i a l o f 
t h e d i f f e r e n t v a l v e d e s i g n s . T h e l o c a t i o n s o f t h r o m b u s f o r m a t i o n , 
e x c e s s t i s s u e g r o w t h a n d r e l a t e d v a l v e d y s f u n c t i o n s w i l l be 
d i s c u s s e d i n t h e t e x t . 
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R e s u l t s a n d D i s c u s s i o n 

( 1 ) S t a r r E d w a r d s B a l l V a l v e s 
T a ] V a l v e D e s c r i p t i o n 
T h e S t a r r - E d w a r d s 1 2 0 0 / 1 2 6 0 A o r t i c a n d 6 1 2 0 M i t r a l p r o s t h e s e s a r e 
c l o s e d s i n g l e - c a g e S i l a s t i c b a l l v a l v e s . T h e y a r e c o m p r i s e d o f 
a r a d i o - o p a q u e p o l i s h e d S t e l l i t e a l l o y N o . 21 c a g e w i t h a s e w i n g 
r i n g w h i c h c o m b i n e s T e f l o n ( T F E - f l u o r o c a r b o n ) a n d p o l y p r o p y l e n e 
c l o t h . T h e M o d e l 1 2 6 0 a n d 6 1 2 0 p o p p e t s c o n t a i n 2 - p e r c e n t - b y -
w e i g h t b a r i u m s u l f a t e f o r r a d i o p a c i t y a s d o s o m e o f t h e 1 2 0 0 
o c c l u d e r s . T h e m o d e l 1 2 0 0 a o r t i c v a l v e w a s m a d e a v a i l a b l e i n 
J a n u a r y 1 9 6 6 . I t w a s s u p e r s e d e d i n 1 9 6 8 b y t h e m o d e l 1 2 6 0 . T h e 
c l o t h w a s e x t e n d e d s l i g h t l y f u r t h e r t o t h e o r i f i c e i n t h e m o d e l 
1 2 6 0 v a l v e t o r e s e m b l e t h e c l o t h m e t a l i n t e r f a c e o f t h e m o d e l 
6 1 2 0 m i t r a l p r o s t h e s i s . T h e m o d e l 6 1 2 0 m i t r a l v a l v e h a s a f o u r 
s t r u t c a g e t o d i s t i n g u i s
3 s t r u t c a g e s . 

T h e m o d e l 2 3 1 0 / 2 3 2 0 ( a o r t i c ) a n d 6 3 1 0 / 6 3 2 0 ( m i t r a l ) S t a r r -
E d w a r d s v a l v e s e v o l v e d f r o m t h e t o t a l l y D a c r o n c l o t h - c o v e r e d 
m o d e l s 2 3 0 0 a o r t i c a n d 6 3 0 0 m i t r a l m e t a l l i c b a l l v a l v e p r o s t h e s e s . 
T h e t o t a l l y c l o t h c o v e r e d v a l v e s w e r e a v a i l a b l e f r o m 1 9 6 7 t o 1 9 6 8 . 
T h e y w e r e d i s c o n t i n u e d p r i m a r i l y b e c a u s e o f a p r o b l e m o f e x c e s s i v e 
o v e r g r o w t h o f a u t o g e n o u s t i s s u e i n t h e f l o w o r i f i c e a n d a p r o b l e m 
o f o r i f i c e c l o t h d u r a b i l i t y . T h e f i r s t s e r i e s ( m o d e l s 2 3 1 0 / 6 3 1 0 ) 
o f S t a r r - E d w a r d s c o m p o s i t e s e a t v a l v e s b e c a m e a v a i l a b l e i n 1 9 6 8 . 
T h e y w e r e c o m p r i s e d o f a T e f l o n / P o l y p r o p y l e n e c l o t h - c o v e r e d 
S t e l l i t e N o . 21 c a g e w i t h e x p o s e d m e t a l s u p p o r t s i n t h e o r i f i c e 
w h i c h f o r m e d a c o m p o s i t e s e a t a g a i n s t w h i c h t h e b a l l c o u l d c l o s e . 
T h e c o m p o s i t e s e a t d e s i g n i n c r e a s e d t h e o r i f i c e a r e a b y a p p r o x i 
m a t e l y 15% a n d t h e o r i f i c e - t o - b a l l d i a m e t e r f r o m a b o u t 8 6 % t o 
9 0 % . I t a l s o r e d u c e d s o m e w h a t t h e p r o b l e m o f o r i f i c e c l o t h w e a r . 
U n f o r t u n a t e l y , t h e c l o s e c l e a r a n c e b e t w e e n b a l l a n d c a g e - s t r u t s 
o f t h e m o d e l 2 3 1 0 a l l o w e d s m a l l a m o u n t s o f a u t o g e n o u s t i s s u e t o 
i n t e r f e r e w i t h m o t i o n o f t h e b a l l . I n 1 9 7 0 , m o d e l s 2 3 2 0 / 6 3 2 0 
w e r e i n t r o d u c e d , a n d m o d e l s 2 3 1 0 / 6 3 1 0 w e r e d i s c o n t i n u e d . F o r 
a l l d u e p u r p o s e s , m o d e l 2 3 2 0 w a s a d u p l i c a t e o f m o d e l 2 3 1 0 e x c e p t 
f o r a n i n c r e a s e i n b a l l - s t r u t c l e a r a n c e . A l t h o u g h c h a n g e s w e r e 
a l s o m a d e i n t h e f a b r i c o f t h e 2 3 2 0 / 6 3 2 0 m o d e l s , c l o t h w e a r a n d 
t i s s u e o v e r g r o w t h c o n t i n u e d t o b e m a j o r p r o b l e m s . T h e s e p r o b l e m s 
e v e n t u a l l y l e d t o t h e d i s c o n t i n u a n c e o f t h e s e m o d e l s i n 1 9 7 6 . 

M o d e l s 2 4 0 0 ( a o r t i c ) a n d 6 4 0 0 ( m i t r a l ) S t a r r - E d w a r d s 
c o m p o s i t e t r a c k v a l v e p r o s t h e s e s a r e c l o s e d s i n g l e - c a g e h o l l o w 
m e t a l l i c b a l l v a l v e p r o s t h e s e s . T h e c a g e s t r u t s , p o p p e t s , a n d 
m e t a l l i c c l o s u r e s u p p o r t s o n t h e i n n e r a s p e c t o f t h e b a s e r i n g 
a r e m a d e o f H a y n e s a l l o y N o . 21 ( S t e l l i t e a l l o y N o . 2 1 ) a n d a r e 
e a s i l y s e e n r a d i o g r a p h i c a l l y . T h e i n n e r a s p e c t o f t h e c a g e 
s t r u t s h a s n o c l o t h c o v e r i n g a n d h e n c e n o m e t a l - c l o t h c o n t a c t . 
T h e r e s t o f t h e c a g e s t r u t s a r e c o v e r e d b y t u b u l a r - k n i t t e d 
p o r o u s p o l y p r o p y l e n e c l o t h . T h e o r i f i c e c l o t h i s m a d e f r o m 
s i l i c o n i z e d m u l t i - f i l a m e n t D a c r o n t h r e a d w h i c h t o g e t h e r w i t h 
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F i g u r e 1 . ( a ) S t a r r - E d w a r d s b a l l v a l v e , m o d e l 1 2 6 0 
( b ) S t a r r - E d w a r d s b a l l v a l v e , m o d e l 6 1 2 0 
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t h e e x p o s e d m e t a l l i c s u p p o r t s p r o d u c e s a c o m p o s i t e s e a t i n g 
s u r f a c e w h i c h t h e b a l l i m p a c t s a t c l o s u r e . T h e s e w i n g r i n g i s 
m a d e o f T e f l o n a n d p o l y p r o p y l e n e c l o t h o v e r a s i l i c o n e f o a m 
p a d d i n g . T h e m o d e l 2 4 0 0 v a l v e h a s 3 - s t r u t c a g e w h i l e t h e m o d e l 
6 4 0 0 c a g e h a s 4 s t r u t s , 
( b ) JTn V i v o R e s u l t s 

T h e S t a r r - E d w a r d s a o r t i c b a l l v a l v e p r o s t h e s e s h a d v a l v e a r e a s 
( V A ' s ) o f 0 . 9 2 t o 1 . 9 c m 2 , f o r v a l v e s i z e s o f 21 t o 2 9 mm. F o r 

t h e m i t r a l p r o s t h e s e s i n t h e s i z e r a n g e o f 2 6 t o 3 4 mm, V A 1 s w e r e 
i n t h e r a n g e o f 1 . 4 t o 2 . 7 c m 2 . T h e s e v a l u e s a r e s i m i l a r t o 
t h o s e o b s e r v e d w i t h o t h e r b a l l v a l v e p r o s t h e s e s , s u c h a s t h e 
S m e l o f f v a l v e d e s i g n . 

T h e r e a r e n u m e r o u s a r t i c l e s o n t h e h e m o l y s i s a n d t h r o m b o 
e m b o l i c c o m p l i c a t i o n s c r e a t e d b y t h e d i f f e r e n t d e s i g n s o f 
S t a r r - E d w a r d s b a l l v a l v e s . T h e r e s u l t s i n d i c a t e w i t h o u t a 
d o u b t t h a t t h e c o m p l e t e l
2 3 2 0 , 6 3 0 0 , 6 3 1 0 a n d 6 3 2
s e v e r e h e m o l y s i s ( 1 7 - 2 2 ) . T h e m o d e l s 2 4 0 0 a n d 6 4 0 0 t e n d t o 
c a u s e l e s s h e m o l y s i s c o m p a r e d t o t h e o t h e r c l o t h c o v e r e d S t a r r -
E d w a r d s b a l l v a l v e s ( 1 8 , 2 3 - 2 5 ) . T h e m o d e l s 1 2 0 0 / 1 2 6 0 a n d 6 1 2 0 
n o n - c l o t h c o v e r e d v a l v e s c a u s e m i l d t o m o d e r a t e h e m o l y s i s . T h e 
t h r o m b o e m b o l i c c o m p l i c a t i o n s s e e m t o b e g r e a t e r w i t h t h e n o n -
c l o t h c o v e r e d m o d e l s ( 1 2 0 0 , 1 2 6 0 , 6 0 0 0 , 6 1 2 0 ) c o m p a r e d t o t h e 
c l o t h c o v e r e d m o d e l s ( 2 3 0 0 , 2 3 1 0 , 2 3 2 0 , 2 4 0 0 , 6 3 0 0 , 6 3 1 0 , 6 3 2 0 , 
6 4 0 0 ) . T h i s f a c t i s s u b s t a n t i a t e d i n c l i n i c a l s t u d i e s c o n d u c t e d 
o n b o t h c l o t h a n d n o n - c l o t h c o v e r e d m o d e l s b y t h e s a m e g r o u p o f 
r e s e a r c h e r s ( 1 8 , 2 6 - 3 0 ) . A c c o r d i n g t o L e f r a k a n d S t a r r ( 3 1 J , t h e 
c l o t h c o v e r e d v a l v e s h a v e a n e m b o l u s f r e e r a t e o f 9 5 % a t 3 y e a r s 
v e r s u s 81% f o r t h e n o n - c l o t h c o v e r e d p r o s t h e s e s . T h e T E C r a t e s 
f o r t h e S t a r r - E d w a r d s b a l l v a l v e s s e e m t o b e i n t h e r a n g e o f 3 t o 
6 . 5 % p e r p t . y r . w i t h a n t i c o a g u l a t i o n t h e r a p y a n d a s h i g h a s 10% 
p e r p t . y r . w i t h o u t a n t i c o a g u l a t i o n t h e r a p y . T h e c l o t h c o v e r e d 
S t a r r - E d w a r d s b a l l v a l v e s w e r e d e v e l o p e d i n a n a t t e m p t t o r e d u c e 
t h r o m b o e m b o l i c c o m p l i c a t i o n s b y e n c o u r a g i n g a t h i n l a y e r o f 
e n d o t h e l i a l i z a t i o n o n t h e c l o t h c o v e r i n g . T h e c l o t h c o v e r e d 
v a l v e s , h o w e v e r , d o r e q u i r e a n t i c o a g u l a t i o n t h e r a p y . T h i s w a s 
d e t e r m i n e d q u i t e c o n c l u s i v e l y f r o m c l i n i c a l s t u d i e s w h e r e 
a n t i c o a g u l a t i o n t h e r a p y w a s n o t u s e d ( 1 8 , 3 2 , 3 3 , 3 4 ) . 

T h r o m b u s f o r m a t i o n a n d t i s s u e o v e r g r o w t h o n v a r i o u s p a r t s o f 
t h e s u p e r s t r u c t u r e o f t h e S t a r r - E d w a r d s b a l l v a l v e s i s w e l l 
d o c u m e n t e d ( 1 9 , 3 1 - 3 8 ) . R o b e r t s a n d h i s c o - w o r k e r s ( 1 8 , 3 5 - 3 7 ) 
g i v e d e t a i l e d p a t h o l o g i c d e s c r i p t i o n s o f t h e t h r o m b u s f o r m a t i o n 
a n d t i s s u e o v e r g r o w t h o b s e r v e d o n S t a r r - E d w a r d s b a l l v a l v e s . T h e 
e x a m i n a t i o n s o f r e c o v e r e d S t a r r - E d w a r d s a o r t i c a n d m i t r a l b a l l 
v a l v e s h a v e s h o w n : ( i ) t h r o m b u s f o r m a t i o n a t t h e a p e x o f t h e 
c a g e , a t t h e b a s e o f t h e t h r e e s t r u t s a n d i n v a r y i n g d e g r e e s 
a l o n g t h e s t r u t s , a n d ( i i ) e x c e s s t i s s u e g r o w t h o n t h e d o w n s t r e a m 
s i d e o f t h e s e w i n g r i n g o n a l l m o d e l s , a l o n g t h e s t r u t s ( i n s i d e 
a n d o u t s i d e ) a n d a l o n g t h e f a b r i c o n t h e i n s i d e s u r f a c e o f t h e 
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o r i f i c e o f t h e c l o t h c o v e r e d m o d e l s . T h r o m b u s h a s a l s o b e e n 
o b s e r v e d o n t h e i n f l o w s u r f a c e o f t h e o r i f i c e r i n g . S t u d i e s b y 
R o b e r t s a n d h i s c o - w o r k e r s ( 1 , 1 9 , 3 5 - 3 7 ) h a v e a l s o o b s e r v e d 
e n d o t h e l i a l d a m a g e a n d t i s s u e p r o l i f e r a t i o n o f t h e p r o x i m a l 
a s c e n d i n g a o r t a i n p a t i e n t s w i t h a o r t i c p r o s t h e s e s . 

T h e y h a v e f o u n d i n t i m a i t h i c k e n i n g o f t h e a o r t i c r o o t 
i n c l u d i n g t h e a r e a o f t h e c o r o n a r y a r t e r i a l o s t i a . T h e t h i c k e n i n g 
w a s p r o d u c e d b y t h e d e p o s i t i o n o f f i b r o u s t i s s u e o n t h e i n t e r n a l 
e l a s t i c m e m b r a n e o f t h e p r o x i m a l a s c e n d i n g a o r t a . T h e d e g r e e o f 
i n t i m a i p r o l i f e r a t i o n v a r i e d f r o m m i n i m a l t o e x t r e m e l y s e v e r e . 
I n s o m e c a s e s t h e i n t i m a i t h i c k e n i n g i n v o l v e d n o t o n l y t h e 
a s c e n d i n g a o r t a b u t a l s o t h e p r o x i m a l c o r o n a r y a r t e r i e s . R o b e r t s 
(1_) s t a t e s t h a t i n t i m a i f i b r o s i s i n t h e a o r t i c r o o t may b e a 
p r e v i o u s l y u n r e c o g n i z e d c o n s e q u e n c e o f a o r t i c v a l v e r e p l a c e m e n t , 
a n d i s a p o t e n t i a l p r o b l e m w i t h a l l p e r i p h e r a l f l o w t y p e a o r t i c 
p r o s t h e s e s . 

T h e c o m b i n a t i o n o
o v e r g r o w t h c a n be a l e t h a
t h e r e c o v e r e d S t a r r - E d w a r d s b a l l v a l v e s . T h e i d e a o f g r o w i n g a 
t h i n l a y e r o f n e o - i n t i m a a l o n g t h e f a b r i c o f t h e c l o t h c o v e r e d 
v a l v e s d i d n o t u n i f o r m l y s u c c e e d . W i t h a l l t h e c l o t h c o v e r e d 
m o d e l s ( 2 3 0 0 - 1 0 - 2 0 , 2 4 0 0 , 6 3 0 0 - 1 0 - 2 0 , 6 4 0 0 ) , t i s s u e o v e r g r o w t h 
o c c u r r e d o n t h e f a b r i c w h i c h l i n e d t h e o r i f i c e a n d a t t i m e s 
c a u s e d t h e v a l v e s t o b e c o m e s t e n o t i c . I n a d d i t i o n , t h e m o d e l s 
w i t h t h e c o m p l e t e l y f a b r i c c o v e r e d c a g e s ( 2 3 0 0 - 1 0 - 2 0 , 6 3 0 0 - 1 0 - 2 0 ) , 
c o u l d d e v e l o p e x c e s s i v e f i b r o u s t i s s u e a n d t h r o m b u s g r o w t h o n 
t h e i n n e r a s p e c t s o f t h e s t r u t s w h i c h c o u l d i n t u r n c a u s e : 
e i t h e r ( i ) t h e p o p p e t t o s t i c k i n a n o p e n p o s i t i o n , o r ( i i ) a 
r e d u c t i o n i n t h e o p e n i n g e x c u r s i o n o f t h e p o p p e t . I f t h e s t u c k 
p o p p e t p h e n o m e n a w a s n o t d i a g n o s e d i m m e d i a t e l y t h e c o n s e q u e n c e s 
w e r e g e n e r a l l y f a t a l . T h e 2 3 0 0 - 1 0 - 2 0 a n d 6 3 0 0 - 1 0 - 2 0 m o d e l s a l s o 
h a d v a r y i n g d e g r e e s o f c l o t h w e a r d u e t o a b r a s i o n b e t w e e n t h e 
m e t a l p o p p e t a n d t h e f a b r i c . C l o t h w e a r w i t h t h e s e p r o s t h e s e s 
o f t e n l e d t o s e v e r e h e m o l y t i c a n e m i a . T h e m o d e l s 2 4 0 0 a n d 6 4 0 0 
d o n o t s e e m t o s u f f e r f r o m t h e p r o b l e m o f c l o t h w e a r a n d t h a t i s 
p r o b a b l y o n e o f t h e r e a s o n s w h y t h e y c a u s e l e s s h e m o l y s i s c o m 
p a r e d t o t h e 2 3 0 0 a n d 6 3 0 0 s e r i e s . T h e y d o , h o w e v e r , s e e m t o 
c a u s e m o r e h e m o l y s i s c o m p a r e d t o t h e n o n - c l o t h c o v e r e d 
( 1 2 0 0 / 1 2 6 0 , 6 1 2 0 ) p r o s t h e s e s . T h e f a c t t h a t t h e c l o t h c o v e r e d 

m o d e l s c a u s e d m o r e h e m o l y s i s c o m p a r e d t o t h e n o n - c l o t h c o v e r e d 
m o d e l s i s h i g h l i g h t e d i m s t u d i e s w h e r e b o t h t y p e s o f v a l v e s w e r e 
i n v e s t i g a t e d ( 1 7 - 2 5 ) . 

Hamby e t a l . , ( 3 9 ) i n a n e x c e l l e n t c l i n i c a l s t u d y , 
d e m o n s t r a t e d t h e h y d r o d y n a m i c i n s t a b i l i t y o f t h e S t a r r - E d w a r d s 
a o r t i c b a l l v a l v e s i n 41 p a t i e n t s . T h e s t u d y c o m b i n e d 
c i n e f l u o r s c o p y , p h o n o c a r d i o g r a p h y a n d h e m o d y n a m i c m e a s u r e m e n t s . 
I n 2 0 o f t h e p a t i e n t s t h e p o p p e t r e m a i n e d i n a r e l a t i v e l y f i x e d 
p o s i t i o n ( e v e n t h o u g h i t r o t a t e d ) a t t h e a p e x o f t h e c a g e d u r i n g 
s y s t o l i c e j e c t i o n . I n 11 p a t i e n t s t h e p o p p e t b o u n c e d a w a y f r o m 
t h e a p e x o f t h e c a g e d u r i n g e a r l y e j e c t i o n a n d p r o m p t l y r e t u r n e d 
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t o t h e a p e x d u r i n g t h e r e m a i n d e r o f t h e e j e c t i o n p e r i o d . I n 10 
p a t i e n t s p r e m a t u r e p a r t i a l c l o s u r e o f t h e v a l v e w a s o b s e r v e d 
d u r i n g e j e c t i o n . A f t e r s t r i k i n g t h e a p e x o f t h e c a g e d u r i n g 
e a r l y e j e c t i o n t h e p o p p e t d e s c e n d e d a l m o s t h a l f t h e d i s t a n c e 
t o w a r d t h e b a s e o f t h e v a l v e a n d r e m a i n e d i n a r e l a t i v e l y f i x e d , 
p a r t i a l l y c l o s e d p o s i t i o n d u r i n g t h e r e m a i n d e r o f t h e e j e c t i o n 
p e r i o d . I n s t a b i l i t y o f t h e p o p p e t s o f t h e S t a r r - E d w a r d s b a l l 
v a l v e s h a s a l s o b e e n o b s e r v e d i n s o m e o f o u r p a t i e n t s a t t h e 
U S C - L A C o u n t y M e d i c a l C e n t e r . 

( c ) In V i t r o R e s u l t s 
T h e i n v i t r o p r e s s u r e d r o p s t u d i e s i n d i c a t e c a l c u l a t e d V A ' s o f 
1 . 0 4 t o 2 . 1 2 c m 2 f o r a o r t i c a n d m i t r a l v a l v e s i n t h e 1 9 t o 3 2 mm 
s i z e r a n g e . A s s t a t e d b y L e f r a k a n d S t a r r ( 3 1 ) t h e r e i s n o 
d i f f e r e n c e i n t h e i n v i t r o p r e s s u r e d r o p a n d r e g u r g i t a n t 
c h a r a c t e r i s t i c s o f t h e n o n - c l o t h c o v e r e d ( 1 2 0 0 / 1 2 6 0 , 6 1 2 0 ) a n d 
t h e c l o t h c o v e r e d ( 2 3 1 0 / 2 3 2 0
T h e i n v i t r o r e s u l t s a l s
( ^ 6 c m ^ / b e a t o r l e s s ) , f o r t h e S t a r r - E d w a r d s b a l l v a l v e s . T h e 
S t a r r - E d w a r d s b a l l v a l v e s h a v e n o l e a k a g e b a c k f l o w . 

T h e r e h a v e b e e n a n u m b e r o f f l o w v i s u a l i z a t i o n s t u d i e s 
c o n d u c t e d o n t h e S t a r r - E d w a r d s b a l l v a l v e s i n t h e a o r t i c a n d 
m i t r a l p o s i t i o n s ( 4 0 - 4 4 ) . W i e t i n g ( 4 4 J o b s e r v e d t h e f l o w 
p a t t e r n s d o w n s t r e a m f r o m a 2 7 mm m o d e l 1 2 6 0 b a l l v a l v e , u n d e r 
p u l s a t i l e f l o w c o n d i t i o n s . D u r i n g s y s t o l e he o b s e r v e d a l a r g e 
t u r b u l e n t w a k e d i s t a l t o t h e b a l l . He a l s o f o u n d t h a t t h e b a l l 
b o u n c e d a t t h e a p e x o f t h e c a g e a n d t h i s p r o b a b l y i n c r e a s e d s i z e 
o f t h e t u r b u l e n t w a k e . T h e l a r g e a m p l i t u d e b o u n c e s i n c r e a s e d 
t h e r e l a t i v e v e l o c i t y b e t w e e n t h e s u r f a c e o f t h e b a l l a n d t h e 
f l u i d f l o w i n g p a s t i t . Y o g a n a t h a n e t a l . , ( 4 5 , 4 6 ) a n d F i g l i o l a 
( 4 7 ) h a v e a l s o o b s e r v e d t h e p o p p e t i n s t a b i l i t y p h e n o m e n a w i t h 

t h e m o d e l 1 2 6 0 v a l v e . 
A s o b s e r v e d b y Y o g a n a t h a n e t a l . , i n t h e i r s t u d i e s t h e 

i n s t a b i l i t y o f t h e p o p p e t l e a d s t o l a r g e r p r e s s u r e d r o p s a c r o s s 
t h e p r o s t h e s i s . D e l l s p e r g e r a n d W i e t i n g ( 4 8 ) s t u d i e d a m o d e l 
6 4 0 0 v a l v e . I n t h e m i t r a l p o s i t i o n t h e y o b s e r v e d b o u n d a r y l a y e r 
s e p a r a t i o n r e s u l t i n g i n a s t a g n a t i o n p o i n t a t t h e a p e x a n d a 
t o r o i d a l v o r t e x d o w n s t r e a m f r o m t h e v a l v e d u r i n g m o s t o f 
d i a s t o l e . S m e l o f f e t a l . , ( 4 0 ) u n d e r p u l s a t i l e f l o w o b s e r v e d 
a n a r e a o f s t a s i s a t t h e a p e x o f t h e c a g e a n d a r e g i o n o f f l o w 
s e p a r a t i o n a d j a c e n t t o t h e s e w i n g r i n g . W r i g h t a n d T e m p l e 
s t u d i e d f l o w p a t t e r n s a r o u n d a 2 4 mm a o r t i c ( m o d e l 2 4 0 0 ) a n d a 
3 2 mm m i t r a l ( m o d e l 6 4 0 0 ) v a l v e s u n d e r p u l s a t i l e f l o w c o n d i t i o n s . 
I n t h e a o r t i c p o s i t i o n t h e y o b s e r v e d a s m a l l d i s t u r b a n c e e x t e n d i n g 
a b o u t h a l f t h e b a l l d i a m e t e r i m m e d i a t e l y d o w n s t r e a m f r o m t h e a p e x 
o f t h e c a g e . T h i s r e g i o n o f f l o w g r a d u a l l y e x t e n d e d t h r o u g h o u t 
s y s t o l e u n t i l a f t e r 2 5 0 ms ( 5 / 6 o f t h e w a y t h r o u g h s y s t o l e ) i t 
w a s a b o u t 1 . 5 b a l l d i a m e t e r s i n l e n g t h . I n t h e m i t r a l p o s i t i o n 
t h e y o b s e r v e d a n a n n u l a r v o r t e x ( c a u s e d b y f l o w s e p a r a t i o n ) i n 
t h e v e n t r i c l e s o t h a t f l o w o c c u r r e d r e t r o g r a d e l y t o w a r d s t h e r e a r 
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o f t h e c a g e a n d p o p p e t . F l o w i n t h e a n n u l a r r e g i o n b e t w e e n t h e 
f l o w c h a m b e r w a l l a n d t h e p o p p e t s u r f a c e w a s j e t l i k e . 

T i l l m a n n ( 4 9 ) h a s m e a s u r e d t h e " w a l l " ( i . e . s u r f a c e ) s h e a r 
s t r e s s a l o n g t h e i n s i d e o f t h e o r i f i c e d u r i n g s y s t o l e , u s i n g 
h o t - f i l m s h e a r p r o b e s . He m e a s u r e d a m a x i m u m a v e r a g e s h e a r s t r e s s 
o f 8 5 0 d y n e s / c m 2 a n d a p e a k s h e a r s t r e s s o f 1 8 0 0 d y n e s / c m 2 . T h e 
m a x i m u m v a l u e s o c c u r r e d a t p e a k s y s t o l e . I n a r e c e n t s t u d y 
P h i l l i p s e t a l . , m a d e v e l o c i t y m e a s u r e m e n t s d o w n s t r e a m f r o m a 
2 7 mm m o d e l ( 1 2 6 0 v a l v e ) u n d e r p u l s a t i l e f l o w c o n d i t i o n s . 
M e a s u r e m e n t s w e r e m a d e 2 5 mm ( a b o u t 5 mm d o w n s t r e a m f r o m t h e 
c a g e a p e x ) , a n d 3 0 mm d o w n s t r e a m f r o m t h e v a l v e . T h e y o b s e r v e d 
a l a r g e t u r b u l e n t w a k e i n t h i s r e g i o n . P e a k v e l o c i t i e s o f a b o u t 
3 5 0 c m / s w e r e m e a s u r e d n e a r t h e w a l l s o f t h e f l o w c h a n n e l a t 
p e a k s y s t o l e ( p e a k f l o w o f a b o u t 4 5 1 / m i n ) . T h e f l o w n e a r t h e 
w a l l s w a s j e t l i k e . RMS a x i a l v e l o c i t i e s o n t h e o r d e r o f 1 2 5 c m / s 
w e r e a l s o m e a s u r e d . A v e r a g e t u r b u l e n t s h e a r s t r e s s e s d u r i n g 
p e a k f l o w w e r e e s t i m a t e
I t i s e x p e c t e d t h a t l a r g e
o b s e r v e d c l o s e r t o t h e v a l v e . 

F i g l i o l a h a s m e a s u r e d v e l o c i t y a n d s h e a r s t r e s s e s d o w n s t r e a m 
f r o m a 2 5 mm ( m o d e l 1 2 6 0 ) a o r t i c v a l v e a t a s t e a d y f l o w r a t e o f 
2 5 1 / m i n ( 4 7 ) . He o b s e r v e d r e g i o n s o f s e p a r a t e d f l o w i n t h e 
s i n u s r e g i o n a t t a c h e d t o t h e s e w i n g r i n g , a l o n g t h e c a g e s t r u t s , 
a n d d o w n s t r e a m f r o m t h e p o p p e t . M a x i m u m w a l l s h e a r s t r e s s e s o n 
t h e o r d e r o f 5 0 0 t o 8 5 0 d y n e s / c m 2 w e r e m e a s u r e d . T u r b u l e n c e 
i n t e n s i t i e s a s h i g h a s 4 0 % a n d b u l k t u r b u l e n t s h e a r s t r e s s e s o f 
a b o u t 6 0 0 d y n e s / c m 2 ( m a x i m u m v a l u e ) w e r e m e a s u r e d 2 2 mm d o w n s t r e a m 
( a b o u t 4 mm d o w n s t r e a m f r o m c a g e a p e x ) f r o m t h e v a l v e . He a l s o 

w a s a b l e t o m e a s u r e a m a x i m u m o c c l u d e r w a l l s h e a r s t r e s s o f 
3 2 1 0 d y n e s / c m 2 . F i g l i o l a a l s o m a d e v e l o c i t y a n d s h e a r m e a s u r e 
m e n t s d o w n s t r e a m o f a m o d e l 2 3 2 0 v a l v e ( 2 5 mm v a l v e s i z e ) a t a 
s t e a d y f l o w r a t e o f 2 5 1 / m i n . T h e v e l o c i t y m e a s u r e m e n t s r e v e a l e d 
r e g i o n s o f s e p a r a t e d f l o w i n t h e s i n u s a t t a c h e d t o t h e s e w i n g 
r i n g , d i s t a l t o t h e b a l l , a n d a l o n g t h e c a g e s t r u t s , s i m i l a r t o 
t h o s e o b s e r v e d w i t h t h e m o d e l 1 2 6 0 v a l v e . T h e m a x i m u m w a l l s h e a r 
s t r e s s m e a s u r e d w a s o n t h e o r d e r o f 1 3 0 0 d y n e s / c m 2 . T u r b u l e n c e 
i n t e n s i t i e s a s h i g h a s 4 0 % a n d t u r b u l e n c e s h e a r s t r e s s e s a s l a r g e 
a s 711 d y n e s / c m 2 w e r e m e a s u r e d 2 2 . 5 mm d o w n s t r e a m f r o m t h e v a l v e . 
O c c l u d e r w a l l s h e a r s t r e s s e s w e r e o n t h e o r d e r o f 2 3 0 0 d y n e s / c m 2 . 
F i g l i o l a s t a t e s t h a t t h e s m a l l e r v a l u e s o f w a l l s h e a r m e a s u r e d 
w i t h t h e m o d e l 1 2 6 0 v a l v e a s o p p o s e d t o t h e m o d e l 2 3 2 0 v a l v e c a n 
b e a t t r i b u t e d t o t h e s h o r t e r p r o f i l e o f t h e m o d e l 1 2 6 0 v a l v e ( 4 7 ) . 
T h e s h o r t e r p r o f i l e e n a b l e s t h e e n t i r e o c c l u d e r t o b e p o s i t i o n e d 
w i t h i n t h e s i n u s r e g i o n . T h e r e f o r e , t h e b l o c k a g e d u e t o t h e 
o c c l u d e r i s l e s s a s t h e c r o s s - s e c t i o n a l a r e a i s l a r g e r w i t h i n 
t h e s i n u s r e g i o n . 

Y o g a n a t h a n e t a l . , h a v e a l s o m a d e v e l o c i t y a n d s h e a r s t r e s s 
m e a s u r e m e n t s d o w n s t r e a m f r o m a 2 7 mm ( m o d e l 1 2 6 0 ) v a l v e i n a n 
a o r t i c c h a m b e r u n d e r s t e a d y f l o w c o n d i t i o n s ( 4 5 , 4 6 ) . E x p e r i m e n t s 
w e r e c o n d u c t e d a t s t e a d y f l o w r a t e s o f 1 0 a n d 2 5 1 / m i n . T h e y 
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h a v e i d e n t i f i e d a r e g i o n o f s t a s i s a t t h e a p e x o f t h e c a g e , a n d a 
r e g i o n o f f l o w s e p a r a t i o n w h i c h w a s a t t a c h e d t o t h e a o r t i c s i d e 
o f t h e s e w i n g r i n g a n d t h e b a s e o f t h e t h r e e s t r u t s a n d e x t e n d e d 
a b o u t 2 t o 5 mm d o w n s t r e a m f r o m t h e v a l v e a l o n g t h e w a l l s o f 
t h e f l o w c h a m b e r . A t a f l o w r a t e o f 2 5 1 / m i n t h e r e g i o n o f 
s t a s i s w a s a b o u t 7 t o 8 mm i n s i z e . M a x i m u m w a l l s h e a r s 
m e a s u r e d w e r e o n t h e o r d e r o f 1 7 5 0 d y n e s / c m 2 , a n d p o p p e t w a l l 
s h e a r s w e r e o n t h e o r d e r o f 2 5 0 0 t o 2 8 0 0 d y n e s / c m 2 . T u r b u l e n c e 
i n t e n s i t y l e v e l s a s h i g h a s 5 0 % w e r e m e a s u r e d i n t h e w a k e 
r e g i o n i m m e d i a t e l y d o w n s t r e a m f r o m t h e p o p p e t , a n d i n t h e 
a n n u l a r r e g i o n b e t w e e n t h e p o p p e t s u r f a c e . M a x i m u m t u r b u l e n t 
s h e a r s t r e s s e s o n t h e o r d e r o f 2 0 0 0 t o 5 0 0 0 d y n e s / c m 2 ( p e a k 
v a l u e s ) w e r e m e a s u r e d i n t h e s e r e g i o n s , 
( d ) C o r r e l a t i o n 

T h e i n v i v o a n d i n v i t r o p r e s s u r e m e a s u r e m e n t s i n d i c a t e t h a t l i k e 
o t h e r b a l l v a l v e s , d u e
S t a r r - E d w a r d s b a l l v a l v e
t o l a r g e r s i z e s . I n t h e s m a l l e r s i z e s t h e v a l v e s a r e v e r y 
s t e n o t i c . P a t i e n t s w i t h t h i s p r o s t h e s i s w o u l d n o t b e a b l e t o 
l e a d v e r y s t r e n u o u s l i f e s t y l e s . T h e p r o s t h e s i s d o e s h a v e l o w 
r e g u r g i t a n t v o l u m e s , t h e l o w e s t a m o n g m e c h a n i c a l p r o s t h e s e s i n 
c u r r e n t c l i n i c a l u s e . T h e i n v i v o a n d i n v i t r o d a t a s e e m t o 
i n d i c a t e t h a t t h e i n s t a b i l i t y o f t h e s i l i c o n e r u b b e r p o p p e t 
( 1 2 0 0 / 1 2 6 0 , 6 1 2 0 ) c o u l d l e a d t o l a r g e r p r e s s u r e d r o p s a c r o s s t h e 
p r o s t h e s i s . 

T h e l a r g e w a l l s h e a r s t r e s s e s c r e a t e d b y t h e S t a r r - E d w a r d s 
b a l l v a l v e s c o u l d c a u s e l e t h a l d a m a g e t o t h e e n d o t h e l i a l l i n i n g 
o f t h e v e s s e l w a l l a d j a c e n t t o t h e v a l v e , e s p e c i a l l y i n t h e 
a o r t i c p o s i t i o n . T h e b u l k t u r b u l e n t s h e a r s t r e s s e s a r e l a r g e 
e n o u g h t o c a u s e s u b l e t h a l a n d / o r l e t h a l d a m a g e t o t h e r e d c e l l s 
a n d p l a t e l e t s . D a m a g e t o t h e r e d c e l l s a n d p l a t e l e t s w i l l r e d u c e 
t h e i r h a l f - l i f e s , a s w e l l a s c a u s e h e m o l y s i s a n d t h r o m b o e m b o l i c 
c o m p l i c a t i o n s . T h e s h e a r s t r e s s e s i m m e d i a t e l y a d j a c e n t t o t h e 
v a l v e c a g e ( i n t h e a n n u l a r r e g i o n ) a r e l a r g e e n o u g h t o l e t h a l l y 
d a m a g e a n y f o r m e d e l e m e n t s o f b l o o d w h i c h m a y a d h e r e t o t h e 
v a l v e c a g e o r p o p p e t . T h e c l i n i c a l d a t a ( 1 7 , 1 8 - 2 5 ) i n d i c a t e 
v e r y c l e a r l y t h a t t h e c l o t h c o v e r e d m o d e l s ( 2 3 0 0 - 1 0 - 2 0 , 2 4 0 0 , 
6 3 0 0 - 1 0 - 2 0 , 6 4 0 0 ) c r e a t e m o r e h e m o l y s i s t h a n t h e n o n - c l o t h 
c o v e r e d m o d e l s ( 1 2 0 0 / 1 2 6 0 , 6 1 2 0 ) . T h e m o s t p r o b a b l e a n d l o g i c a l 
e x p l a n a t i o n f o r t h i s c l i n i c a l o b s e r v a t i o n i s t h a t t h e p o r o u s 
c l o t h c o v e r i n g , w h i c h i s r o u g h , p r o v i d e s a n i d e a l f o r e i g n s u r f a c e 
f o r t h e a d h e s i o n o f t h e r e d c e l l s a s t h e y f l o w p a s t t h e v a l v e 
s t r u t s . O n c e a d h e r e d , t h e r e d c e l l s u n d e r g o s h e a r s t r e s s e s o n 
t h e o r d e r o f 1 0 2 - 1 0 3 d y n e s / c m 2 w h i c h l e a d t o t h e i r d e s t r u c t i o n 
a n d c a u s e h e m o l y s i s . 

T h e r e g i o n s o f s t a s i s a t t h e c a g e a p e x a n d f l o w s e p a r a t i o n 
i m m e d i a t e l y d o w n s t r e a m f r o m t h e b a l l c o u l d l e a d t o t h r o m b u s 
f o r m a t i o n a t t h e a p e x . T h e r e g i o n o f f l o w s e p a r a t i o n a t t h e b a s e 
o f t h e t h r e e s t r u t s a n d a l o n g t h e m c o u l d e n c o u r a g e t h r o m b o t i c 
m a t e r i a l t o f o r m a t t h e b a s e a n d t h e n g r o w a l o n g t h e s t r u t s . T h e 
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r e g i o n o f s e p a r a t i o n a t t a c h e d t o t h e d o w n s t r e a m s i d e o f t h e 
s e w i n g r i n g c o u l d l e a d t o t h e e x c e s s g r o w t h o f f i b r o u s t i s s u e 
o n t h a t p o r t i o n o f t h e s e w i n g r i n g . I n a d d i t i o n , t h e f l o w 
s e p a r a t i o n a l o n g t h e s t r u t s o f t h e c o m p l e t e l y c l o t h c o v e r e d s t r u t 
v a l v e s ( 2 3 0 0 - 1 0 - 2 0 , 6 3 0 0 - 1 0 - 2 0 ) c o u l d e n c o u r a g e t h e g r o w t h o f 
e x c e s s t i s s u e , e s p e c i a l l y a l o n g t h e i n n e r a s p e c t s , s i n c e t h e 
f l o w a n d s h e a r a r e l o w i n t h o s e l o c a t i o n s . T h e f i b r o u s t i s s u e 
o v e r g r o w t h p r o b l e m o b s e r v e d w i t h t h e c o m p l e t e l y f a b r i c c o v e r e d 
s t r u t p r o s t h e s e s h a s m a i n l y o c c u r r e d o n t h e i n n e r a s p e c t s o f 
t h e c a g e . T h e c l o t h c o v e r i n g a l o n g t h e i n s i d e o f t h e o r i f i c e 
p r o b a b l y a l s o c a u s e s f l o w s e p a r a t i o n , a n d i f s o c o u l d l e a d t o 
e x c e s s t i s s u e g r o w t h a l o n g t h e f a b r i c i n t h e o r i f i c e a n d c a u s e 
t h e v a l v e t o b e c o m e s t e n o t i c , a s o b s e r v e d c l i n i c a l l y . 

( 2 ) K a y - S h i l e y D i s c V a l v e 
Jà) V a l v e D e s c r i p t i o n 
T h e f i r s t K a y - S h i l e y M i t r a
u n d e r w e n t d e s i g n a n d m a t e r i a l c h a n g e s u n t i l t h e f i n a l m u s c l e g u a r d 
s e r i e s i n 1 9 6 9 . T h e f i r s t ( s e r i e s K) v a l v e c o n s i s t e d o f a 
S i l i c o n e d i s c h e l d i n a S t e l l i t e m e t a l c a g e . T h e a m o u n t o f 
c l o t h c o v e r i n g w a s l a t e r i n c r e a s e d i n a n a t t e m p t t o d e c r e a s e t h e 
p o t e n t i a l f o r t h r o m b o e m b o l i s m ( s e r i e s T ) . T h e m a j o r d e s i g n 
c h a n g e m a d e t h e r e a f t e r w a s d e v e l o p m e n t o f t h e m u s c l e g u a r d t o 
p r e v e n t i n f r i n g e m e n t o f t h e v e n t r i c u l a r m u s c l e o n t h e v a l v e . T h e 
m u s c l e g u a r d s e r i e s MG a n d TG (MG = M i t r a l G u a r d s a n d TG = 
T r i c u s p i d G u a r d s ) w e r e i n t r o d u c e d i n 1 9 6 8 a n d t h e e x t e n t o f c l o t h 
c o v e r i n g w a s i n c r e a s e d i n 1 9 6 9 ( M G C , T G C ) . T h e l a s t m o d i f i c a t i o n 
w a s c h a n g i n g t h e d i s c f r o m S i l i c o n e t o D e l r i n ( M G C D , T G C D ) . 
( b ) In V i v o R e s u l t s 9 

T h e K a y - S h i l e y m i t r a l v a l v e h a d c a l c u l a t e d V A ' s o f 0 . 9 t o 2 . 1 c n r 
i n t h e 2 8 t o 3 3 mm s i z e r a n g e . T h e s e r e s u l t s i n d i c a t e t h i s 
p r o s t h e s i s i s m o r e s t e n o t i c t h a n t h e c a g e d b a l l t y p e v a l v e s . O u r 
s t u d y i n d i c a t e s t h e r e a r e v e r y f e w a r t i c l e s o n h e m o l y s i s w i t h 
t h e K a y - S h i l e y v a l v e . T h e v a l v e d i d n o t s e e m t o c a u s e c l i n i c a l l y 
s i g n i f i c a n t h e m o l y s i s , b u t p r o b a b l y c a u s e d m i l d h e m o l y s i s . O n e 
o f t h e m a j o r p r o b l e m s w i t h t h i s p r o s t h e s i s w a s , h o w e v e r , t h r o m b o 
e m b o l i c c o m p l i c a t i o n s . T E C r a t e s a s h i g h a s 3 4 . 4 % p e r p t . y r . 
h a v e b e e n o b s e r v e d w i t h t h i s p r o s t h e s i s ( 5 2 ) . T h r o m b u s f o r m a 
t i o n o n t h e v a l v e s u p e r s t r u c t u r e c a u s i n g d y s f u n c t i o n s o f t h e 
K a y - S h i l e y v a l v e i s w e l l d o c u m e n t e d i n t h e l i t e r a t u r e 
( 1 , 1 9 , 3 5 , 5 1 - 5 5 , 5 7 ) . T h r o m b i w e r e m a i n l y l o c a t e d a t t h e j u n c t i o n 
o f t h e c a g e s t r u t s w i t h t h e m e t a l o r i f i c e r i n g , up t h e v e r t i c a l 
s t r u t s f o r v a r i a b l e d i s t a n c e s , a n d o c c a s i o n a l l y c o m p l e t e l y 
c o v e r i n g t h e e n t i r e m e t a l s u p e r s t r u c t u r e . C l o t s h a v e a l s o b e e n 
o b s e r v e d o n t h e d i s c a n d o n t h e s e w i n g r i n g . T h e p r o s t h e s i s 
h a s o c c a s i o n a l l y b e e n c o m p l e t e l y o c c l u d e d b y t h r o m b o t i c m a t e r i a l . 

E x c e s s t i s s u e g r o w t h o n t h e s e w i n g r i n g h a s a l s o b e e n a 
p r o b l e m w i t h t h i s p r o s t h e s i s ( 3 8 , 5 5 - 5 8 ) . I n s o m e c a s e s t h e 
m o v e m e n t o f t h e d i s c w a s s e v e r e l y r e s t r i c t e d b e c a u s e o f t i s s u e 
o v e r g r o w t h b e t w e e n t h e d i s c a n d s e w i n g r i n g . I n o t h e r c a s e s 
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p a r t o f t h e d i s c h a s b e e n t r a p p e d b y t i s s u e o v e r g r o w t h a n d 
t h r o m b u s f o r m a t i o n . S u c h e n t r a p m e n t h a s t r a n s f o r m e d t h e d i s c 
i n t o a h i n g e d m e c h a n i s m , t h e r e b y r e d u c i n g t h e f l o w o r i f i c e , a s 
w e l l a s l e a d i n g t o a c c e l e r a t e d e d g e w e a r o f t h e d i s c b y t h e m e t a l 
s t r u t s ( 3 1 ) . E x c e s s t i s s u e g r o w t h a l o n g t h e s e w i n g r i n g h a v e 
o n o c c a s i o n s i m p a i r e d t h e r o t a t i o n o f t h e d i s c . T h i s i m p a i r m e n t 
h a s l e d t o g r o o v i n g o f t h e d o w n s t r e a m f a c e o f t h e d i s c f r o m 
m e c h a n i c a l c o n t a c t w i t h t h e h o r i z o n t a l s t r u t s ( 3 1 , 3 8 , 5 7 ) . 
( c ) I n V i t r o R e s u l t s 
V e r y f e w i n v i t r o s t u d i e s e x i s t o n t h e K a y - S h i l e y v a l v e . T h e 
l i m i t e d i n v i t r o p r e s s u r e d r o p s t u d i e s i n d i c a t e V A ' s o f a b o u t 
1 . 9 0 c m ^ T o r t h e s i z e 31 mm v a l v e s i n t h e m i t r a l p o s i t i o n . 
W e i t i n g h a s o b s e r v e d t h e f l o w p a t t e r n s a r o u n d a 2 8 mm K a y - S h i l e y 
v a l v e i n a n a o r t i c c h a m b e r ( 4 4 ) . He o b s e r v e d a s y m m e t r i c a l 
t o r o i d a l v o r t e x a n d a w a k e d o w n s t r e a m f r o m t h e d i s c c a u s e d b y 
b o u n d a r y l a y e r s e p a r a t i o
a r e a o f s t a s i s a t t h e c e n t e
T h e f l o w w a s j e t l i k e i n t h e r e g i o n s b e t w e e n t h e d i s c a n d t h e 
f l o w c h a n n e l w a l l s . S i m i l a r f l o w v i s u a l i z a t i o n s t u d i e s a n d 
o b s e r v a t i o n s h a v e b e e n m a d e b y D u f f ( 5 9 ) . F i g l i o l a ( 4 7 J h a s 
m a d e v e l o c i t y a n d s h e a r s t r e s s m e a s u r e m e n t s d o w n s t r e a m f r o m a 
2 7 mm K a y - S h i l e y v a l v e (T s e r i e s ) i n a n a o r t i c c h a m b e r u n d e r 
s t e a d y f l o w c o n d i t i o n s . He o b s e r v e d a j e t t y p e f l o w b e t w e e n t h e 
p o p p e t a n d f l o w c h a m b e r w a l l . He a l s o o b s e r v e d f l o w s e p a r a t i o n 
a t t h e s e w i n g r i n g , a n d a t t h e j u n c t i o n o f t h e v e r t i c a l s t r u t s 
a n d t h e o r i f i c e r i n g . A l a r g e w a k e w i t h r e c i r c u l a t i n g f l o w 
w a s m o n i t o r e d d o w n s t r e a m f r o m t h e f a c e o f t h e d i s c . A t a f l o w 
r a t e o f 2 5 1 / m i n he m e a s u r e d a m a x i m u m w a l l s h e a r s t r e s s o f 
2 5 4 8 d y n e s / c m 2 , t u r b u l e n c e i n t e n s i t i e s o f 4 8 % a n d R e y n o l d s s h e a r 
s t r e s s e s o f 8 0 0 d y n e s / c m 2 . He a l s o w a s a b l e t o m e a s u r e s h e a r 
s t r e s s o f a b o u t 7 7 5 d y n e s / c m 2 a t t h e o c c l u d e r w a l l s u r f a c e . T h e 
R e y n o l d s s t r e s s w a s m e a s u r e d a b o u t 2 5 mm d o w n s t r e a m f r o m t h e 
v a l v e . F i g l i o l a s t a t e s t h a t e v e n l a r g e r v a l u e s o f R e y n o l d s 
s h e a r s t r e s s c o u l d o c c u r c l o s e r t o t h e v a l v e o c c l u d e r . 
Y o g a n a t h a n e t a l . , ( 4 5 , 6 0 , 6 1 ) c o n d u c t e d v e l o c i t y m e a s u r e m e n t s 
d o w n s t r e a m o f a 2 6 mm S t a r r - E d w a r d s d i s c v a l v e i n a n a o r t i c 
c h a m b e r . T h e S t a r r - E d w a r d s d i s c v a l v e i s q u i t e s i m i l a r t o t h e 
K a y - S h i l e y v a l v e . A l a r g e r e g i o n o f f l o w s t a g n a t i o n 2 0 mm w i d e 
w a s o b s e r v e d a c r o s s t h e f a c e o f t h e d i s c . A t a f l o w r a t e o f 
2 5 1 / m i n a m a x i m u m w a l l s h e a r s t r e s s o f 3 2 0 0 d y n e s / c m 2 , a n d 
t u r b u l e n t i n t e n s i t i e s o f 5 0 % w e r e m e a s u r e d . T u r b u l e n t s h e a r 
s t r e s s e s o n t h e o r d e r o f 2 0 0 0 t o 5 0 0 0 d y n e s / c m 2 w e r e e s t i m a t e d . 
P r e s s u r e d r o p m e a s u r e m e n t s ( 4 5 ) a c r o s s t h i s v a l v e i n d i c a t e d i t 
w a s t h e m o s t s t e n o t i c m e c h a n i c a l v a l v e d e s i g n ( i . e . : d i s c 
t y p e v a l v e ) . 
( d ) C o r r e l a t i o n 

T h e l i m i t e d i n v i v o a n d t h e v e r y l i m i t e d i n v i t r o p r e s s u r e d r o p 
r e s u l t s a v a i l a b l e f o r t h e K a y - S h i l e y d i s c v a l v e i n d i c a t e t h a t i t 
i s m o r e s t e n o t i c t h a n t h e b a l l t y p e v a l v e s . A s s t a t e d b y 
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R o b e r t s (1_) t h e d i s c t y p e v a l v e s a r e t h e l e a s t d e s i r a b l e 
p r o s t h e t i c c a r d i a c v a l v e s now i n u s e . T h e y a r e a l s o t h e m o s t 
o b s t r u c t i v e . T h e w a l l s h e a r s t r e s s e s c r e a t e d b y t h i s t y p e o f 
v a l v e c o u l d e a s i l y d a m a g e t h e e n d o t h e l i a l l i n i n g o f t h e v e s s e l 
w a l l s a d j a c e n t t o t h e p r o s t h e s i s . T h e t u r b u l e n t s h e a r s t r e s s e s 
c o u l d c a u s e s u b l e t h a l a n d / o r l e t h a l d a m a g e t o r e d c e l l s a n d 
p l a t e l e t s . S u c h b l o o d e l e m e n t d a m a g e c o u l d c l i n i c a l l y c a u s e 
h e m o l y t i c a n d t h r o m b o e m b o l i c p r o b l e m s . T h e r e g i o n o f s t a s i s 
a c r o s s t h e f a c e o f t h e d i s c c o u l d e n c o u r a g e t h r o m b o t i c m a t e r i a l 
t o f o r m t h e r e a s h a s b e e n o b s e r v e d w i t h r e c o v e r e d v a l v e s . T h e 
r e g i o n s o f f l o w s e p a r a t i o n a t t h e j u n c t i o n s o f t h e v e r t i c a l 
s t r u t s a n d o r i f i c e r i n g a n d n e a r t h e s e w i n g r i n g c o u l d l e a d t o 
t h r o m b u s f o r m a t i o n a n d e x c e s s t i s s u e o v e r g r o w t h a t t h e s e 
l o c a t i o n s . A s s t a t e d p r e v i o u s l y , c l i n i c a l p a t h o l o g i c f i n d i n g s 
i n d i c a t e t h a t t h e s e r e g i o n s a r e t h e m o s t p r o n e t o t h r o m b u s 
f o r m a t i o n a n d t i s s u e o v e r g r o w t h w i t h t h i  v a l v e  I  a d d i t i o n
R o b e r t s ( 1 , 6 2 ) s t a t e s t h a
w a l l a d j a c e n t t o v a l v e ( m a i n l y  p o s i t i o n
p r o b a b l y m o s t s e v e r e w i t h t h e d i s c t y p e v a l v e s . T h e i n t i m a i 
p r o l i f e r a t i o n i s c a u s e d b y l a r g e w a l l s h e a r s t r e s s e s . 

( 3 ) B e a l l D i s c V a l v e 
T a ] V a l v e D e s c r i p t i o n 
T h e l o w - p r o f i l e B e a l l T e f l o n - d i s c m i t r a l v a l v e p r o s t h e s i s w a s 
i n t r o d u c e d f o r c l i n i c a l u s e i n 1 9 6 7 ( m o d e l 1 0 3 ) . T h e d i s c w a s 
m a d e o f c o m p r e s s e d T e f l o n a n d t h e t i t a n i u m c a g e w a s c o v e r e d w i t h 
T e f l o n t u b i n g . T h e v a l v e r i n g w a s t o t a l l y c o v e r e d w i t h D a c r o n 
v e l o u r i n a n a t t e m p t t o a c h i e v e a l o w i n c i d e n c e o f t h r o m b o 
e m b o l i s m . I n 1 9 6 8 b e c a u s e o f T e f l o n w e a r , t h e t h i c k n e s s a n d 
c o m p r e s s i o n o f t h e T e f l o n d i s c w a s i n c r e a s e d a s w a s t h e 
t h i c k n e s s o f t h e T e f l o n c o a t i n g o f t h e t i t a n i u m c a g e . L a t e r 
i m p r o v e m e n t s o f t h e v a l v e d e s i g n ( m o d e l 1 0 4 ) w e r e d i r e c t e d 
t o w a r d i n c r e a s i n g i t s f r u s t r u m a r e a w i t h o u t c h a n i n g i t s 
m o u n t i n g d i a m e t e r , a n d o n m a k i n g t h e m a t e r i a l s m o r e d u r a b l e . 
T h e m o d e l 1 0 5 B e a l l v a l v e w a s i n t r o d u c e d i n 1 9 7 1 . I n t h e m o d e l 
1 0 5 t h e d i s c a n d s t r u t s w e r e c o v e r e d w i t h p y r o l i t i c c a r b o n . 
A f t e r p r o b l e m s o f s t r u t f r a c t u r e s w e r e r e p o r t e d , t h e s t r u t s 
w e r e m a d e s t r o n g e r a n d a n e w m e t h o d o f p a c k a g i n g w a s b e g u n . 
T h e m o d e l 1 0 6 v a l v e w i t h t h e t h i c k e r m o r e d u r a b l e s t r u t s h a s 
b e e n a v a i l a b l e s i n c e 1 9 7 4 f o r a t r i o v e n t r i c u l a r v a l v e r e p l a c e m e n t , 
( b ) J j i V i v o R e s u l t s 

T h e c l i n i c a l p r e s s u r e d r o p r e s u l t s o b t a i n e d w i t h t h e B e a l l v a l v e 
i n d i c a t e t h a t i t i s e v e n m o r e s t e n o t i c t h a n t h e K a y - S h i l e y d i s c 
v a l v e . C a l c u l a t e d V A ' s v a r i e d b e t w e e n 1 . 4 a n d 2 . 3 c m 2 f o r v a l v e 
s i z e s i n t h e 31 t o 41 mm r a n g e . O n e o f t h e m a j o r c l i n i c a l 
p r o b l e m s w i t h t h e B e a l l d i s c v a l v e w a s t h e e x c e s s i v e a m o u n t o f 
h e m o l y s i s i t c a u s e d ( 6 3 , 6 4 , 6 5 , 6 6 , 6 7 ) . I t h a s b e e n s u g g e s t e d 
t h a t t h e D a c r o n v e l o u r c l o t h c o v e r i n g u s e d w a s t h e r e a s o n f o r 
t h e e x c e s s i v e h e m o l y s i s o b s e r v e d w i t h t h i s v a l v e ( 3 1 ) . I t h a s 
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F i g u r e 2 . K a y - S h i l e y d i s e v a l v e 

F i g u r e 3 . B e a l l d i s e v a l v e , m o d e l 1 0 6 
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a l s o b e e n s u g g e s t e d t h a t d i s c w e a r o f t h e T e f l o n d i s c m o d e l s 
e x a c e r b a t e d t h e n a t i v e h e m o l y s i s o f t h i s p r o s t h e s i s ( 6 3 ) . N e a r l y 
a l l p a t i e n t s w h o h a d t h i s v a l v e s u f f e r e d a t l e a s t m i l d i n t r a 
v a s c u l a r h e m o l y s i s . A c o m p a r i s o n o f t h e T E C d a t a t e n d t o 
i n d i c a t e t h a t w i t h a n t i c o a g u l a t i o n t h e r a p y , t h r o m b o e m b o l i c 
c o m p l i c a t i o n s w i t h t h e B e a l l v a l v e w e r e n o t a s s e v e r e a s t h o s e 
o b s e r v e d w i t h t h e K a y - S h i l e y v a l v e . B u t a s s t a t e d b y L e f r a k 
a n d S t a r r ( 4 1 2 ) , o n l y a f e w p u b l i c a t i o n s h a v e a p p e a r e d i n w h i c h 
t i m e - r e l a t e d a n a l y s i s h a s b e e n u t i l i z e d t o a n a l y z e t h e r a t e o f 
p o s t o p e r a t i v e t h r o m b o e m b o l i . T h r o m b u s f o r m a t i o n c a u s i n g v a l v e 
d y s f u n c t i o n h a s a l s o b e e n d o c u m e n t e d ( 5 3 , 6 3 , 6 7 - 7 0 ) . A s s t a t e d 
b y R o b e r t s e t a l . , ( 6 2 ) d i s c t y p e p r o s t h e s e s w i l l d e v e l o p 
t h r o m b o t i c m a t e r i a l a t t h e j u n c t i o n s o f t h e v e r t i c a l s t r u t s 
a n d t h e o r i f i c e r i n g , a l o n g t h e v e r t i c a l s t r u t s a n d a c r o s s t h e 
f a c e o f t h e d i s c . U s u a l l y t h e a m o u n t o f t h r o m b u s o n t h e s t r u t s 
o r p r i m a r y o r i f i c e i s n o
p r o p e r m o v e m e n t o f t h e d i s c
e m b o l i c i n c i d e n t s a r e i n f r e q u e n t w h e n t h e p r o s t h e t i c t h r o m b i 
a r e s m a l l . L a r g e t h r o m b i m a y , h o w e v e r , o b s t r u c t f l o w t h r o u g h 
t h e p r o s t h e s i s a n d may i m m o b i l i z e t h e d i s c . T h e y a l s o s t a t e 
t h a t p r o s t h e s e s o f t h e d i s c t y p e may be t i l t e d i n t h e c a g e b y 
t h r o b m u s o n o n e s i d e , o r t h r o m b u s may f i l l t h e e n t i r e s p a c e 
b e t w e e n t h e d i s c a n d t h e r i n g , c a u s i n g c o m p l e t e i m m o b i l i t y o f 
t h e p o p p e t ( 6 2 ) . A s o b s e r v e d w i t h t h e K a y - S h i l e y v a l v e , 
t h r o m b u s f o r m a t i o n a n d e x c e s s t i s s u e o v e r g r o w t h may c a u s e 
i m p r o p e r m o t i o n o f t h e d i s c ( p r o p e r m o t i o n r e q u i r i n g m o v e m e n t 
up a n d d o w n t h e c a g e , a n d r o t a t i o n ) , t h e r e b y l e a d i n g t o g r o o v i n g 
a n d n o t c h i n g o f t h e d i s c ( 6 6 , 7 1 , 7 2 ) . 
( c ) I n V i t r o R e s u l t s 
I n v i t r o f l u i d d y n a m i c s t u d i e s o n t h e B e a l l d i s c v a l v e a r e 
v i r t u a l l y n o n e x i s t e n t i n t h e o p e n l i t e r a t u r e . I t i s d o u b t f u l 
i f a n y s u c h t e s t s w e r e e v e n p e r f o r m e d b y t h e v a l v e m a n u f a c t u r e r 
w h e n t h e v a l v e s w e r e r e l e a s e d i n t h e m i d t o l a t e I 9 6 0 ' s . I t 
i s , h o w e v e r , o u r o p i n i o n t h a t t h e v e l o c i t y a n d s h e a r f i e l d s 
d o w n s t r e a m f r o m t h i s v a l v e a r e s i m i l a r t o t h o s e o b s e r v e d w i t h 
t h e K a y - S h i l e y a n d S t a r r - E d w a r d s d i s c v a l v e s . 
( d ) C o r r e l a t i o n 
T h e B e a l l d i s c v a l v e i s a v e r y s t e n o t i c v a l v e d e s i g n . I f t h e 
a s s u m p t i o n s a b o u t i t s i n v i t r o f l u i d d y n a m i c c h a r a c t e r i s t i c s a r e 
c o r r e c t , t h e w a l l a n d t u r b u l e n t s h e a r s t r e s s c r e a t e d b y t h i s 
v a l v e c o u l d e a s i l y d a m a g e t h e e n d o t h e l i a l l i n i n g o f t h e v e s s e l 
w a l l s , a n d c a u s e s u b l e t h a l a n d / o r l e t h a l d a m a g e t o b l o o d 
e l e m e n t s , r e s p e c t i v e l y . I n a d d i t i o n , i f t h e r e d c e l l s w e r e 
t o a t t a c h t h e m s e l v e s t o t h e D a c r o n v e l o u r c l o t h c o v e r i n g , t h e 
s h e a r s t r e s s e s a d j a c e n t t o t h e v a l v e s u p e r s t r u c t u r e w o u l d b e 
m o r e t h a n s u f f i c i e n t t o c a u s e l e t h a l r e d c e l l d a m a g e 
( h e m o l y s i s ) . T h i s h a s b e e n o b s e r v e d c l i n i c a l l y w i t h t h i s 
p r o s t h e s i s a n d t h e c l o t h c o v e r e d S t a r r - E d w a r d s b a l l v a l v e s . 
T h e r e g i o n o f f l o w s t a s i s a d j a c e n t t o t h e d o w n s t r e a m f a c e o f t h e 
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d i s c a n d t h e r e g i o n s o f f l o w s e p a r a t i o n a t t h e j u n c t i o n s o f t h e 
v e r t i c a l s t r u t s a n d t h e o r i f i c e r i n g c o u l d l e a d t o a b u i l d u p o f 
t h r o m b o t i c m a t e r i a l a n d e x c e s s t i s s u e o v e r g r o w t h a t t h o s e 
l o c a t i o n s a s h a s b e e n o b s e r v e d o n s o m e r e c o v e r e d B e a l l v a l v e s . 
T h e e a r l y m o d e l B e a l l v a l v e w a s b r i e f l y u t i l i z e d i n t h e a o r t i c 
p o s i t i o n b u t i t s u s e i n t h i s l o c a t i o n w a s a b a n d o n e d b e c a u s e o f 
o b s t r u c t i v e , t h r o m b o g e n i c a n d w e a r c h a r a c t e r i s t i c s ( 1 , 6 2 ) . 
F u r t h e r m o r e , R o b e r t s i n h i s p a t h o l o g i c s t u d i e s o b s e r v e d t h a t 
d i s c v a l v e s i n t h e a o r t i c p o s i t i o n c a u s e i n t i m a i p r o l i f e r a t i o n 
o f t h e a o r t i c r o o t , a s a r e s u l t o f e x c e s s i v e w a l l s h e a r s t r e s s e s 
( 1 , 6 2 ) , 

( 4 ) B j o r k - S h i l e y T i l t i n g D i s c V a l v e 
T a j v a l v e D e s c r i p t i o n 
T h e B j o r k - S h i l e y t i l t i n
u s e s i n c e J a n u a r y 1 9 6 9 .
m o d i f i c a t i o n s i n d e s i g n a n d m a t e r i a l s s i n c e i t s i n i t i a l u s e . T h e 
o r i g i n a l B j o r k - S h i l e y v a l v e h a d a D e l r i n d i s c . A l t h o u g h D e l r i n 
h a d e x c e l l e n t w e a r c h a r a c t e r i s e s i t h a d a p r o p e n s i t y t o a b s o r b 
m o i s t u r e d u r i n g s t e a m a u t o c l a v i n g , a p r o c e d u r e n o t r e c o m m e n d e d 
b y t h e m a n u f a c t u r e r . T h u s , t h e d i s c i f i m p r o p e r l y s t e r i l i z e d 
b y t h i s m e t h o d c o u l d e n l a r g e a n d p r o d u c e t e m p o r a r y i r r e g u l a r 
v a l v e f u n c t i o n . S i n c e t h e s p r i n g o f 1971 t h e d i s c h a s b e e n m a d e 
o f p y r o l y t i c c a r b o n w h i c h i s e x t r e m e l y d u r a b l e a n d d o e s n o t 
a b s o r b m o i s t u r e d u r i n g s t e a m a u t o c l a v i n g . I n t h i s v a l v e d e s i g n 
a f r e e - f l o a t i n g d i s c i s s u s p e n d e d b e t w e e n t w o e c c e n t r i c a l l y 
s i t u a t e d S t e l l i t e s t r u t s . T h e v a l v e p r e s e n t l y t i l t s o p e n t o 
a n a n g l e o f 6 0 ° i n b o t h a o r t i c a n d m i t r a l m o d e l s a l t h o u g h i n 
t h e e a r l i e r D e l r i n d i s c m o d e l t h e m i t r a l p r o s t h e s i s w a s d e s i g n e d 
t o t i l t o p e n t o a n a n g l e o f o n l y 5 0 ° . T h e d i s c s i t s i n s i d e t h e 
b a s e r i n g i n t h e c l o s e d p o s i t i o n t h u s p r e v e n t i n g o v e r l a p p i n g 
a n d r e d u c i n g m e c h a n i c a l h e m o l y s i s . T h e S t e l l i t e b a s e r i n g i s 
p a r t i a l l y c o v e r e d b y a t h i n T e f l o n s u t u r e r i n g . T h i s v a l v e 
d e s i g n h a s t h e a d v a n t a g e o f a l a r g e r a t i o o f o r i f i c e d i a m e t e r t o 
a n n u l u s d i a m e t e r . When t h e B j o r k - S h i l e y v a l v e i s s u t u r e d i n 
p l a c e t h e c a g e c a n b e r o t a t e d w i t h i n t h e s e w i n g r i n g b y m e a n s 
o f a v a l v e h o l d e r i n o r d e r t o e n s u r e f r e e m o v e m e n t o f t h e d i s c . 

I n J u n e 1 9 7 6 P r o f e s s o r V i k i n g 0 . B j o r k i m p l a n t e d t h e f i r s t 
m o d i f i e d B j o r k - S h i l e y v a l v e w i t h a c o n v e x o - c o n c a v e ( C . C . ) d i s c . 
T h e m o d i f i e d v a l v e w a s d e s i g n e d a c c o r d i n g t o D r . B j o r k t o 
i m p r o v e t h e c o n v e n t i o n a l B j o r k - S h i l e y v a l v e i n t h r e e r e s p e c t s : 
( 1 ) p r o v i d e i n c r e a s e d s t r e n g t h o f t h e v a l v e b y m a k i n g t h e i n l e t 
s t r u t a n i n t e g r a l p a r t o f t h e o r i f i c e r i n g a n d d o u b l i n g i t s 
c r o s s - s e c t i o n a l a r e a ( 2 ) i m p r o v e t h e h y d r o d y n a m i c s ( 3 ) r e d u c t i o n 
i n t h e a r e a o f l o w f l o w a n d s t a g n a t i o n b e h i n d t h e d i s c . T h e 
d e s i g n c h a n g e i n c l u d e s t h e c o n v e x o - c o n c a v e c o n f i g u r a t i o n o f t h e 
d i s c a n d a p i v o t p o i n t w h i c h h a s b e e n m o v e d s e v e r a l m i l l i m e t e r s 
d o w n s t r e a m s o t h a t t h e d i s c i n t h e o p e n p o s i t i o n i s m o v e d f u r t h e r 
o u t o f t h e o r i f i c e r i n g . V a l v e s m a n u f a c t u r e d a f t e r S e p t e m b e r 
1 9 7 5 h a v e a r a d i o - o p a q u e t a n t a l u m l o o p i n c o r p o r a t e d i n t h e p y r o 
l y t i c c a r b o n d i s c t o a l l o w e v a l u a t i o n o f t h e o p e n i n g a n g l e o f 
t h e d i s c . 
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( b ) lr± V i v o R e s u l t s 
C l i n i c a l h e m o d y n a m i c r e s u l t s i n d i c a t e t h a t t h e B j o r k - S h i l e y 
v a l v e h a s i m p r o v e d p r e s s u r e d r o p c h a r a c t e r i s i t c s c o m p a r e d t o 
t h e c e n t r a l l y o c c l u d i n g ( b a l l a n d d i s c ) a n d p o r c i n e v a l v e 
p r o s t h e s e s . C a l c u l a t e d v a l v e a r e a s ( V A ' s ) v a r i e d f r o m 1 . 0 6 t o 
2 . 5 6 c m 2 f o r a o r t i c v a l v e s i z e s o f 1 9 t o 31 mm, a n d 1 . 8 t o 
2 . 6 c m 2 f o r m i t r a l v a l v e s i z e s o f 2 7 a n d 2 9 mm. T h e l i m i t e d 
h e m o d y n a m i c d a t a t e n d t o i n d i c a t e n o s i g n i f i c a n t d i f f e r e n c e s 
i n t h e p r e s s u r e d r o p c h a r a c t e r i s t i c s o f t h e s p h e r i c a l a n d 
c o n v e x o - c o n c a v e d i s c a o r t i c v a l v e s . Due t o i t s w o r l d w i d e 
p o p u l a r i t y t h e r e i s a l a r g e a m o u n t o f l i t e r a t u r e i n t h e m e d i c a l 
f i e l d o n t h i s p r o s t h e s i s . H e m o l y s i s d a t a i n d i c a t e t h a t t h e 
B j o r k - S h i l e y p r o s t h e s i s c a n c a u s e m i l d t o m o d e r a t e h e m o l y s i s . 
P a t i e n t s w i t h t h i s p r o s t h e s i s , h o w e v e r , r a r e l y d e v e l o p a n e m i a 
b e c a u s e t h e b o d y u s u a l l y c o m p e n s a t e s a d e q u a t e l y f o r t h e 
h e m o l y s i s c a u s e d b y t h e C
o f a b o u t 4 t o 6% p e r p t
B j o r k - S h i l e y v a l v e i s i t s p o t e n t i a l t o t h r o m b o s e , s o m e t i m e s 
c a t a s t r o p h i c a l l y , e s p e c i a l l y i n p a t i e n t s n o t o n a n t i c o a g u l a t i o n 
t h e r a p y ( 5 3 , 5 5 , 7 3 - 8 3 ) . 

I n a d d i t i o n t o t h r o m b u s f o r m a t i o n , e x c e s s t i s s u e o v e r g r o w t h 
h a s a l s o b e e n o b s e r v e d o n r e c o v e r e d B j o r k - S h i l e y v a l v e s . P l e a s e 
n o t e t h a t t h e a b o v e r e f e r e n c e s a l l p e r t a i n t o t h e s t a n d a r d 
( i . e . : s p h e r i c a l d i s c ) B j o r k - S h i l e y m o d e l ( e x c e p t r e f . 7 3 , 8 3 ) . 

T h e r e h a v e b e e n n o l o n g t e r m s t u d i e s o n t h e c o n v e x o - c o n c a v e m o d e l , 
a n d t h r o m b u s f o r m a t i o n o n t h i s m o d e l h a s s o f a r o n l y b e e n 
r e p o r t e d i n t w o a r t i c l e s ( 7 3 , 8 3 ) . T h r o m b u s f o r m a t i o n m a i n l y 
o c c u r s o n t h e o u t f l o w f a c e o f t h e d i s c e s p e c i a l l y i n t h e w e l l , 
a n d a l o n g t h e s t r u t s i n t h e m i n o r o u t f l o w r e g i o n . H o w e v e r , 
t h r o m b u s f o r m a t i o n o n b o t h t h e i n f l o w a n d o u t f l o w f a c e s o f t h e 
d i s c h a s b e e n o b s e r v e d i n s o m e r e c o v e r e d v a l v e s . E x c e s s t i s s u e 
o v e r g r o w t h i s o b s e r v e d m a i n l y a l o n g t h e s e w i n g r i n g o f t h e 
m i n o r o u t f l o w r e g i o n . T h e a m o u n t s o f t h r o m b u s f o r m a t i o n a n d / o r 
t i s s u e o v e r g r o w t h o b s e r v e d o n r e c o v e r e d B j o r k - S h i l e y a o r t i c 
a n d m i t r a l v a l v e s h a s v a r i e d f r o m t o t a l v a l v e o c c l u s i o n t o a 
t h i n l a y e r . I n s o m e i n s t a n c e s t h e c o m b i n a t i o n o f t h r o m b u s 
f o r m a t i o n a n d t i s s u e o v e r g r o w t h h a s g r o w n i n s u c h a m a n n e r t o 
i m p e d e t h e c o m p l e t e o p e n i n g o f t h e t i l t i n g d i s c . I n o t h e r 
i n s t a n c e s , t h e d i s c h a s b e e n f o u n d t o be h e l d i m m o b i l i z e d i n 
a n o p e n p o s i t i o n b y t h e v e g e t a t i o n . T h e r e f o r e , i t i s o f 
u t m o s t i m p o r t a n c e t h a t t h e p h y s i c i a n b e a b l e t o m o n i t o r t h e 
m o t i o n o f t h e d i s c u s i n g c i n e f l u o r o s c o p y . 
( c ) I n V i t r o R e s u l t s 

T h e i n v i t r o p r e s s u r e d r o p r s u l t s i n d i c a t e t h a t t h e B j o r k - S h i l e y 
v a l v e s h a v e c a l c u l a t e d V A ' s o f 1 . 3 7 t o 3 . 4 0 c m 2 f o r a o r t i c a n d 
m i t r a l v a l v e s i n t h e 21 t o 31 mm s i z e r a n g e . T h e r e d o e s n o t 
s e e m t o b e a n y s i g n i f i c a n t d i f f e r e n c e i n t h e p r e s s u r e d r o p a n d 
r e g u r g i t a t i o n c h a r a c t e r i s t i c s b e t w e e n t h e s p h e r i c a l a n d c o n v e x o -
c o n c a v e d i s c v a l v e s . R e g u r g i t a t i o n d a t a t e n d t o i n d i c a t e t h a t 
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a t l o w h e a r t r a t e s a n d l o w c a r d i a c o u t p u t s t h e B j o r k - S h i l e y 
v a l v e d o e s h a v e a s i g n i f i c a n t r e g u r g i t a n t v o l u m e ( 1 6 ) . F o r 
e x a m p l e , t h e r e c e n t s t u d y b y D e l l s p e r g e r e t a l . s h o w e d t h a t t h e 
2 7 mm B j o r k - S h i l e y ( c - c ) a o r t i c v a l v e h a d a r e g u r g i t a n t v o l u m e 
a s h i g h a s 1 3 . 0 c n r / b e a t a t a h e a r t r a t e o f 5 0 b e a t s / m i n ( 1 6 ) . 

T h e r e h a v e b e e n m a n y f l o w v i s u a l i z a t i o n s t u d i e s c o n d u c t e d 
o n t h e B j o r k - S h i l e y v a l v e i n b o t h t h e a o r t i c a n d m i t r a l p o s i t i o n s 
( 4 1 , 4 2 , 4 8 , 8 4 - 8 7 ) . W r i g h t h a s s t u d i e d t h e v a l v e ( s i z e 2 5 mm) 
u n d e r p u l s a t i l e f l o w i n a c u r v e d a o r t a ( 4 1 , 8 7 ) . When t h e v a l v e 
w a s o r i e n t e d s o t h a t t h e d i s c o p e n e d t o w a r d s t h e o u t e r c u r v e o f 
t h e a o r t a , a c l o c k w i s e r o t a t i n g v o r t e x w a s f o r m e d i n t h e 
a s c e n d i n g a o r t a d u r i n g m o s t o f s y s t o l e . O r i e n t a t i o n o f t h e 
d i s c t o w a r d s t h e i n s i d e c u r v e p r o d u c e d a r e l a t i v e l y n a r r o w , 
t a n g e n t i a l j e t . When t h e v a l v e w a s m o u n t e d t o o p e n t o w a r d s t h e 
n o n - c o r o n a r y s i n u s , a d o u b l e h e l i x s w i r l i n g f l o w s t r e a m w a s 
p r o d u c e d . I n t h e m i t r a l p o s i t i o n ( s i z e 2 9 mm v a l v e ) he o b s e r v e d 
t h a t a l a r g e t w o d i m e n s i o n a
l e f t v e n t r i c l e f o r m o s  D e l l s p e r g e g 
s t u d i e d a 2 9 mm v a l v e i n t h e m i t r a l p o s i t i o n ( 4 8 ) . T h e y 
o b s e r v e d a r e g i o n o f s t a s i s u n d e r n e a t h t h e o u t f l o w f a c e o f t h e 
d i s c d u r i n g a m a j o r p o r t i o n o f d i a s t o l e . A s i m i l a r r e g i o n o f 
s t a g n a t i o n c a n b e o b s e r v e d i n t h e r e s u l t s o b t a i n e d b y 01 i n i n 
a n a o r t i c f l o w c h a m b e r ( 4 2 ) . F l o w v i s u a l i z a t i o n s t u d i e s u n d e r 
p u l s a t i l e f l o w c o n d i t i o n s i n o u r l a b o r a t o r y h a v e s h o w n t h a t 
t h e r e i s a l a r g e r e g i o n o f s t a s i s u n d e r n e a t h t h e o u t f l o w f a c e s 
o f t h e a o r t i c a n d m i t r a l d i s c s d u r i n g t h e m a j o r p o r t i o n s o f 
s y s t o l e a n d d i a s t o l e , r e s p e c t i v e l y ( 8 8 ) . T h e s t u d i e s h a v e 
a l s o s h o w n q u a l i t a t i v e l y t h a t r e g i o n s o f s t a g n a t i o n o b s e r v e d 
w i t h t h e c o n v e x o - c o n c a v e v a l v e s a r e s m a l l e r t h a n t h o s e o b s e r v e d 
w i t h t h e s p e r i c a l d i s c v a l v e s . S c h r a m m e t a l . , s t u d i e d a 
2 5 mm s p h e r i c a l d i s c v a l v e i n a n a o r t i c c h a m b e r a t a s t e a d y 
f l o w r a t e o f 1 8 1 / m i n ( 8 5 ) . T h e y h a v e o b s e r v e d j e t t y p e 
f l o w i m m e d i a t e l y d o w n s t r e a m f r o m t h e m a j o r o r i f i c e , w h i c h i s 
d i r e c t e d t a n g e n t i a l l y t o w a r d s t h e w a l l . T h e y h a v e a l s o o b s e r v e d 
a l a r g e r e g i o n o f s t a g n a t i o n a c r o s s t h e o u t f l o w f a c e o f t h e 
d i s c . M e a s u r e m e n t s o n a 2 5 mm c o n v e x o - c o n c a v e v a l v e u n d e r t h e 
s a m e c o n d i t i o n s s h o w e d : ( i ) a m o r e p r o n o u n c e d j e t t h r o u g h t h e 
m a j o r o r i f i c e a n d ( i i ) a s m a l l e r r e g i o n o f s t a g n a t i o n a c r o s s 
t h e o u t f l o w f a c e o f t h e d i s c . 

F i g l i o l a h a s m a d e s t e a d y f l o w v e l o c i t y a n d s h e a r s t r e s s 
m e a s u r e m e n t s d o w n s t r e a m f r o m a 2 5 mm s p h e r i c a l d i s c a o r t i c v a l v e 
( 4 7 , 8 9 ) . A t a f l o w r a t e o f 2 5 1 / m i n he m e a s u r e d a m a x i m u m 

w a l l s h e a r s t r e s s o f 7 2 2 d y n e s / c m 2 a n d a n o c c l u d e r w a l l s h e a r 2 

s t r e s s ( r e s o l v e d o n t h e u p p e r s i d e o f o c c l u d e r ) o f 4 4 0 d y n e s / c m . 
He a l s o m o n i t o r e d a m a x i m u m t u r b u l e n t s h e a r s t r e s s o f 5 4 5 d y n e s / 
c m 2 , a 2 5 mm d o w n s t r e a m f r o m t h e v a l v e . H i s v e l o c i t y m e a s u r e m e n t s 
a l s o s h o w e d a l a r g e r e g i o n o f s t a g n a t i o n a c r o s s t h e o u t f l o w 
f a c e o f t h e d i s c . T i l l m a n h a s m e a s u r e d t h e " w a l l " ( i . e . : 
s u r f a c e ) s h e a r s t r e s s e s a l o n g t h e o r i f i c e r i n g i n t h e m a j o r a n d 
m i n o r o u t f l o w r e g i o n s o f a n a o r t i c v a l v e u n d e r p u l s a t i l e f l o w 
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( 4 9 , 9 0 ) . D u r i n g s y s t o l e he m e a s u r e d m a x i m u m s u r f a c e s h e a r 
s t r e s s e s o f 1 5 0 d y n e s / c m 2 a n d 5 0 d y n e s / c m 2 i n t h e m a j o r a n d 
m i n o r o r i f i c e s , r e s p e c t i v e l y . D u r i n g d i a s t o l e he m e a s u r e d a 
m a x i m u m s h e a r s t r e s s o f a b o u t 2 5 0 d y n e s / c m 2 i n t h e m i n o r 
o r i f i c e . 

P h i l l i p s a n d h i s c o - w o r k e r s ( 8 6 , 9 1 ) m a d e v e l o c i t y 
m e a s u r e m e n t s u n d e r p u l s a t i l e f l o w c o n d i t i o n s d o w n s t r e a m f r o m a 
2 5 mm c o n v e x o - c o n c a v e a o r t i c v a l v e . A t p e a k s y s t o l e ( p e a k f l o w 
o f 4 5 1 / m i n ) t h e y o b s e r v e d j e t t i n g t h r o u g h t h e m a j o r o r i f i c e 
w i t h v e l o c i t i e s o n t h e o r d e r o f 3 5 0 c m / s , 1 4 mm d o w n s t r e a m f r o m 
t h e v a l v e . RMS m e a s u r e m e n t s o f t h e a x i a l v e l o c i t y s h o w e d l a r g e 
t u r b u l e n c e f l u c t u a t i o n s ( o n t h e o r d e r o f 1 4 0 c m / s ) . T h e y 
e s t i m a t e d t h e m a x i m u m t u r b u l e n t s h e a r s t r e s s d u r i n g s y s t o l e t o 
be o n t h e o r d e r o f 2 0 0 0 t o 6 5 0 0 d y n e s / c m 2 . 

Y o g a n a t h a n e t a l . , h a v e m e a s u r e d v e l o c i t i e s a n d s h e a r 
s t r e s s e s d o w n s t r e a m f r o  2 7  s p h e r i c a l d i s  v a l v  w e l l 
a s a c o n v e x o - c o n c a v e v a l v
w e r e c o n d u c t e d a t a s t e a d y , ( 6 0 , 8 1 , 9 2 )
T h e m e a s u r e m e n t s w i t h t h e s p h e r i c a l d i s c v a l v e i d e n t i f i e d a 
z o n e o f s t a g n a t i o n a b o u t 2 0 mm w i d e n e a r t h e a o r t i c f a c e o f 
t h e d i s c . T h e a v e r a g e v e l o c i t i e s i n t h e m a j o r a n d m i n o r o u t f l o w 
r e g i o n s w e r e a r o u n d 1 0 0 a n d 2 5 c m / s , r e s p e c t i v e l y , a n d t h e 
c o r r e s p o n d i n g p e a k s h e a r s t r e s s e s a d j a c e n t t o t h e s e w i n g r i n g 
w e r e a p p r o x i m a t e l y 7 0 0 a n d 1 5 0 d y n e s / c m 2 . A m a x i m u m w a l l s h e a r 
s t r e s s o f 1 3 9 0 d y n e s / c m 2 w a s m e a s u r e d . W i t h t h e c o n v e x o - c o n c a v e 
v a l v e t h e r e g i o n o f s t a g n a t i o n w a s o b s e r v e d t o b e 10 mm w i d e , a n d 
t h e a v e r a g e v e l o c i t i e s i n t h e m a j o r a n d m i n o r o u t f l o w r e g i o n s 
w e r e a r o u n d 9 0 a n d 4 0 c m / s e c , r e s p e c t i v e l y . P e a k s h e a r s t r e s s e s 
o n s u r f a c e s a d j a c e n t t o t h e s e w i n g r i n g i n t h e m a j o r a n d m i n o r 
o u t f l o w r e g i o n s w e r e a b o u t 5 0 0 - 6 0 0 a n d 3 0 0 - 3 5 0 d y n e s / c m 2 , 
r e s p e c t i v e l y . T h e c o n v e x o - c o n c a v e v a l v e d o e s , h o w e v e r , d i r e c t 
r e l a t i v e l y h i g h f l o w f r o m t h e m a j o r o u t f l o w r e g i o n t o w a r d s 
o n e o f t h e s i n u s e s o f V a l s a l v a d e p e n d i n g o n i t s o r i e n t a t i o n . 
W a l l s h e a r s t r e s s e s o n t h e o r d e r o f 1 7 5 0 d y n e s / c m 2 w e r e 
o b s e r v e d o n t h e s i n u s w a l l t o w a r d s w h i c h t h e h i g h f l o w w a s 
d i r e c t e d . T u r b u l e n t m e a s u r e m e n t s w i t h b o t h m o d e l s i n d i c a t e d -
t u r b u l e n t s h e a r s t r e s s e s o n t h e o r d e r o f 5 0 0 t o 2 0 0 0 d y n e s / c m 
i m m e d i a t e l y d o w n s t r e a m ( 3 t o 1 5 mm) f r o m t h e v a l v e , 
( d ) C o r r e l a t i o n 

T h e i n v i v o a n d i n v i t r o p r e s s u r e m e a s u r e m e n t s i n d i c a t e t h a t i n 
t h e l a r g e r s i z e s a n d u n d e r r e s t i n g c o n d i t i o n s t h e p r e s s u r e 
d r o p c h a r a c t e r i s t i c s o f t h e B j o r k - S h i l e y v a l v e a r e q u i t e 
s a t i s f a c t o r y . H o w e v e r , u n d e r e x e r c i s e c o n d i t i o n s a n d / o r 
i n t h e s m a l l e r s i z e s t h e v a l v e c o u l d b e c o m e m i l d t o m o d e r a t e l y 
s t e n o t i c . T h i s i s e s p e c i a l l y t r u e i n t h e m i t r a l p o s i t i o n . 
T h e i n v i t r o s t u d y b y D e l l s p e r g e r e t a l . , ( 1 6 ) s u g g e s t t h a t 
a t l o w h e a r t r a t e s a n d l o w c a r d i a c o u t p u t s t h e i n v i v o 
r e g u r g i t a t i o n v o l u m e s w i t h t h i s p r o s t h e s i s c o u l d b e c o m e 
s i g n i f i c a n t . T h e w a l l s h e a r s t r e s s e s c r e a t e d b y t h i s v a l v e 
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c o u l d c a u s e s u b l e t h a l a n d / o r l e t h a l d a m a g e t o t h e e n d o t h e l i a l 
l i n i n g o f v e s s e l w a l l s e s p e c i a l l y i n t h e a o r t i c p o s i t i o n . 
T u r b u l e n t s h e a r s t r e s s e s a r e l a r g e e n o u g h t o c a u s e s u b l e t h a l 
a n d / o r l e t h a l d a m a g e t o r e d c e l l s a n d p l a t e l e t s t h e r e b y r e d u c i n g 
t h e i r h a l f - l i f e s . T h e r e f o r e , i t i s n o t s u r p r i s i n g t o o b s e r v e 
c l i n i c a l l y , h e m o l y s i s a n d t h r o m b o e m b o l i c p r o b l e m s w i t h t h i s 
p r o s t h e s i s . 

T h e i n v i t r o s t u d i e s h a v e d o c u m e n t e d c o n c l u s i v e l y t h a t t h e 
B j o r k - S h i l e y v a l v e c r e a t e s t w o u n e q u a l r e g i o n s o f f l o w . T h e r e 
i s a r e g i o n o f s t a s i s u n d e r n e a t h t h e o u t f l o w f a c e o f t h e d i s c 
a n d l o w f l o w t h r o u g h t h e m i n o r o u t f l o w r e g i o n . I t i s t h e r e f o r e 
f a i r l y o b v i o u s t h a t t h r o m b u s f o r m a t i o n w i l l o c c u r o n t h e 
o u t f l o w f a c e o f t h e d i s c a n d a l o n g t h e s t r u t s i n t h e m i n o r 
o u t f l o w r e g i o n . A s o b s e r v e d b y Y o g a n a t h a n e t a l . , o n c e t h e 
t h r o m b u s f o r m a t i o n a n d t i s s u e o v e r g r o w t h b e g i n s o n t h e d o w n s t r e a m 
s i d e o f t h e v a l v e t h e f l o
f o r f u r t h e r t h r o m b u s f o r m a t i o
s u p e r s t r u c t u r e ( 8 1 ) . T h e r e c o v e r e d B j o r k - S h i l e y v a l v e s w h i c h 
h a v e t h r o m b u s o n b o t h t h e o u t f l o w a n d i n f l o w f a c e s o f t h e 
d i s c , p r o b a b l y h a d t h r o m b u s o c c u r o n t h e o u t f l o w f a c e o f t h e 
d i s c f i r s t . T h e i n i t i a l t h r o m b u s f o r m a t i o n p r o b a b l y c a u s e s 
u n f a v o r a b l e f l o w c o n d i t i o n s i m m e d i a t e l y a d j a c e n t t o t h e i n f l o w 
f a c e , t h e r e b y c a u s i n g t h r o m b u s f o r m a t i o n a t t h a t l o c a t i o n a s 
w e l l . T h e l o w f l o w a n d l o w s h e a r i n t h e m i n o r o u t f l o w r e g i o n 
w o u l d e n c o u r a g e t h e g r o w t h o f e x c e s s f i b r o u s t i s s u e a l o n g t h e 
s e w i n g r i n g i n t h a t r e g i o n . A s h a s b e e n o b s e r v e d i n t h e 
r e c o v e r e d v a l v e s , t h e c o m b i n a t i o n o f t h r o m b u s f o r m a t i o n a n d 
t i s s u e o v e r g r o w t h c a n p r o d u c e c a t a s t r o p h i c r e s u l t s . 

T h e s m a l l e r r e g i o n o f s t a g n a t i o n , a n d t h e b e t t e r d i s t r i b u t i o n 
o f f l o w b e t w e e n t h e m a j o r a n d m i n o r o r i f i c e s o b s e r v e d w i t h t h e 
c o n v e x o - c o n c a v e v a l v e , may h o p e f u l l y r e d u c e t h e p r o b l e m s o f 
t h r o m b u s f o r m a t i o n o n t h e o u t f l o w f a c e o f t h e d i s c , a n d e x c e s s 
t i s s u e g r o w t h a l o n g t h e s e w i n g r i n g o f t h e m i n o r o r i f i c e r e g i o n . 

( 5 ) H a n c o c k P o r c i n e V a l v e 
Ta") V a l v e D e s c r i p t i o n 
T h e H a n c o c k p r o c i n e b i o p r o s t h e s i s , p r e p a r e d b y t h e S t a b i l i z e d 
G l u t a r a l d e h y d e P r o c e s s ( " S G P " ) h a s b e e n i n c l i n i c a l u s e s i n c e 
1 9 7 0 . P o r c i n e v a l v e s p r e s e r v e d b y t h e " S G P " p r o c e s s a r e s u t u r e d 
t o a D a c r o n c l o t h - c o v e r e d f l e x i b l e p o l y p r o p y l e n e s t e n t . I t 
s h o u l d b e n o t e d t h a t t h e p o r c i n e v a l v e l e a f l e t s a r e c o m p o s e d o f 
n a t u r a l p o l y m e r i c m a t e r i a l s . A r a d i o - o p a q u e S t e l l i t e m e t a l 
r i n g e n c i r c l e s t h e s t e n t a n d h e l p s m a i n t a i n o r i f i c e s h a p e a n d 
p r o p e r l e a f l e t c o a p t a t i o n . M o d e l 2 4 2 i s u s e d f o r a o r t i c v a l v e 
r e p l a c e m e n t w h i l e m o d e l 3 4 2 i s u s e d i n t h e m i t r a l a n d t r i c u s p i d 
v a l v e a r e a s . T h e s e m o d e l s d i f f e r o n l y i n t h e s h a p e o f t h e i r 
s e w i n g r i n g s . T h e H a n c o c k M o d i f i e d O r i f i c e a o r t i c b i o p r o s t h e s i s 
( H M O - 2 5 0 ) d i f f e r s f r o m t h e o t h e r t w o m o d e l s b y h a v i n g r e p l a c e d 
t h e r i g h t c o r o n a r y l e a f l e t , a n d c o n t a i n s a p o r t i o n o f s e p t a l 
e n d o c a r d i u m w i t h a n o n - c o r o n a r y l e a f l e t o f a n a p p r o p r i a t e s i z e . 
T h i s v a l v e m o d i f i c a t i o n w a s a c c o m p l i s h e d i n a n a t t e m p t t o 
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F i g u r e 4. B j o r k - S h i l e y t i l t i n g d i s c v a l v e 

F i g u r e 5. H a n c o c k p o r c i n e t i s s u e v a l v e 
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i n c r e a s e t h e e f f e c t i v e f l o w o r i f i c e f o r u s e i n p a t i e n t s w i t h a 
s m a l l a o r t i c a n n u l u s . T h e f i r s t c l i n i c a l i m p l a n t o f a H M O - 2 5 0 
b i o p r o s t h e s i s w a s i n O c t o b e r 1 9 7 6 . 
( b ) In V i v o R e s u l t s 
S i n c e t h e H a n c o c k v a l v e i s t h e g r a n d f a t h e r o f t h e t i s s u e v a l v e 
b i o p r o s t h e s e s , t h e r e a r e m a n y a r t i c l e s i n t h e o p e n l i t e r a t u r e 
o n i t s l o n g - t e r m c l i n i c a l p e r f o r m a n c e . T h i s v a l v e i s u t i l i z e d 
i n t w o d e s i g n s , t h e s t a n d a r d m o d e l a n d t h e m o d i f i e d . T h e 
s t a n d a r d m o d e l a o r t i c v a l v e h a s c a l c u l a t e d V A ' s o f 0 . 9 7 t o 
1 . 8 c m 2 f o r v a l v e s i z e s o f 1 9 t o 2 7 mm. I n t h e m i t r a l p o s i t i o n 
c a l c u l a t e d V A ' s r a n g e d f r o m 1 . 3 t o 2 . 9 c m 2 f o r v a l v e s s i z e 
o f 2 3 t o 3 5 mm. T h e m o d i f i e d o r i f i c e a o r t i c v a l v e h a d V A ' s 
o f 0 . 8 9 t o 1 . 7 5 c m 2 f o r v a l v e s i z e s o f 1 9 t o 2 5 mm. F r o m a 
c o m p a r i s o n o f t h e i n v i v o p r e s s u r e d r o p r e s u l t s , i t i s n o t 
i m m e d i a t e l y o b v i o u s t h a t t h e m o d i f i e d o r i f i c e v a l v e s a r e l e s s 
s t e n o t i c t h a n t h e s t a n d a r
e t a l . , ( 9 3 ) t h e h e m o d y n a m i
t y p e s a r e s m a l l , a n d t h e p u t a t i v e c l i n i c a l a d v a n t a g e s i n h e r e n t i n 
t h e u s e o f t h e m o d i f i e d o r i f i c e v a l v e r e m a i n t o b e c o m p l e t e l y 
d e f i n e d . B o t h d e s i g n s o f H a n c o c k v a l v e s a r e , h o w e v e r , m o r e 
s t e n o t i c c o m p a r e d t o t h e I o n e s c u - S h i l e y p e r i c a r d i a l v a l v e . 
C l i n i c a l l y s i g n i f i c a n t h e m o l y s i s i s n o t a m a j o r p r o b l e m w i t h 
t h i s v a l v e . M i l d a m o u n t s o f h e m o l y s i s h a v e , h o w e v e r , b e e n 
d o c u m e n t e d ( 9 4 , 9 5 ) . T h r o m b o e m b o l i c c o m p l i c a t i o n s a n d t h r o m b u s 
f o r m a t i o n o n t h e v a l v e l e a f l e t s h a v e a l s o b e e n w e l l d o c u m e n t e d 
( 9 3 , 9 6 - 1 0 0 ) . T h e l i t e r a t u r e i n d i c a t e s t h a t p a t i e n t s w i t h 
H a n c o c k v a l v e s h a v e T E C r a t e s o f a b o u t 2 t o 5% p e r p t . y r . , 
t h e h i g h e r r a t e s o c c u r r i n g i n m i t r a l v a l v e p a t i e n t s w i t h a t r i a l 
f i b r i l l a t i o n . 

T h r o m b u s f o r m a t i o n o n t h e v a l v e s t r u c t u r e ( i . e . , s e w i n g 
r i n g a n d l e a f l e t s ) a n d t h r o m b o s i s o f t h e H a n c o c k v a l v e , i n 
b o t h t h e a o r t i c a n d m i t r a l p o s i t i o n a r e w e l l d o c u m e n t e d i n t h e 
l i t e r a t u r e ( 9 6 , 9 9 - 1 0 7 ) . I n a m a j o r i t y o f t h e d o c u m e n t e d c a s e s 
o f v a l v e t h r o m b o s i s , t h e t h r o m b o t i c m a t e r i a l w a s f o u n d a t t a c h e d 
t o t h e d o w n s t r e a m s e w i n g r i n g a n d up a l o n g t h e o u t f l o w s u r f a c e 
o f o n e o r m o r e o f t h e l e a f l e t s . T h r o m b o t i c m a t e r i a l s h a v e a l s o 
o n o c c a s i o n s b e e n o b s e r v e d o n t h e i n f l o w o r i f i c e a n d i n f l o w 
s u r f a c e s o f t h e l e a f l e t s , m a i n l y i n t h e m i t r a l p o s i t i o n . On 
m a n y o c c a s i o n s t h e t h r o m b o t i c m a t e r i a l i n i t i a l l y s t a r t e d o n 
t h e o u t l f o w f a c e o f t h e m u s c l e - s h e l f l e a f l e t s ( 1 0 2 , 1 0 5 , 1 0 8 , 1 0 9 ) . 
T h r o m b u s f o r m a t i o n o n o n e o r m o r e l e a f l e t s h a s a t t i m e s l e d 
t o t h r o m b o t i c o c c l u s i o n o f t h e p r o s t h e s i s a n d d e m i s e o f t h e 
p a t i e n t ( 1 0 2 , 1 0 4 - 1 0 7 , 1 0 9 , 1 1 0 ) . D e t a i l e d p a t h o l o g i c s t u d i e s 
o n r e c o v e r e d H a n c o c k p o r c i n e v a l v e s b y F e r r a n s e t a l . , 
( 1 0 1 , 1 0 3 , 1 1 1 ) , a n d S p r a y a n d R o b e r t s ( 1 0 6 ) h a v e r e v e a l e d s o m e 
v e r y i n t e r e s t i n g i n f o r m a t i o n . T h r o m b i a r e c o m m o n l y o b s e r v e d 
o n t h e o u t f l o w s u r f a c e s ( m o r e s o t h a n o n t h e i n f l o w s u r f a c e s ) o f 
H a n c o c k p o r c i n e v a l v e s , i n s p i t e o f t h e l o w i n c i d e n c e o f 
c l i n i c a l l y a p p a r e n t t h r o m b o e m b o l i c e p i s o d e s . S u b s e q u e n t s t u d i e s 
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b y o t h e r s h a v e c o n f i r m e d t h e s e f i n d i n g s ( 1 0 1 , 1 0 4 ) . F e r r a n s e t 
a l . , ( 1 0 1 ) s t a t e t h a t t h e i r u l t r a - s t r u c t u r a l o b s e r v a t i o n s 
p o i n t t o t h e p o s s i b i l i t y t h a t s m a l l f i b r i n d e p o s i t s a n d p l a t e l e t 
a g g r e g a t e s f o r m c o n t i n u o u s l y o n t h e s u r f a c e s o f t h e l e a f l e t s 
a n d b e c a u s e o f t h e m e c h a n i c a l f o r c e s t o w h i c h t h e y a r e s u b j e c t e d , 
t h e m a j o r i t y o f s u c h d e p o s i t s o r a g g r e g a t e s a r e s h e d f r o m t h e 
s u r f a c e s i n t o t h e b l o o d s t r e a m b e f o r e t h e y h a v e h a d a n o p p o r t u n i t y 
t o g r o w t o a l a r g e r s i z e . T h e y a l s o s t a t e t h e f a c t t h a t 
f i b r i n t h r o m b i d e p o s i t s a n d c e l l s w e r e n u m e r o u s o n t h e o u t f l o w 
s u r f a c e s . T h i s f i n d i n g i s i n a g r e e m e n t w i t h t h e c o n c e p t t h a t 
t h e f o r c e s o f f l o w ( s h e a r s t r e s s ) a r e g r e a t e r o n t h e i n f l o w t h a n 
o n t h e o u t f l o w s u r f a c e s o f p o r c i n e v a l v e s . T h e r e f o r e f i b r i n 
a n d t h r o m b o t i c d e p o s i t s o n t h e o u t f l o w s u r f a c e s w o u l d b e l e s s 
e a s i l y r e m o v e d a n d w o u l d b e e x p e c t e d t o g r o w l a r g e r a n d s h o w 
e v i d e n c e o f o r g a n i z a t i o n a s o b s e r v e d i n t h e i r s t u d y ( 1 0 1 ) a n d 
t h e s t u d y o f S p r a y a n d R o b e r t

O n e o f t h e m a j o r c l i n i c a
i s t h e c a l c i f i c a t i o n o f t h e v a l v e l e a f l e t s . T h e d e v e l o p m e n t o f 
c a l c i f i c a t i o n a p p e a r s t o b e a c c e l e r a t e d i n c h i l d r e n a n d y o u n g 
a d u l t s ( 9 6 , 9 8 , 1 0 0 , 1 0 3 , 1 0 4 , 1 1 2 - 1 1 5 ) . F e r r a n s e t a l . , ( 1 0 3 ) i n 
a n e x c e l l e n t p a t h o l o g i c s t u d y o b s e r v e d t h a t t h e t w o m a i n s i t e s 
o f d e p o s i t i o n o f c a l c i u m p h o s p h a t e i n p o r c i n e v a l v e s a r e i n t h e 
c o n n e c t i v e t i s s u e o f t h e c u s p s a n d i n t h e s m a l l t h r o m b i o n t h e 
l e a f l e t s u r f a c e s . C a l c i f i c d e p o s i t s o n t h e v a l v e l e a f l e t s 
g e n e r a l l y l e a d t o p r o s t h e t i c v a l v e s t e n o s i s , b e c a u s e c a l c i f i c a t i o n 
c a u s e s i m p a i r e d l e a f l e t m o b i l i t y . H o w e v e r , i t c a n a l s o l e a d 
t o v a l v e r e g u r g i t a t i o n . E x a m i n a t i o n s o f r e c o v e r e d H a n c o c k 
v a l v e s i n d i c a t e t h a t c a l c i f i c a t i o n i s a s s o c i a t e d w i t h o n e 
( g e n e r a l l y t h e m u s c l e - s h e l f l e a f l e t ) o r m o r e o f t h e l e a f l e t s . 
I t i s a l s o n o t u n u s u a l t o f i n d t h a t c a l c i f i c a t i o n o f t h e l e a f l e t s 
t o b e a s s o c i a t e d w i t h t h r o m b o t i c d e p o s i t s i n a n d a r o u n d t h e 
s a m e l o c a t i o n s . F e r r a n s e t a l . , ( 1 0 3 ) o b s e r v e d t h a t c a l c i f i c 
d e p o s i t s a s s o c i a t e d w i t h v e g e t a t i o n a n d t h r o m b i , c o n t a i n e d 
r e m n a n t s o f p l a t e l e t s a n d l e u k o c y t e s t h a t a p p e a r e d t o h a v e 
b e e n t r a p p e d w i t h i n a m e s h o f f i b r i n s t a n d a r d s . V a r y i n g d e g r e e s 
o f f i b r o u s t i s s u e o v e r g r o w t h o n r e c o v e r e d H a n c o c k p o r c i n e v a l v e s 
h a v e a l s o b e e n o b s e r v e d d u r i n g g r o s s p a t h o l o g i c e x a m i n a t i o n s 
( 9 7 , 1 0 0 , 1 0 2 , 1 0 4 , 1 1 3 , 1 1 6 - 1 1 9 ) . A l t h o u g h t h e g r e a t e s t a m o u n t 

o f f i b r o u s t i s s u e o v e r g r o w t h h a s b e e n o b s e r v e d a r o u n d t h e 
d o w n s t r e a m s e w i n g r i n g a n d t h e o u t f l o w b a s e s o f t h e v a l v e c u p s , 
t i s s u e o v e r g r o w t h o n t h e i n l e t a s p e c t o f t h e s e w i n g r i n g a n d 
v a l v e c u s p s h a s a l s o b e e n o b s e r v e d . T h e f i b r o u s t i s s u e g r o w t h 
may b e r e l a t e d t o t h e c a l c i f i c a t i o n p r o c e s s ( 1 0 3 ) . 
( c ) I n v i t r o R e s u l t s 

T h e s t a n d a r d H a n c o c k v a l v e ( m o d e l 2 4 2 a n d 3 4 2 ) h a s V A ' s i n t h e 
r a n g e o f 1 . 1 2 t o 1 . 9 3 c m 2 f o r b o t h a o r t i c a n d m i t r a l v a l v e s i n 
t h e 1 9 a n d 3 3 mm s i z e r a n g e . T h e V A ' s f o r t h e m o d i f i e d o r i f i c e 
v a l v e s ( m o d e l 2 5 0 ) v a r i e d f r o m 1 . 0 2 t o 2 . 0 1 c n r f o r t h e 1 9 t o 
2 5 mm v a l v e s i z e s . G a b b a y e t a l . , ( 1 2 0 ) s t a t e t h a t t h e r e i s n o 
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d i f f e r e n c e i n p r e s s u r e d r o p c h a r a c t e r i s t i c s b e t w e e n t h e 
C a r p e n t i e r - E d w a r d s a n d m o d i f i e d o r i f i c e H a n c o c k v a l v e s o f 
c o r r e s p o n d i n g s i z e s . R e c e n t s t u d i e s i n o u r l a b o r a t o r y h a v e 
c o n f i r m e d t h e s e f i n d i n g s . R e g u r g i t a t i o n w a s a l m o s t n o n e x i s t e n t 
( « * 1 c n r / b e a t ) f o r t h e H a n c o c k v a l v e s . 

F l o w v i s u a l i z a t i o n s t u d i e s ( 4 1 , 8 5 , 8 7 , 8 8 ) i n d i c a t e t h a t 
t h e f l o w t h a t e m e r g e s f r o m t h e H a n c o c k v a l v e s , s t a n d a r d a n d 
m o d i f i e d o r i f i c e , i s j e t - l i k e . S c h r a m m e t a l . , ( 8 5 ) i n t h e i r 
s t u d y s h o w e d t h a t t h e r e w a s n o r e a t t a c h m e n t o f t h e j e t . A t a 
s t e a d y f l o w r a t e o f 1 8 1 / m i n t h e y o b s e r v e d a p e a k j e t v e l o c i t y 
o f 1 8 0 c m / s w i t h a s i z e 2 5 m o d i f i e d o r i f i c e v a l v e . W r i g h t 
( 4 1 , 8 7 ) i n h i s s t u d i e s o b s e r v e d a v o r t e x s w i r l i n a d d i t i o n t o 
t h e j e t . Y o g a n a t h a n e t a l . , i n t h e i r s t u d y w i t h a s i z e 2 7 mm 
s t a n d a r d v a l v e a n d a s i z e 2 5 mm m o d i f i e d o r i f i c e v a l v e , o b s e r v e d 
t h a t t h e j e t w a s n o t s y m m e t r i c a n d w a s s k e w e d t o w a r d s o n e s i d e 
( 8 8 ) . F l o w s e p a r a t i o n o c c u r r e d a t t h e d o w n s t r e a m e d g e o f t h e 
l e a f l e t s . T h e a n n u l a r r e g i o
l e a f l e t s a n d t h e f l o w c h a n n e
s p e e d p h o t o g r a p h y b y R a i n e r e t a l . , ( 1 2 1 ) s h o w e d t h a t t h e r e w a s 
h i g h f r e q u e n c y f l u t t e r i n g o f t h e m u s c l e - s h e l f l e a f l e t d u r i n g 
e n d - s y s t o l e i n t h e a o r t i c H a n c o c k v a l v e . 

V e l o c i t y a n d s h e a r s t r e s s m e a s u r e m e n t s c o n d u c t e d w i t h a 
s i z e 2 7 mm H a n c o c k s t a n d a r d v a l v e i n o u r l a b o r a t o r y g i v e r e s u l t s 
s i m i l a r t o t h o s e o b t a i n e d w i t h t h e C a r p e n t i e r - E d w a r d s v a l v e ( 1 2 2 ) . 
T h e v e l o c i t y p r o f i l e s w e r e j e t - l i k e w i t h t u r b u l e n t s h e a r s t r e s s e s 
o n t h e o r d e r o f 1 0 0 0 - 3 0 0 0 d y n e s / c m 2 , a n d w a l l s h e a r s t r e s s e s o n 
t h e o r d e r o f 2 0 0 - 6 0 0 d y n e s / c m 2 . F l o w s e p a r a t i o n w a s o b s e r v e d 
i n t h e i m m e d i a t e d o w n s t r e a m v i c i n i t y o f t h e v a l v e , t o g e t h e r w i t h 
a r e g i o n o f s t a g n a t i o n a d j a c e n t t o t h e o u t f l o w s u r f a c e s o f t h e 
l e a f l e t s . L e a f l e t p h o t o g r a p h y s t u d i e s c o n d u c t e d b y Y o g a n a t h a n 
e t a l . , o n s i z e 2 7 a n d 2 5 mm H a n c o c k v a l v e s s h o w e d t h a t t h e 
l e a f l e t o p e n i n g a n d c l o s i n g c h a r a c t e r i s t i c s l e a v e m u c h t o b e 
d e s i r e d ( 8 8 ) . T h e l e a f l e t s d i d n o t o p e n s y m m e t r i c a l l y o r 
r e p r o d u c i b l y . T h e l e a f l e t o p e n i n g a r e a s v a r i e d w i t h c a r d i a c 
o u t p u t . I n t h e s t a n d a r d m o d e l H a n c o c k v a l v e s t h e m u s c l e - s h e l f 
l e a f l e t w a s t h e l a s t o p e n a n d f i r s t t o c l o s e . T h e a b o v e 
o b s e r v a t i o n s a r e s i m i l a r t o t h o s e o b s e r v e d w i t h t h e C a r p e n t i e r -
E d w a r d s p o r c i n e v a l v e s , 
( d ) C o r r e l a t i o n 
The i n v i v o a n d i n v i t r o p r e s s u r e g r a d i e n t i n f o r m a t i o n c l e a r l y 
s h o w t h a t t h e H a n c o c k p o r c i n e v a l v e s a r e m o d e r a t e l y t o h i g h l y 
s t e n o t i c , e s p e c i a l l y i n t h e s m a l l e r s i z e s . P a t i e n t s w i t h t h e s e 
v a l v e s w i l l n o t b e a b l e t o l e a d v e r y a c t i v e l i v e s d u e t o t h e l a r g e 
g r a d i e n t s a c r o s s t h e s e v a l v e s u n d e r e x e r c i s e c o n d i t i o n s . T h e 
s t e n o t i c n a t u r e o f t h e v a l v e i s i n p a r t d u e t o t h e a s y m m e t r i c 
a n d i n a d e q u a t e o p e n i n g o f t h e t h r e e l e a f l e t s . T h e j e t t y p e 
f l o w o b s e r v e d i n t h e f l o w v i s u a l i z a t i o n s t u d i e s c o u l d c a u s e 
d a m a g e t o t h e a o r t i c o r v e n t r i c u l a r w a l l i f t h e j e t i m p i n g e s o n 
t h e s e w a l l s . A s s t a t e d p r e v i o u s l y t h e v e l o c i t y a n d s h e a r f i e l d s 
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d o w n s t r e a m f r o m t h e H a n c o c k v a l v e s a r e q u i t e s i m i l a r t o t h o s e 
o b s e r v e d w i t h C a r p e n t i e r - E d w a r d s v a l v e s ( 8 8 , 1 2 2 ) . T h e r e f o r e , 
s u b l e t h a l a n d / o r l e t h a l d a m a g e c o u l d o c c u r t o t h e e n d o t h e l i a l 
l i n i n g o f t h e v e s s e l w a l l s , r e d c e l l s , a n d p l a t e l e t s , w h i c h i n 
t u r n c o u l d l e a d t o h e m o l y t i c a n d t h r o m b o t i c p r o b l e m s . T h e 
o b s e r v a t i o n o f p l a t e l e t a g g r e g a t e s , f i b r i n t h r o m b i , a n d r e m n a n t 
p l a t e l e t s o n t h e v a l v e l e a f l e t s s t r o n g l y s u p p o r t s t h e f a c t t h a t 
b l o o d e l e m e n t d a m a g e d o e s o c c u r . I n a d d i t i o n , t h e f a c t t h a t 
p a t i e n t s w i t h H a n c o c k v a l v e s d o e x p e r i e n c e t h r o m b o e m b o l i c a n d 
m i l d h e m o l y t i c p r o b l e m s a l s o s t r o n g l y s u g g e s t s t h a t r e d c e l l s 
a n d p l a t e l e t s a r e b e i n g d a m a g e d . T h e r e g i o n o f f l o w s e p a r a t i o n 
w h i c h e x i s t s a d j a c e n t t o t h e d o w n s t r e a m s e w i n g r i n g , c o u l d l e a d 
t o t h e b u i l d up o f e x c e s s f i b r o u s t i s s u e a l o n g t h e d o w n s t r e a m 
s e w i n g r i n g a n d t h e o u t f l o w b a s e s o f t h e c u s p s . I t c o u l d a l s o 
l e a d t o t h e b u i l d u p o f t h r o m b o t i c , f i b r o t i c a n d / o r c a l c i f i c 
m a t e i r a l o n t h e o u t f l o w s u r f a c e f t h  l e a f l e t  o b s e r v e d 
b y F e r r a n s e t a l . , ( 1 0 1 )
o n e o f t h e r e a s o n s f o r c a l c i f i c a t i o y s t a g n a n
o r l o w v e l o c i t y r e g i o n o f f l o w t h a t e x i s t s b e t w e e n t h e o u t f l o w 
s u r f a c e s o f t h e l e a f l e t s a n d t h e v e s s e l w a l l s . T h e s t i f f n e s s o f 
t h e m u s c l e - s h e l f l e a f l e t m a k e s i t s o u t f l o w s u r f a c e a p r i m e 
l o c a t i o n f o r t h e d e p o s i t i o n o f t h r o m b o t i c m a t e r i a l , f i b r o u s t i s s u e 
g r o w t h , a n d c a l c i u m b u i l d u p . 

6 ) S t . J u d e B i - L e a f l e t V a l v e 
i l V a l v e D e s c r i p t i o n 

T h e S t . J u d e b i - l e a f l e t v a l v e i s a l o w p r o f i l e h e a r t v a l v e 
p r o s t h e s i s . T h e v a l v e i s m a d e e n t i r e l y f r o m p y r o l y t i c c a r b o n 
w i t h a d o u b l e v e l o u r D a c r o n s e w i n g r i n g . T h e l e a f l e t s a r e 
p o s i t i o n e d w i t h i n t h e v a l v e h o u s i n g i n s u c h m a n n e r a s t o p r o v i d e 
c e n t r a l f l o w . T h e l e a f l e t s p i v o t w i t h i n g r o o v e s m a d e i n t h e v a l v e 
o r i f i c e h o u s i n g . I n t h e f u l l y o p e n p o s i t i o n t h e l e a f l e t s a r e 
d e s i g n e d t o o p e n a n a n g l e o f 8 5 ° . T h e l e a f l e t s a r e i m p r e g n a t e d 
w i t h t u n g s t e n t o i m p r o v e t h e i r r a d i o - o p a c i t y , 
( b ) In V i v o R e s u l t s 

T h e S t . J u d e p r o s t h e s i s h a s b e e n o n c l i n i c a l t r i a l s a n d e v a l u a 
t i o n s s i n c e 1 9 7 7 , a n d w a s a p p r o v e d f o r g e n e r a l u s e i n D e c e m b e r , 
1 9 8 2 . O v e r 2 0 , 0 0 0 o f t h e s e v a l v e s h a v e b e e n i m p l a n t e d t o 
d a t e w o r l d w i d e . T h e c l i n i c a l p r e s s u r e d r o p r e s u l t s i n d i c a t e 
t h a t t h i s v a l v e h a s p r o b a b l y t h e b e s t p r e s s u r e g r a d i e n t 
c h a r a c t e r i s t i c s o f a n y o f t h e p r o s t h e s e s i n c u r r e n t c l i n i c a l 
u s e . C a l c u l a t e c T V A ' s i n t h e a o r t i c p o s i t i o n h a v e b e e n i n t h e 
r a n g e o f 1 . 5 t o 3 . 6 c m 2 , a n d 2 . 1 t o 4 . 5 7 c m 2 i n t h e m i t r a l 
p o s i t i o n f o r s e w i n g r i n g s i z e s o f 21 t o 2 7 mm a n d 2 3 t o 31 mm, 
r e s p e c t i v e l y . E v e n u n d e r e x e r c i s e c o n d i t i o n s t h e v a l v e h a s g o o d 
p r e s s u r e d r o p c h a r a c t e r i s t i c s . B l o o d d a t a o n p a t i e n t s u s i n g 
t h i s p r o s t h e s i s i n d i c a t e t h a t t h e S t . J u d e v a l v e c r e a t e s m i l d 
h e m o l y s i s i n m o s t p a t i e n t s . T h r o m b o e m b o l i c d a t a o n t h e v a l v e 
o v e r t h e p a s t t h r e e y e a r s t e n d t o i n d i c a t e a T E C r a t e o f 
a p p r o x i m a t e l y 1 . 0 t o 2 . 0 % p e r p t . y r . f o r p a t i e n t s o n 
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F i g u r e 6. S t . J u d e b i - l e a f l e t v a l v e 
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a n t i c o a g u l a t i o n t h e r a p y ( 1 2 3 - 1 2 5 ) . W i t h o u t a n t i c o a g u l a t i o n 
t h e r a p y t h e v a l v e w o u l d p r o b a b l y h a v e a n u n a c c e p t a b l y h i g h r a t e 
o f T E C e v e n t s . Due t o t h e s h o r t p e r i o d o f u s e o f t h i s 
p r o s t h e s i s n o d e t a i l e d p a t h o l o g i c a l s t u d i e s o n r e c o v e r e d S t . 
J u d e v a l v e s h a v e b e e n r e p o r t e d i n t h e o p e n l i t e r a t u r e . R e c e n t l y 
t h e r e w a s a c a s e o f e x c e s s t i s s u e g r o w t h o n t h e s e w i n g r i n g 
w h i c h p r e v e n t e d t h e o p e n i n g o f o n e l e a f l e t a n d a l l o w e d t h e 
s e c o n d l e a f l e t t o o n l y o p e n a b o u t h a l f w a y ( 8 8 ) . T h e v a l v e 
w a s u s e d i n t h e a o r t i c p o s i t i o n a n d w a s r e c o v e r e d a t r e - o p e r a t i o n . 

T h e r e h a v e b e e n a f e w r e p o r t s i n t h e l i t e r a t u r e o f 
t h r o m b o s i s o f t h e S t . J u d e v a l v e i n t h e a o r t i c , m i t r a l a n d 
t r i c u s p i d p o s i t i o n s ( 1 2 6 - 1 2 8 ) . N u n e z e t a l . , r e p o r t e d t w o c a s e s 
w h e r e o n e l e a f l e t o f t h e S t . J u d e v a l v e w a s j a m m e d b y a v e r y 
s m a l l t h r o m b u s t h a t f i x e d t h e l e a f l e t i n a s e m i c l o s e d p o s i t i o n . 
B o t h p a t i e n t s w e r e n o t a n t i c o a g u l a t e d . R e c e n t l y , we r e c o v e r e d 
a S t . J u d e a o r t i c v a l v e
i n s e m i o p e n p o s i t i o n d u
M o u l t o n e t a l . , r e p o r t e d a c a s e w h e r e t h e t h r o m b u s w a s a d h e r e n t 
a t t h e j u n c t i o n o f t h e t w o l e a f l e t s a n d w h i c h e x t e n d e d 1 cm i n t o 
t h e a o r t a a n d t o t a l y o c c l u d e d t h e r i g h t c o r o n a r y o r i f i c e . T h e 
p a t i e n t w a s o n a n t i c o a g u l a t i o n t h e r a p y . Z i e m e r e t a l . , r e p o r t e d 
a c a s e o f i n t e r m i t t e n t i n h i b i t i o n o f l e a f l e t m o t i o n d u e t o 
m i n i m a l d i s p r o p o r t i o n b e t w e e n t h e l e a f l e t s a n d v a l v e r i n g ( 1 2 9 ) . 
( c ) In V i t r o R e s u l t s 
I n v i t r o f l o w s t u d i e s i n d i c a t e t h a t t h i s v a l v e h a s t h e l o w e s t 
p r e s s u r e d r o p s o f a n y o f t h e p r o s t h e s e s i n c u r r e n t c l i n i c a l u s e . 
C a l c u l a t e d V A ' s w e r e i n t h e r a n g e o f 1 . 4 t o 4 . 4 5 c m 2 f o r t h e 
s i z e 1 9 t o 31 mm v a l v e s , i n b o t h a o r t i c a n d m i t r a l t e s t c h a m b e r s . 
A r e c e n t s t u d y b y D e l l s p e r g e r e t a l . , ( 1 6 ) , h o w e v e r , i n d i c a t e s 
t h a t t h i s v a l v e may h a v e s i g n i f i c a n t r e g u r g i t a n t v o l u m e s a t 
l o w h e a r t r a t e s a n d l o w c a r d i a c o u t p u t s . F o r e x a m p l e , a t a 
h e a r t r a t e o f 5 0 b e a t s / m i η t h e s i z e 2 7 mm S t . J u d e a o r t i c v a l v e 
h a d a t o t a l r e g u r g i t a n t v o l u m e o f 1 3 . 2 c n r / b e a t . 

F l o w v i s u a l i z a t i o n s t u d i e s i n a o r t i c a n d m i t r a l c h a m b e r s 
u n d e r b o t h s t e a d y a n d p u l s a t i l e f l o w i n d i c a t e s m o o t h c e n t r a l 
t y p e f l o w d o w n s t r e a m f r o m t h e v a l v e ( 4 8 , 8 5 , 8 8 , 1 3 0 ) . I n i t i a l 
v e l o c i t y a n d s h e a r s t r e s s m e a s u r e m e n t s h a v e b e e n m a d e b y 
Y o g a n a t h a n e t a l . , w i t h s i z e 2 7 a n d 2 5 a o r t i c v a l v e s ( 3 8 , 1 3 1 ) . 
T h e m e a s u r e m e n t s w e r e m a d e u n d e r s t e a d y f l o w r a t e s o f 10 a n d 2 5 
1 / m i n . T h e v e l o c i t y m e a s u r e m e n t s i n d i c a t e t h a t t h e f l o w f i e l d 
t h a t e m e r g e s f r o m t h e v a l v e i s c e n t r a l i z e d w i t h l o w t u r b u l e n c e 
i n t e n s i t i e s . T h e m e a s u r e m e n t s s h o w e d a r e g i o n o f f l o w 
s e p a r a t i o n i m m e d i a t e l y d o w n s t r e a m f r o m t h e s e w i n g r i n g a n d 
a d j a c e n t t o f l o w c h a n n e l w a l l s . T h e r e g i o n o f f l o w s e p a r a t i o n 
i s l a r g e r a d j a c e n t t o t h e c e n t e r o r i f i c e , c o m p a r e d t o t h e 
s e p a r a t i o n r e g i o n s a d j a c e n t t o t h e t w o s i d e o r i f i c e s . I t w a s 
a l s o o b s e r v e d t h a t t h e r e w a s m o r e ( v o l u m e t r i c ) f l o w t h r o u g h t h e 
s i d e o r i f i c e s c o m p a r e d t o t h e c e n t e r o r i f i c e ( a p p r o x i m a t e r a t i o 
o f 7 0 : 3 0 ) . W a l l s h e a r s t r e s s e s o n t h e o r d e r o f 5 0 t o 6 0 0 
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d y n e s / c m ^ w e r e m e a s u r e d t o g e t h e r w i t h e s t i m a t e d t u r b u l e n t 
s h e a r s t r e s s e s o f 1 0 0 - 6 0 0 d y n e s / c m 2 . V e l o c i t y m e a s u r e m e n t s h a v e 
n o t b e e n m a d e c l o s e t o t h e p i v o t i n g m e c h a n i s m o f t h e v a l v e . 
S c h r a m m e t a l . , u s i n g s t e a d y f l o w c o n d i t i o n s , h a v e a l s o o b s e r v e d 
f l o w s e p a r a t i o n o c c u r r i n g f r o m t h e d o w n s t r e a m s e w i n g r i n g ( 8 5 ) . 
T h e y s t a t e t h a t t h e f l o w s e p a r a t i o n g e n e r a t e s a c i r u c l a r d e a d 
w a t e r r e g i o n w h i c h s u r r o u n d s t h e m a i n f l o w . S t u d i e s i n o u r 
l a b o r a t o r y ( 8 8 ) a n d b y R a i n e r e t a l . , ( 1 3 2 ) i n d i c a t e a s y n c h r o n o u s 
c l o s i n g o f t h e t w o l e a f l e t s i n p u l s a t i l e f l o w . We h a v e a l s o 
o b s e r v e d t h a t p a r t i c l e s o f d i r t i n t h e b l o o d a n a l o g f l u i d 
c a u s e s t i c k i n g o f t h e v a l v e l e a f l e t s , 
( d ) C o r r e l a t i o n 

T h e i n v i v o a n d i n v i t r o r e s u l t s i n d i c a t e c l e a r l y t h e s u p e r i o r 
p r e s s u r e d r o p c h a r a c t e r i s t i c s o f t h e S t . J u d e p r o s t h e s i s . 
T h i s i s a t r e m e n d o u s a d v a n t a g e f o r p a t i e n t s who l e a d a c t i v e l i v e s , 
a s w e l l a s f o r c h i l d r e
( 1 2 3 - 1 2 5 ) . T h e r e g u r g i t a t i o
h e a r t r a t e s c o u l d b e c l i n i c a l l y s i g n i f i c a n t a t l o w c a r d i a c 
o u t p u t s . O n e o f t h e r e a s o n s f o r t h i s r e s u l t c o u l d b e t h e 
a s y n c h r o n o u s c l o s i n g o f t h e l e a f l e t s . T h e a s y n c h r o n o u s c l o s i n g 
o f t h e l e a f l e t s i s i n o u r o p i n i o n a n i n h e r e n t p r o b l e m w i t h a n y 
b i l e a f l e t d e s i g n , s i n c e o n e c a n n o t m a k e b o t h l e a f l e t s 
i d e n t i c a l . T h e c e n t r a l f l o w f i e l d c r e a t e d b y t h e v a l v e i s a n 
a d v a n t a g e . T h e w a l l s h e a r s c o u l d c a u s e s u b l e t h a l d a m a g e t o 
t h e e n d o t h e l i a l l i n i n g o f t h e v e s s e l w a l l s e s p e c i a l l y i n t h e 
a o r t i c p o s i t i o n , w h i l e t h e t u r b u l e n t s h e a r s t r e s s e s c o u l d c a u s e 
s u b l e t h a l a n d / o r l e t h a l d a m a g e t o b l o o d e l e m e n t s . I t i s 
t h e r e f o r e n o t s u r p r i s i n g t o o b s e r v e m i l d h e m o l y s i s a n d T E C 
e v e n t s , w i t h t h i s p r o s t h e s i s . T h e r e g i o n o f f l o w s e p a r a t i o n 
c o u l d c a u s e e x c e s s t i s s u e g r o w t h a n d / o r t h r o m b u s f o r m a t i o n o n 
t h e d o w n s t r e a m s e w i n g r i n g w h i c h i n t u r n c o u l d l e a d t o v a l v e 
d y s f u n c t i o n b y i m p e d i n g m o v e m e n t o f t h e l e a f l e t s . T h i s s i t u a t i o n 
c o u l d be a g g r a v a t e d b y c e r t a i n s u r g i c a l t e c h n i q u e s s u c h a s u s i n g 
p l e d g e t s t o s e w t h e v a l v e i n t o p l a c e . I t i s t h e r e f o r e o f u t m o s t 
i m p o r t a n c e t h a t t h e p h y s i c i a n b e a b l e t o m o n i t o r t h e m o v e m e n t 
o f t h e l e a f l e t s u n d e r c i n e f l u o r o s c o p y . One o f t h e m a j o r c l i n i c a l 
d i s a d v a n t a g e s o f t h e S t . J u d e v a l v e i s i t s p o o r r a d i o g r a p h i c 
v i s i b i l i t y , e s p e c i a l l y i f t h e p h y s i c i a n i s n o t f a m i l i a r w i t h 
t h e p r o s t h e s i s . T h e p r o b l e m o f s t i c k i n g l e a f l e t s a s d o c u m e n t e d 
i n t h e m e d i c a l l i t e r a t u r e , t o g e t h e r w i t h o u r o b s e r v a t i o n s i n t h e 
p u l s e d u p l i c a t o r g i v e u s c o n c e r n . A p o t e n t i a l f a i l u r e m o d e f o r 
t h i s p r o s t h e s i s c o u l d b e d a m a g e d b l o o d e l e m e n t s c o l l e c t i n g i n t h e 
d i v e t s ( i . e . e a r s ) o f t h e h i n g e m e c h a n i s m ; f o r m i n g s m a l l t h r o m b i 
a n d c a u s i n g i m p a i r e d l e a f l e t m o b i l i t y , a s o b s e r v e d b y u s a n d 
o t h e r i n v e s t i g a t o r s . 
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C o n c l u s i o n s 

F o l l o w i n g t h e c o l l e c t i o n , a n a l y s i s , a n d i n t e r p r e t a t i o n o f t h e 
i n v i v o a n d i n v i t r o i n f o r m a t i o n a n d d a t a p e r t a i n i n g t o t h e 
c u r r e n t s t a t e o f t h e a r t w i t h r e s p e c t t o t h e s a f e t y a n d 
p e r f o r m a n c e o f p r o s t h e t i c h e a r t v a l v e s ( m e c h a n i c a l a n d t i s s u e ) , 
we c o n c l u d e t h a t : 
1 . A t p r e s e n t we d o n o t h a v e a n i d e a l p r o s t h e t i c h e a r t v a l v e . 

D u r i n g t h e p a s t 2 2 y e a r s , m a n u f a c t u r e r s h a v e d e v e l o p e d 
v a r i o u s d e s i g n s o f p r o s t h e t i c h e a r t v a l v e s , s o m e o f w h i c h 
p e r f o r m s a t i s f a c t o r i l y w h e n i m p l a n t e d s u r g i c a l l y i n p a t i e n t s 
s u f f e r i n g f r o m v a l v u l a r h e a r t d i s e a s e . O t h e r d e s i g n s h a v e 
h a d t o b e r e m o v e d f r o m t h e o p e n m a r k e t d u e t o l a c k o f 
a d e q u a t e s a f e t y a n d e f f i c a c y . 

2 . T h e r e i s a l a c k o f i n v i v o c l i n i c a l a n d i n v i t r o f l u i d 
d y n a m i c d a t a a n d i n f o r m a t i o n o n a l l d e s i g n s o f p r o s t h e t i c 
h e a r t v a l v e s i n c u r r e n
q u a l i t y c l i n i c a l i n f o r m a t i o
v a l v e t y p e s i s s u r p r i s i n g . 

3 . G o o d , l o n g t e r m c l i n i c a l f o l l o w - u p d a t a e x i s t s o n l y f o r t h e 
f o l l o w i n g v a l v e t y p e s s t u d i e d : ( i ) S t a r r - E d w a r d s b a l l 
v a l v e s , ( i i ) B j o r k - S h i l e y t i l t i n g d i s c v a l v e , ( i i i ) 
L i l l e h e i - K a s t e r t i l t i n g d i s c v a l v e , a n d ( i v ) H a n c o c k p o r c i n e 
v a l v e . 

4 . T h e r e i s a l a c k o f g o o d d e t a i l e d p a t h o l o g i c s t u d i e s 
p e r f o r m e d o n h e a r t v a l v e s p r o s t h e s e s r e c o v e r e d a t s u r g e r y 
a n d / o r a u t o p s y . T h e l a c k o f s u c h s t u d i e s w i l l h i n d e r t h e 
p r o g r e s s a n d d e v e l o p m e n t o f n o t o n l y b e t t e r h e a r t v a l v e 
p r o s t h e s e s , b u t a l s o o t h e r f u t u r e a r t i f i c i a l d e v i c e s s u c h 
a s l e f t v e n t r i c u l a r a s s i s t d e v i c e s a n d t h e t o t a l a r t i f i c i a l 
h e a r t . 

5 . T h e c a l i b e r a n d q u a n t i t a t i v e n a t u r e o f t h e i n v i t r o f l u i d 
d y n a m i c s t u d i e s h a s i m p r o v e d a g r e a t d e a l d u r i n g t h e p a s t 
f i v e t o s i x y e a r s . T h e r e a r e , h o w e v e r , m a n y p i e c e s o f 
i n f o r m a t i o n m i s s i n g w h i c h w o u l d g i v e u s a b e t t e r u n d e r s t a n d i n g 
o f s o m e o f t h e c l i n i c a l p r o b l e m s o b s e r v e d w i t h p r o s t h e t i c 
h e a r t v a l v e s . 

6 . T h e r e s e e m s t o b e a l a c k o f c o l l a b o r a t i o n b e t w e e n t h e i n 
v i t r o i n v e s t i g a t o r a n d t h e p h y s i c i a n ( c a r d i o l o g i s t a n d / o r 
c a r d i o v a s c u l a r s u r g e o n ) . T h e r e f o r e , t h e r e a r e v e r y f e w 
a r t i c l e s t h a t a t t e m p t t o r e l a t e s p e c i f i c i n v i t r o f l o w 
c h a r a c t e r i s t i c s t o c l i n i c a l p e r f o r m a n c e a n d c o m p l i c a t i o n s . 
T h e l a c k o f s u c h i n f o r m a t i o n w i l l i m p e d e t h e p r o g r e s s o f 
p r o s t h e t i c h e a r t v a l v e s a n d s i m i l a r c a r d i o v a s c u l a r d e v i c e s . 

7 . T h e a v a i l a b l e i n v i v o h e m o d y n a m i c a n d i n v i t r o p r e s s u r e d r o p 
r e s u l t s f r o m a T T v a l v e s w h e n a n a l y z e d i n a c o m b i n e d o v e r a l l 
m a n n e r i n d i c a t e t h a t t h e p r o s t h e s e s s t u d i e d c o u l d b e 
a r r a n g e d i n t h e f o l l o w i n g b r o a d c a t e g o r i e s o f d e c r e a s i n g 
s t e n o t i c i t y ( T h e v a l v e s i n e a c h c a t e g o r y a r e l i s t e d i n 
a l p h a b e t i c a l o r d e r ) : ( i ) c a g e d d i s c v a l v e s ( i i ) c a g e d 
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b a l l v a l v e s , L i l l e h e i K a s t e r t i l t i n g d i s c v a l v e a n d p o r c i n e 
v a l v e s ( i i i ) B j o r k - S h i l e y t i l t i n g d i s c v a l v e a n d I o n e s c u -
S h i l e y p e r i c a r d i a l v a l v e ( i v ) M e d t r o n i c - H a l l t i l t i n g d i s c 
v a l v e ( v ) S t . J u d e b i l e a f l e t v a l v e . 

8 . I n t e r m s o f r e g u r g i t a t i o n , i n v i t r o s t u d i e s i n d i c a t e t h a t t h e 
v a l v e s c a n b e a r r a n g e d i n t h e f o l l o w i n g b r o a d c a t e g o r i e s o f 
i n c r e a s i n g r e g u r g i t a t i o n ( T h e v a l v e s i n e a c h c a t e g o r y a r e 
l i s t e d i n a l p h a b e t i c a l o r d e r ) : ( i ) p o r c i n e v a l v e s ( i i ) 
I o n e s c u - S h i l e y p e r i c a r d i a l v a l v e ( i i i ) B e a l l d i s c v a l v e , 
B r a u n w a l d - C u t t e r b a l l v a l v e , K a y - S h i l e y d i s c v a l v e , a n d 
S t a r r - E d w a r d s b a l l v a l v e ( i v ) B j o r k - S h i l e y , M e d t r o n i c - H a l l , 
a n d L i l l e h e i - K a s t e r t i l t i n g d i s c v a l v e s , a n d t h e S t . J u d e 
b i l e a f l e t v a l v e . 

9 . A l l p r o s t h e t i c v a l v e s ( m e c h a n i c a l a n d t i s s u e ) i n c u r r e n t 
c l i n i c a l u s e c a u s e s u b l e t h a l a n d / o r l e t h a l d a m a g e t o b l o o d 
e l e m e n t s s u c h a s r e d c e l l d p l a t e l e t s  T h  s h e a  f i e l d
c r e a t e d b y t h e v a l v e
o f c a u s i n g s u c h d a m a g e . S u b l e t h a l d a m a g e t o r e d c e l l s c o u l d 
i n t i m e l e a d t o m i l d h e m o l y s i s . S i m i l a r l y , s u b l e t h a l d a m a g e 
t o p l a t e l e t s c o u l d o v e r a p e r i o d o f t i m e l e a d t o t h r o m b o e m b o l i 
a n d T E C ' s . 

1 0 . A l l p e r i p h e r a l f l o w t y p e v a l v e s c a u s e d a m a g e t o t h e 
e n d o t h e l i a l l i n i n g o f t h e p r o x i m a l a s c e n d i n g a o r t a . T h i s 
i s d i r e c t l y r e l a t e d t o t h e e l e v a t e d w a l l s h e a r s t r e s s e s 
( 1 0 3 d y n e s / c m 2 ) i n t h e i m m e d i a t e d o w n s t r e a m v i c i n i t y o f 
t h e s e v a l v e s . T h e y m a y a l s o c a u s e s u b l e t h a l a n d / o r l e t h a l 
d a m a g e t o t h e v e n t r i c u l a r w a l l . O t h e r m e c h a n i c a l v a l v e 
d e s i g n s a n d t i s s u e b i o p r o s t h e s e s c o u l d c a u s e s u b l e t h a l 
a n d / o r l e t h a l d a m a g e t o t h e e n d o t h e l i a l l i n i n g o f t h e a o r t i c 
w a l l . T h e j e t t y p e f l o w f r o m t h e t i s s u e v a l v e s i n t h e a o r t i c 
a n d m i t r a l p o s i t i o n s c o u l d c a u s e d a m a g e t o t h e w a l l s o f t h e 
a s c e n d i n g a o r t a a n d l e f t v e n t r i c l e , r e s p e c t i v e l y . D e p e n d i n g 
o n t h e o r i e n t a t i o n o f t h e v a l v e , t h e f l o w i n t h e m a j o r 
o r i f i c e r e g i o n o f a t i l t i n g d i s c m i t r a l v a l v e c o u l d a l s o 
c a u s e d a m a g e t o t h e v e n t r i c u l a r w a l l . 

1 1 . A l l p r o s t h e t i c v a l v e s i n c u r r e n t c l i n i c a l u s e c a u s e 
h e m o l y s i s a n d T E C ' s , a n d a r e p r o n e t o t h e p r o b l e m s o f 
t h r o b m u s f o r m a t i o n a n d e x c e s s t i s s u e g r o w t h o n t h e v a l v e 
s u p e r s t r u c t u r e . 

1 2 . I n m a n y c a s e s t h e h e m o l y s i s c a u s e d b y t h e p r o s t h e s i s i s m i l d 
o r m o d e r a t e , a n d i s g e n e r a l l y c o m p e n s a t e d f o r q u i t e a d e q u a t e l y 
b y n a t u r a l r e g e n e r a t i o n i n t h e b o n e - m a r r o w . C l o t h c o v e r i n g 
o n t h e v a l v e s u p e r s t r u c t u r e ( s u c h a s w i t h t h e S t a r r - E d w a r d s 
a n d B e a l l v a l v e s ) w i l l l e a d t o a n i n c r e a s e i n h e m o l y s i s 
d e p e n d i n g o n t h e s t r u c t u r e a n d s u r f a c e c h a r a c t e r i s t i c s o f 
t h e f a b r i c . H e m o l y s i s , h o w e v e r m i l d , i s n o t i n n o c u o u s . I t 
i s t h e f o r e r u n n e r i n o n e o f t h e p r o p o s e d m e c h a n i s m s f o r 
p l a t e l e t a g g r e g a t i o n a n d c o a g u l a t i o n , w h i c h i n t u r n c o u l d 
l e a d t o t h e f o r m a t i o n o f t h r o m b o e m b o l i . 
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1 3 . M e c h a n i c a l v a l v e s i n c u r r e n t c l i n i c a l u s e h a v e T E C r a t e s o f 
a b o u t 2 t o 8% p e r p t . y r . f o r p a t i e n t s o n a n t i c o a g u l a t i o n 
t h e r a p y . T i s s u e v a l v e s h a v e T E C r a t e s o f a b o u t 2 t o 5 . 5 % 
p e r p t . y r . w i t h o u t t h e u s e o f l o n g t e r m a n t i c o a g u l a t i o n 
t h e r a p y . 

1 4 . T h r o m b u s f o r m a t i o n a n d t i s s u e o v e r g r o w t h o n t h e v a l v e s u p e r 
s t r u c t u r e a r e m o s t o f t e n f o u n d i n r e g i o n s o f f l o w s t a s i s , 
v e r y l o w f l o w a n d s h e a r , a n d f l o w s e p a r a t i o n . 

1 5 . M e c h a n i c a l d a m a g e t o t h e b l o o d e l e m e n t s a s w e l l a s t o t h e 
e n d o t h e l i a l t i s s u e o f t h e a d j a c e n t v e s s e l w a l l , may i n 
a d d i t i o n t r i g g e r c o m p l e x b i o c h e m i c a l r e a c t i o n s w h i c h c o u l d 
l e a d t o t h e e x c e s s f i b r o u s t i s s u e o v e r g r o w t h o b s e r v e d o n 
r e c o v e r e d v a l v e s . 

1 6 . T i s s u e v a l v e s a r e p r o n e t o c a l c i f i c a t i o n , e s p e c i a l l y i n 
c h i l d r e n a n d y o u n g a d u l t s . C a l c i f i c a t i o n m a i n l y o c c u r s o n 
t h e o u t f l o w s u r f a c e f t h  l e a f l e t s  T h e r e f o r e  i  i
v e r y p r o b a b l e t h a
c u r r e n t t i s s u e v a l v e l e a f l e t s , t o g e t h e r w i t h t h e r e g i o n 
o f f l o w s e p a r a t i o n a n d / o r f l o w s t a g n a t i o n w h i c h o c c u r s 
b e t w e e n t h e o u t f l o w s u r f a c e s o f t h e l e a f l e t s a n d t h e v e s s e l 
w a l l , c o u l d l e a d t o t h e d e p o s i t i o n o f c a l c i f i c , t h r o m b o t i c 
a n d f i b r o t i c m a t e r i a l o n t h e o u t f l o w s u r f a c e s . 

A c k n o w l e d g m e n t s 

T h i s s t u d y w a s s u p p o r t e d b y t h e B u r e a u o f M e d i c a l D e v i c e s , FDA 
( c o n t r a c t # 2 2 3 - 8 1 - 5 0 0 0 ) . 
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Polymeric Membranes for Artificial Lungs 

DON N. GRAY 

Owens-Illinois, Inc., Corporate Technology, Toledo, OH 43666 

Artificial membrane lungs are devices that perfuse 
c i r cu la t ing blood by membrane transport of gases. 
The development of membrane lungs was prompted by 
a need for an e f f ic ien t device that could be used 
longer and that would damage the blood less than 
the direct blood-ga
evolution of the membran
twenty-five years was dependent on advances made 
in permselective and microporous polymers with the 
required character is t ics for the critical membrane 
portion of the device. 

In most commercial membrane artificial lungs, 
the most s igni f icant resistant to gas-transfer is 
the laminar boundary layer of blood near the mem
brane. Artificial lungs designed to improve the 
eff iciency of gas transfer per unit area of mem
brane by minimizing the effect of the stagnant 
blood boundary layer are now avai lab le . These 
new designs take advantage of the inherently high 
permeability of new membrane materials. 

B r e a t h i n g i s something we do c o n t i n u a l l y from b i r t h t o dea th 
about ten t imes a m i n u t e , 600 t imes an hour o r 14,000 t imes a 
day t o change the c o m p o s i t i o n o f the gaseous m i x t u r e i n c o n t a c t 
w i t h our l u n g s . The lung i s one o f the most complex v i t a l 
organs and the one o f t e n a s s a u l t e d by p o l l u t e d a i r , b i o l o g i c a l 
enemies and i n d i v i d u a l s e l f - d e s t r u c t i v e h a b i t s and l a c k o f 
c o n c e r n . 

C e r t a i n l y w i t h the modern emphasis on a r t i f i c i a l body 
replacement p a r t s and the succes s o f imp lan ted b i t s o f hardware 
and a s s i s t d e v i c e s f o r the hea r t ( v a l v e s , hea r t bypass and pace 
makers) and k i d n e y s ( r e n a l d i a l y s i s ) , a s u b s t i t u t e d e v i c e f o r 
the n a t u r a l lung s h o u l d be c o n s i d e r e d . A r t i f i c i a l lungs a r e 
used d a i l y f o r s h o r t - t e r m (3-4 hours) h e a r t - l u n g bypas i n l a r g e , 
s p e c i a l i z e d h e a l t h c a r e c e n t e r s . These a r e e x t r a c o r p o r e a l 
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d e v i c e s l i k e kidney d i a l y s i s u n i t s r a t h e r than implants l i k e 
h eart a s s i s t d e v i c e s . These d e v i c e s f u n c t i o n l i k e f i s h " g i l l s " 
exchanging blood gases d i r e c t l y ( F i g u r e 1) r a t h e r than a s s i s t i n g 
r e s p i r a t i o n l i k e a be l l o w s or r e s p i r a t o r . The technology of 
these d e v i c e s i s now at the s t a t e , many e x p e r t s b e l i e v e , t h a t 
a r t i f i c i a l kidneys were t h i r t y years ago. 1 The widespread use 
and acceptance of t h i s t echnique w i l l depend t o a l a r g e e x t e n t 
on the a v a i l a b i l i t y o f s i m p l e r , e a s i e r to use, s a f e r and lower 
c o s t d e v i c e s . 

The primary purpose o f the n a t u r a l lung i s t o b r i n g a i r 
i n t o c o n t a c t w i t h the lung membrane. Blood on the o t h e r s i d e o f 
the membrane r e l e a s e s carbon d i o x i d e and takes up oxygen. Two 
f l u i d movement systems are i n v o l v e d i n t h i s dynamic p r o c e s s , 
one moving a i r and the o t h e r (the heart ) moving b l o o d . The 
s u r f a c e area o f the n a t u r a l lung i s very high (over 70 square 
m e t e r s ) , w h i l e the a r t i f i c i a l lun  membran  s u r f a c  i h 
lower (3~6 square m e t e r s )

F o r t u n a t e l y , a r t i f i c i a  lung
a c h i e v e adequate gas exchange w i t h lower s u r f a c e areas because, 
w h i l e the n a t u r a l lung r e c e i v e s i n s p i r e d a i r c o n t a i n i n g o n l y 
21% oxygen, the membrane o f the a r t i f i c i a l lung sees 100% oxygen. 

The development of apparatus to oxygenate blood preceded 
modern advances i n c a r d i a c and t h o r a c i c surgery and was a b s o l u t e 
l y necessary f o r open heart s u r g e r y . Between the 1930's and 
19501 s, surgeons experimented w i t h blood oxygenators by t a k i n g 
the s t r a i g h t forward approach of c o n t a c t i n g whole venous blood 
w i t h a i r o r oxygen and r e c i r c u l a t i n g the oxygenated form i n t o 
the body's c i r c u l a t o r y system. T h i s procedure gave the surgeon 
what he needed most, time f o r s u r g i c a l r e p a i r o f a s t i l l h e a r t . 
To i n c r e a s e the blood-gas c o n t a c t s u r f a c e area i n these d e v i c e s , 
oxygen was bubbled through the blood (bubble o x y g e n a t o r s ) 2 o r 
d i s c s were used t o c o n s t a n t l y expose the blood s u r f a c e t o the 
gas phase ( d i s c o x y g e n a t o r s ) 3 . D i r e c t c o n t a c t of blood and gas 
leads to p r o t e i n d e n a t u r a t i o n and blood c e l l d e s t r u c t i o n which 
l i m i t s the use of bubble and d i s c oxygenators t o a maximum of 
s i x hours; p e r f e c t l y s a t i s f a c t o r y f o r most s u r g i c a l procedures. 

It i s i n t e r e s t i n g t h a t o t h e r approaches were a l s o t r i e d 
w i t h some s u c c e s s , such as u s i n g a human donor t o c o n s t a n t l y 
" b r e a t h e " f o r a p a t i e n t v i a c r o s s blood c i r c u l a t i o n 1 9 , 2 ° . Even 
more d a r i n g was s u c c e s s f u l e x - v i v o use o f d i s s e c t e d , s p e c i a l l y 
t r e a t e d animal lungs f o r blood oxygénâtion21,an i n t e l l e c t u a l 
p r e c u r s o r i n the development o f the a r t i f i c i a l membrane lung. 

As e a r l y as 1955, K o l f f and B a l z e r H d e s c r i b e d a d e v i c e 
p a t t e r n e d a f t e r an e a r l y r e n a l d i a l y s i s u n i t (the Inouye a r t i f i 
c i a l kidney) wherein p o l y e t h y l e n e t u b i n g was used i n a c o i l 
c o n f i g u r a t i o n . While the concept was sound, the membrane 
m a t e r i a l c h o i c e s a v a i l a b l e at t h a t time were l i m i t e d . 

In 1956 Clowes and c o w o r k e r s 5 d e s c r i b e d an oxygenator u s i n g 
f l a t sheets of membrane t o se p a r a t e the blood and gas ( F i g u r e 2). 
Clowes examined T e f l o n , e t h y l c e l l u l o s e , p o l y e t h y l e n e , c e l l o -
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Blood i n l e t groove 
Gasket 

Compressed a i r : 160mm Hg 

Blood f i l m flowing ]' 
between p l a s t i c membranes 

P l a s t i c membranes 
Longitudinal blood channel 

Longitudinal oxygen channel 
Oxygen flowing i n diagonal rubber grooves 

Figure 2 . The Clowes membrane oxygenator. (Reproduced with 
permission from Ref. 5 . Copyright 1 9 5 6 , J . Thoracic Surg.) 
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phane, PVC, p o l y s t y r e n e , Mylar and c h l o r i n a t e d rubber. Note 
t h a t some o f these m a t e r i a l s a r e c o n s i d e r e d b a r r i e r polymers 
(Mylar and c h l o r i n a t e d r u b b e r ) . However, e t h y l c e l l u l o s e and 
T e f l o n gave p r o m i s i n g r e s u l t s . These e a r l y workers were u s i n g 
the p e r m s e l e c t i v e p r o p e r t i e s of p o l y m e r i c membranes f o r gas, 
al t h o u g h one might suspect t h a t a p o r t i o n o f the gas passage was 
due t o d i f f u s i o n v i a microporous d e f e c t s i n the f i l m s . T a b l e 1 
i s a comparison o f the p e r m e a b i l i t y one hundred times t h a t o f 
T e f l o n . 

It i s i n t e r e s t i n g t o compare the h i s t o r i c a l time t a b l e f o r 
c l i n i c a l advances versus the commercial s t a t u s o f membrane 
m a t e r i a l a t the same p o i n t i n time. (Table 2 - S i g n i f i c a n t M i l e 
stones - Development of A r t i f i c i a l Membrane Lungs). Note t h a t 
the f i r s t s y n t h e t i c m a t e r i a l used f o r blood o x y g e n a t i o n ( a l b e i t 
i n a d v e r t e n t l y ) was c e l l o p h a n e , and the mode of oxygen t r a n s f e r 
must have been v i a s o l u b i l i t  i  th  hydrated "aqueou  phase" f 
the s w e l l e d polymer. B
w i t h and c o n c e p t u a l l y o p t i m i z e  geometrie
oxygenators. However, the membrane m a t e r i a l s a v a i l a b l e t o them 
were those o f f e r e d by i n d u s t r y f o r o t h e r purposes, u s u a l l y 
packaging. The c r i t e r i a f o r cho o s i n g the m a t e r i a l s were s t r e n g t h , 
c o n s i s t e n t q u a l i t y ( i . e . l a c k o f p i n - h o l e s ) and t h i n n e s s . If the 
m a t e r i a l s had some degree o f p e r m e a b i l i t y , a l l the b e t t e r . The 
pe r i o d 1955-1956 was important t o the e v e n t u a l development o f 
s u p e r i o r p e r m s e l e c t i v e membranes. P r o f e s s o r Kammermeyer d i d h i s 
f i r s t s t u d i e s on the p e r m e a b i l i t y o f s i l i c o n e f i l m s t o gases 
about t h i s t i m e 6 and p u b l i s h e d h i s much r e f e r e n c e d a r t i c l e 
" S i l i c o n e Rubber as a S e l e c t i v e B a r r i e r " i n I n d u s t r i a l and 
E n g i n e e r i n g Chemistry d u r i n g 1957. The very h i g h p e r m e a b i l i t y o f 
the s i l i c o n e f i l m s , e s p e c i a l l y compared w i t h m a t e r i a l s p r e v i o u s l y 
a v a i l a b l e , c o upled w i t h what was known about optimum geometries 
r e s u l t e d i n a number o f l a s t i n g d e v i c e d e s i g n s i n t r o d u c e d i n the 
e a r l y 1960's. The commercial a v a i l a b l i t y o f microporous p o l y -
o l e f i n s and p e r f 1 u o r o - p o l y o l e f i n s i n the 1970's f o l l o w e d w i t h 
the i n t r o d u c t i o n o f membrane oxygenator d e v i c e s u s i n g these 
m a t e r i a l s . Note t h a t w i t h p o s s i b l e e x c e p t i o n o f s i l i c o n e 
p a s s i v a t e d , microporous c e l l u l o s e a c e t a t e (the Rhone-Poulenc l u n g ) , 
no p o l y m e r i c m a t e r i a l i n any commercial a r t i f i c i a l lung was 
e s p e c i a l l y designed f o r the purpose o f blood o x y g e n a t i o n . How
e v e r , two polymers, e t h y l - e e l 1ulose p e r f 1 u o r o b u t y r a t e (EFB) and 
the p o l y ( a l k y l s u l f o n e s ) have been e s p e c i a l l y developed s i n c e 
the mid 1970's as the base f o r membranes f o r blood o x y g e n a t o r s . 
E t h y l c e l l u l o s e p e r f 1 u o r o b u t y r a t e was developed by N o r t h s t a r 
Research. The poly ( a l k y l s u l f o n e s ) were developed by Owens-
I l l i n o i s and are now o f f e r e d under the BIOBLAND name by 
Shenandoah Research, Inc. While the m a t e r i a l s have not y e t been 
used c o m m e r c i a l l y i n d e v i c e s , c o n s i d e r a b l e e v a l u a t i o n and t e s t i n g 
on these m a t e r i a l s has been r e p o r t e d ( R e f s . 7 and 9 and p e r t i n 
ent r e f e r e n c e s c i t e d t h e r e i n ) . 

The e a r l y e x p e r i m e n t a l d e v i c e s were g r a d u a l l y improved by 
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1955 

Pre 

Table I Permeability of various polymers 
carbon dioxide 

to oxygen and 

Polymer p c o 2 

Polydimethyl siloxane 500 2700 

Silicone rubber /polycarbonat

Poly (a lpha-hexadecene sulfone) (Biobland-16 ) 60 

Ethylcellulose perfluorobutyrate (EFB) 50 250 

Poly ( 4 - m e t h y l p e n t e n e - ï ) (TPX ) 30 90 

Poly (tetrafluoroethylene ) (Teflon ) 5 13 

Polypropylene (density 0.91) 2 9 

Polyethylene (density 0.96) 0.4 1.8 

Cellulose acetate (unplasticized) 0.08 0.016 

Polyvinylchloride (unplasticized) 0.045 0.016 

Polyethylene terephthalate-oriented (Mylar ) 0.035 0.017 

c m 3 (STP), cm --i<) Registered Trademarks 
Units = x 10 

n 2 ,sec, cm Hg M E M 213 - General Electric 
Biobland - 16 - Shenandoah Research Inc. 

TPX - M i t s u i 
Teflon - My la r - DuPont 
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o p t i m i z i n g membrane m a t e r i a l and f l o w c h a r a c t e r i s t i c s , and by the 
e a r l y 1 9 7 0's s u f f i c i e n t e x p e r i m e n t a l data was a v a i l a b l e t o i n d i 
c a t e t h a t membrane oxygenators were l e s s damaging t o blood than 
the blood-gas d i r e c t c o n t a c t type ( d i s c and b u b b l e ) . T h e r e f o r e , 
the newer blood oxygenators c o u l d be used f o r longer p e r i o d s 8 ' 9 . 

The improvements made i n m a t e r i a l s and oxygenator d e s i g n s 
a l l o w e d c l i n i c i a n s t o c o n s i d e r long-term (days r a t h e r than hours) 
oxygenation f o r the f i r s t t ime. Here a g a i n the hope was t o "buy 
t i m e " not f o r s u r g e r y , but f o r an i n j u r e d o r d i s e a s e d lung t o 
r e p a i r i t s e l f o r h e a l . The workers d e v e l o p i n g these t e c h n i q u e s 
were u s i n g as a model a w e l l - p r o v e n e x t r a c o r p o r e a l t e c h n i q u e -
temporary d i a l y s i s w i t h the a r t i f i c i a l k i d n e y . A d i s t i n c t 
d i f f e r e n c e between r e n a l d i a l y s i s and long-term o x y g e n a t i o n i s 
th a t r e n a l d i a l y s i s may be i n t e r m i t t e n t and s t i l l be e f f e c t i v e , 
w h i l e o x y g e n a t i o n must be continuo u s i n o r d e r t o be e f f e c t i v e . 
T h i s requirement puts g r e a t e
support d e v i c e s . As n a t u r a
buying time w i t h a r t i f i c i a l l u n g s , p h y s i c i a n s have now turned 
t h e i r thoughts t o u s i n g a r t i f i c i a l lungs as support o r r e p l a c e 
ment d e v i c e s f o r i n s u f f i c i e n t n a t u r a l lungs. 

M a t e r i a l s used f o r the gas t r a n s f e r membrane i n a r t i f i c i a l 
lungs can be o f two t y p e s , p e r m s e l e c t i v e such as those p r e v i o u s l y 
d i s c u s s e d o r microporous. In e i t h e r c a s e , gas passage p r o p e r t i e s 
must be h i g h , blood c o m p a t i b i l i t y must be op t i m a l and t o x i c 
agents must not be r e l e a s e d from the membranes. Zapol and 
Ke t t e r i n g h a m 7 g i v e the f o l l o w i n g c h a r a c t e r i s t i c s r e q u i r e d f o r 
membrane m a t e r i a l s f o r an a r t i f i c i a l l u n g : 
1. They must have h i g h oxygen and carbon d i o x i d e p e r m e a b i l i t y . 
2 . They should be c h e m i c a l l y s t a b l e w i t h o u t l e a c h a b l e m o i e t i e s 

and be blood c o m p a t i b l e , m i n i m i z i n g t h r o m b o s i s , p l a t e l e t 
a c t i v a t i o n and i n j u r y , and p r o t e i n d e n a t u r a t i o n . 

3 . They must be s t r o n g , p i n h o l e - f r e e and cap a b l e o f w i t h s t a n d i n g 
a p r e s s u r e g r a d i e n t of 15 p s i from the blood s i d e w i t h o u t 
l e a k i ng. 

k. They must be capable o f s t e r i l i z a t i o n p r e f e r a b l y by e t h y l e n e 
o x i d e o r by a u t o c l a v i n g . 

5 . They should be e a s i l y f a b r i c a t e d i n t o p i n h o l e - f r e e membranes 
( c o n t a i n i n g a s u p p o r t i n g component i f necessary) w i t h a s u r 
f a c e c o n f o r m a t i o n which can be designed t o augment secondary 
blood f l o w a g a i n s t the s u r f a c e . 

6 . The b a s i c c o s t o f the m a t e r i a l and ease o f f a b r i c a t i o n must 
permit economical d i s p o s a b l e d e v i c e s t o be c o n s t r u c t e d . 
A number o f c o n f i g u r a t i o n s a r e used f o r commercial membrane 

lungs; those based on f l a t sheets a r e Bramson, G.E.-Pierce, 
Lande-Edwards and T r a v e n o l . A m o d i f i c a t i o n o f the f l a t sheet 
c o n f i g u r a t i o n i s the Kolobow/Sci-Med s p i r a l c o i l membrane lu n g . 
Hollow f i b e r membrane lungs a r e r e p r e s e n t e d by the Dow and the 
Terumo a r t i f i c i a l lungs. 

Blood f l o w i n g past a membrane, a t l e a s t as the f l u i d v e l o c i t 
i e s p e r m i t t e d i n membrane l u n g s , forms a laminar boundary l a y e r 
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a d j a c e n t t o the membrane. T h i s phenomena l i m i t s the gas t r a n s f e r 
p r o p e r t i e s , e x p e c i a l l y oxygen, o f the d e v i c e . To e x p l o i t the 
t r u e , h i g h p o t e n t i a l gas t r a n s f e r c a p a b i l i t i e s o f the membrane 
m a t e r i a l i n modern membrane l u n g s , B e l l house and c o w o r k e r s 1 1 

have i n v e s t i g a t e d v o r t e x shedding, secondary f l o w t e c h n i q u e s t o 
in c r e a s e membrane t o blood gas t r a n s f e r . T h i s i s accomplished by 
impress i n g a secondary p u l s i t i l e f l o w on the c i r c u l a t o r y f l o w t o 
d i s t u r b the laminar l a y e r . Examples o f d e v i c e s u s i n g t h i s t e c h 
nique a r e the Oxford pul s e d f l a t sheet lung and the d e v i c e o f f e r 
ed by E x t r a c o r p o r e a l . These d e v i c e s t h a t augment m i x i n g and 
in c r e a s e gas t r a n s f e r per u n i t area have caused a r e - e v a l u a t i o n 
of the membrane m a t e r i a l s used i n a r t i f i c i a l l ungs. 

Ketteringham, d e F i l i p p i and B i r k e t t 1 2 working w i t h a number 
of p e r m s e l e c t i v e m a t e r i a l s f a b r i c a t e d i n t o u l t r a t h i n membranes 
have determined the CO2/O2 f l u x r a t i o from i n v i t r o measurements 
u s i n g a s e r i e s o f a r t i f i c i a l lungs w i t h i n c r e a s i n g l  more 
e f f i c i e n t oxygen t r a n s f e
T a ble 1, f o r the polymer
branes, the carbon d i o x i d e p e r m e a b i l i t y i s much h i g h e r than the 
oxygen p e r m e a b i l i t y . In d e v i c e s w i t h o u t induced o r augmented 
secondary f l o w , the membrane area r e q u i r e d t o m a i n t a i n adequate 
oxygen t r a n s f e r t o the blood was more than adequate f o r carbon 
d i o x i d e c l e a r a n c e . With more e f f i c i e n t d e v i c e s t h a t e l i m i n a t e 
o r reduce the d e l e t e r i o u s stagnant blood l a y e r , the membrane 
area r e q u i r e d f o r C0 2 c l e a r a n c e i s a l s o o f concern. F i g u r e 3 
r e p r e s e n t s a s i m p l i f i e d p r e s e n t a t i o n o f the i n f o r m a t i o n r e p o r t e d 
by K e t t e r i n g h a m 1 2 . The r a t i o C0 2 f l u x / 0 2 f l u x i s p l o t t e d v e r s u s 
the t o t a l oxygen f l u x . At a f l u x r a t i o l e s s than 0.82, i n s u f f i 
c i e n t C0 2 i s c l e a r e d r e l a t i v e t o oxygen t r a n s f e r . T h e r e f o r e , any 
f u r t h e r improvement i n t o t a l oxygen t r a n s f e r i s o f no p h y s i o l o g 
i c a l advantage. The i n t e r c e p t o f the curved l i n e s w i t h the 
do t t e d l i n e y i e l d s the v a l u e f o r the h i g h e s t u s a b l e 02 t r a n s f e r 
f o r a gi v e n m a t e r i a l . BIOBLAND 16 used i n the u l t r a t h i n mem
brane c o n f i g u r a t i o n approaches the gas t r a n s f e r c h a r a c t e r i s t i c s 
of the microporous m a t e r i a l s , but w i t h o u t the problems a s s o c i a t e d 
w i t h the microporous m a t e r i a l s . The problems most o f t e n a s s o c i 
ated w i t h the microporous membranes a r e p o s s i b l e blood damage due 
to gas microbubble i n t r u s i o n , e x c e s s i v e water f l u x and p o s s i b l e 
seepage. 

Si n c e membrane lungs as e x t r a c o r p o r e a l d e v i c e s a r e i n wide 
use, thoughts have turned t o an i m p l a n t a b l e a r t i f i c i a l lung 
p r o s t h e s i s based on membrane te c h n o l o g y . Developing such a 
de v i c e w i t h the adequate c h a r a c t e r i s t i c s and long-term r e l i a b i l i t y 
i s a much more d i f f i c u l t t a s k than encountered w i t h the e x t r a 
c o r p o r e a l d e v i c e developed f o r i n t e r m i t t a n t use. However, a 
small p r o t o t y p e d e v i c e made of porous T e f l o n has been f a b r i c a t e d 
and t e s t e d by Richardson and G a l l e t t i 1 3 . 

The hopes f o r the use of E x t r a c o r p o r e a l Membrane Oxygenation 
(ECMO) f o r t r e a t i n g acute r e s p i r a t o r y f a i l u r e went through a low 
po i n t i n the mid 1970's a f t e r the r e s u l t s o f the N a t i o n a l I n s t i -
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Figure 3 . Membrane e f f i c i e n c i e s . Key: MEM 2 1 3 , 
polysiloxane/polycarbonate; SSR, standard s i l i c o n e rubber 
UTEFB, u l t r a t h i n e t h y l c e l l u l o s e perfluorobutyrate; UTSR, 
u l t r a t h i n s i l i c o n e rubber; and BIOBLAND 1 6 , 
poly(a-hexadecene sulfone). (Reproduced with permission 
from Ref. 1 2 . Copyright 1 9 7 6 , Academic Press.) 
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t u t e s o f H e a l t h - E x t r a c o r p o r e a l Membrane Oxygenation study became 
known 1 \ T h i s work d e s c r i b e s the f i n d i n g s o f a c o o p e r a t i v e 
study i n v o l v i n g n i n e prominent medical c e n t e r s w e l l versed i n 
expnacorporeal p e r f u s i o n . N i n e t y i n d i v i d u a l s were chosen whose 
c o n d i t i o n ( r e s p i r a t o r y f a i l u r e ) o f f e r e d them o n l y a ten percent 
chance o f s u r v i v a l u s i n g standard r e s p i r a t o r y therapy management. 
T h i s group was randomly d i v i d e d i n t o two s m a l l e r , equal groups 
(45 e a c h ) , one group being g i v e n ECMO s t a t e - o f - t h e - a r t support 
and t h e o t h e r g i v e n standard therapy. There were f o u r (4) 
s u r v i v o r s i n each group i n d i c a t i n g t h a t the more d i f f i c u l t and 
expensive ECMO therapy a p p a r e n t l y y i e l d e d no b e n e f i t s . 

However, the gloomy prospect has b r i g h t e n e d i n the l a s t f i v e 
y e a r s . In 1979 B a r t l e t t 1 5 r e p o r t e d on the s u r v i v a l o f o n e - h a l f 
of a group of 32 moribund i n f a n t s u s i n g ECMO techniques and 
s t a t e d as a r e s u l t o f h i s f i n d i n g s t h a t " r e c o v e r y and s u r v i v a l 
should be r o u t i n e i f ECMO i s i n s t i t u t e d i n the f i r s t two days o f 
l i f e " . 

As e a r l y as 1978, K o l obow
removed from blood (and hence blood pH c o u l d be p r o p e r l y main
t a i n e d ) by s h u n t i n g o n l y 10-30% of the c a r d i a c output through a 
membrane lung. T h i s study has been f o l l o w e d by more c l i n i c a l 
work by Kolobow and h i s a s s o c i a t e s 1 7 ' 1 8 . In one study a 63% 
s u r v i v a l r a t e was o b t a i n e d by s i m u l t a n e o u s l y u s i n g ECMO f o r 
carbon d i o x i d e removal coupled w i t h c l a s s i c a l v e n t i l a t o r t e c h 
niques f o r o x y g e n a t i o n . These s t u d i e s have prompted a r e a p p r a i s 
a l o f the use o f ECMO therapy w i t h renewed emphasis on p a t i e n t 
c h o i c e and m o d i f i e d treatment t e c h n i q u e s . 

It i s expected t h a t w i t h the g r e a t e r a v a i l a b i l i t y of s i m p l e r , 
more dependable and lower c o s t d i s p o s a b l e membrane oxygenators 
in s u r g i c a l procedures o f the h e a r t , t h e i r use w i l l i n c r e a s e . In 
t h i s c o u n t r y , about 500 i n d i v i d u a l s each day undergo r o u t i n e 
heart surgery t h a t r e q u i r e s e x t r a c o r p o r e a l o x y g e n a t i o n 2 2 . Bubble 
oxygenators s t i l l dominate, but the number o f p e r f u s i o n teams 
t h a t a r e s h i f t i n g t o membrane u n i t s i s i n c r e a s i n g 2 3 . The t o t a l 
p o t e n t i a l market (U.S.) f a r membrane lungs i s about $20 m i l l i o n / 
year (at the present p r i c e o f $200/unit) making i t a r e l a t i v e l y 
small market as compared, f o r example, t o the a r t i f i c i a l kidney 
( d i a l y s i s ) market of $225 m i l l i o n / y e a r . T h e r e f o r e , one would not 
expect t o see many new "me-too" membrane oxygenator d e v i c e s 
i n t r o d u c e d . Any new product would have t o o f f e r a c l e a r b e n e f i t 
o r f i l l a r e c o g n i z e d need t o c a p t u r e market share. 
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Blood Compatibility of Artificial Organs 
Transient Leukopenia in Hemodialysis 

S. MURABAYASHI and Y. NOSE 
Department of Artificial Organs, Cleveland Clinic Foundation, Cleveland, OH 44106 

Blood compatible materials are essential for 
artificial organs which are used in contact with 
blood. The immunological aspects of blood 
compatibi l i ty are stressed  Complement ac t iva t ion 
induced by material-bloo
related to transien
c i r cu l a t i on such as hemodialysis. Although 
transient, i t may be harmful, especial ly if it occurs 
frequently. Some complications associated with 
hemodialysis may be caused due to the repeated 
complement act ivat ion and leukostasis in the lung. 
Ce l lu los i c membranes induce the phenomenon more 
severely than synthetic membranes. Reused cellulosic 
membranes sterilized with aldehyde after the first 
use show less complement ac t ivat ion and leukopenia. 
Aldehyde treated b io log ica l substances may play a 
important role in enhancing blood compat ib i l i ty . 
This concept is s imi lar to our " B i o l i z a t i o n " 
philosophy, which was proved in the cardiac 
prostheses. Transient leukopenia in hemodialysis was 
reviewed from a material blood compatibi l i ty point of 
view. 

For the past three decades, technological advances have 
r e v o l u t i o n i z e d the f i e l d o f a r t i f i c i a l o r g a n s . V a r i o u s d e v i c e s 
have p r o l o n g e d the l i v e s o f m i l l i o n s o f persons and improvements 
are s t i l l c o n t i n u i n g f o r the b e n e f i t s o f the p a t i e n t . The 
m a t e r i a l used i n a r t i f i c i a l organs i s an impor t an t f a c t o r 
c o n t r i b u t i n g to the good performance o f the d e v i c e . The c h o i c e o f 
m a t e r i a l s i s dependent upon bo th i t s b i o f u n c t i o n a l i t y and 
b i o c o m p a t i b i l i t y . B i o f u n c t i o n a l i t y i n c l u d e s the p h y s i c a l , 
c h e m i c a l , and m e c h a n i c a l p r o p e r t i e s o f the m a t e r i a l , and r e l a t e s 
to the i n t e n d e d performance o f the i t e m o r d e v i c e s . I d e a l l y , the 
d e v i c e s s h o u l d f u n c t i o n as o r i g i n a l l y i n t e n d e d th roughout t h e i r 
e n t i r e usage p e r i o d . B i o c o m p a t i b i l i t y r e f e r s to the absence of any 
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adverse e f f e c t t h a t the m a t e r i a l might present to the 
p h y s i o l o g i c a l system, i n p a r t i c u l a r to the b l o o d or n a t u r a l 
t i s s u e . I n the e a r l y development of a r t i f i c i a l organs, emphasis 
was p l a c e d p r i m a r i l y on the b i o f u n c t i o n a l i t y of the m a t e r i a l s . In 
r e c e n t y e a r s , the emphasis has t u r n e d to the enhancement of the 
b i o c o m p a t i b i l i t y a s p e c t . 

In the c o m p o s i t i o n of any d e v i c e which c o n t a c t s b l o o d , b l o o d 
c o m p a t i b i l e m a t e r i a l s are e s s e n t i a l . While c l o t t i n g and 
thrombosis are the most obvious evidence of i n c o m p a t i b i l i t y , they 
r e p r e s e n t o n l y one aspect of b l o o d c o m p a t i b i l i t y . M a t e r i a l s can 
a f f e c t the plasma p r o t e i n s , c l o t t i n g f a c t o r s and immunological 
f a c t o r s . As e a r l y as 20 years ago, changes i n c i r c u l a t i n g b l o o d 
c e l l u l a r elements were noted d u r i n g e x t r a c o r p o r e a l c i r c u l a t i o n 
(1). I n these e a r l y s t u d i e s , l e u k o c y t e counts decreased d u r i n g 
the f i r s t 10-15 minutes of p e r f u s i o n and then r e t u r n e d to near 
normal l e v e l s . Serum, taken from an animal on e x t r a c o r p o r e a l 
c i r c u l a t i o n and i n j e c t e
decreases i n c i r c u l a t o r
f a c t o r s a c t i v a t e d or produced d u r i n g e x t r a c o r p o r e a l c i r c u l a t i o n 
were thus i m p l i c a t e d i n these changes. In h e m o d i a l y s i s , t h i s 
phenomenon, termed t r a n s i e n t l e u k o p e n i a , has been shown to occur 
i n the e a r l y phase of the procedure. Immunological a l t e r a t i o n s 
induced by m a t e r i a l s are taken i n t o c o n s i d e r a t i o n r e c e n t l y , s i n c e 
t r a n s i e n t l e u k o p e n i a d u r i n g h e m o d i a l y s i s i s most l i k e l y r e l a t e d to 
complement a c t i v a t i o n when b l o o d comes i n t o c o n t a c t w i t h 
h e m o d i a l y s i s membranes. Immunological aspects of the membrane 
m a t e r i a l s used i n commercial d i a l y z e r s are d i s c u s s e d by r e v i e w i n g 
the t r a n s i e n t l e u k o p e n i a observed d u r i n g h e m o d i a l y s i s . 

Leukopenia i n H e m o d i a l y s i s 

Profound t r a n s i e n t l e u k o p e n i a d u r i n g h e m o d i a l y s i s w i t h 
c e l l o p h a n e membranes was f i r s t p u b l i s h e d i n E n g l i s h by Kaplow and 
G o f f i n e t (2̂ )· The f a l l i n c i r c u l a t i n g l e u k o c y t e s was due almost 
e n t i r e l y to a r e d u c t i o n i n the number of c i r c u l a t i n g n e u t r o p h i l i c 
g r a n u l o c y t e s and o c c u r r e d d u r i n g the f i r s t 15 minutes of d i a l y s i s . 
No s t r i k i n g changes were noted i n p l a t e l e t or e r y t h r o c y t e l e v e l s . 
The l e u k o c y t e count r e t u r n s to normal l e v e l s one hour a f t e r the 
s t a r t of d i a l y s i s . T h i s phenomenon i s not a s s o c i a t e d w i t h c h i l l s 
or f e v e r . S i n c e t h i s e a r l y r e p o r t i n 1968, many i n s t a n c e s have 
been noted. A l t h o u g h l a r g e numbers of g r a n u l o c y t e s adhere to the 
d i a l y s i s c e l l o p h a n e membrane, the a b s o l u t e number l o s t cannot 
account f o r the f a l l i n l e u k o c y t e count 3^,). Evidence from 
s t u d i e s i n d i a l y z e d dogs suggests t h a t t h i s l e u k o p e n i a i s the 
r e s u l t of c e l l s e q u e s t r a t i o n w i t h i n the pulmonary v a s c u l a t u r e ( 4 ) . 
T h i s s e q u e s t r a t i o n i s t r a n s i e n t , f o l l o w e d by r e t u r n of the 
trapped l e u k o c y t e s to the c i r c u l a t i o n w i t h i n 1-2 hours, and 
accompanied by c e l l s r e l e a s e d from the bone marrow storage p o o l 
(5). Simple w i t h d r a w l and r e i n f u s i o n of b l o o d does not 
a p p r e c i a b l y a f f e c t the n e u t r o p h i l count ( 3 ) , nor w i l l 
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a d m i n i s t r a t i o n of h e p a r i n (2^), exposure b l o o d t o i n t r a v e n o u s 
t u b i n g (2.), or i n f u s i o n of s a l i n e or albumin exposed t o d i a l y s i s 
c o i l cause n e u t r o p e n i a ( 6 ) . T h i s phenomenon occurs w i t h c o i l , 
p a r a l l e l p l a t e and h o l l o w f i b e r type c e l l u l o s i c membrane d i a l y z e r s 
(_7) and i s not r e l a t e d to the method of s t e r i l i z a t i o n (_7) . I f 
h e p a r i n i z e d human plasma i s exposed to d i a l y z e r c e l l o p h a n e and 
r e i n f u s e d i n t o human, i t induced the acute t r a n s i e n t l e u k o p e n i a . 
These data suggests t h a t some plasma f a c t o r s which are a c t i v a t e d 
by c o n t a c t w i t h d i a l y z e r c e l l o p h a n e induce pulmonary l e u k o s t a s i s 
and the consequent l e u k o p e n i a . Although t h i s phenomenon i s 
r e c o g n i z e d to be r e l a t e d to the c e l l u l o s i c membrane, i t was not 
c o n s i d e r e d s e r i o u s l y i n the treatment of p a t i e n t s , s i n c e i t was a 
t r a n s i e n t phenomenon and th e r e was no oth e r m a t e r i a l a v a i l a b l e 
except c e l l u l o s i c membrane f o r the hemodialyzer at t h a t time. 
However, i n re c e n t y e a r s w i t h the i n t r o d u c t i o n of s y n t h e t i c 
membrane which do not induce profound l e u k o p e n i a  t h i s phenomenon 
i s taken i n t o c o n s i d e r a t i o
and i t s i n f l u e n c e s on uremi
maintenance h e m o d i a l y s i s . Although t r a n s i e n t , t h i s pulmonary 
l e u k o s t a s i s may be h a r m f u l , e s p e c i a l l y i f i t occurs f r e q u e n t l y . A 
pulmonary f i b r o s i s - c a l c i n o s i s syndrome, which develops i n many 
p a t i e n t s g i v e n long-term h e m o d i a l y s i s treatments ( 8 ) , may r e f l e c t 
i n j u r y caused by repeated p l u g g i n g of the m i c r o v a s c u l a t u r e by 
l e u k o c y t e s . 

P o s s i b l e Mechanisms In T r a n s i e n t Leukopenia 

Plasma f a c t o r s which might be r e s p o n s i b l e f o r the phenomenon 
were suggested by Craddock e t a l (9, 10>). They demonstrated t h a t 
d i a l y z e r Cuprophane a c t i v a t e d complement through a l t e r n a t i v e 
pathway both i n v i t r o and i n h e m o d i a l y s i s p a t i e n t s , and proposed 
t h a t a c t i v a t i o n of complement would l e a d t o i n t r a v a s c u l a r 
g r a n u l o c y t e aggregates t h a t are entrapped i n the l u n g . They 
showed t h a t r e i n f u s i o n of au t o l o g o u s , Cuprophane i n c u b a t e d plasma 
i n t o r a b b i t s produced s e l e c t i v e n e u t r o p e n i a i d e n t i c a l to t h a t 
seen i n d i a l y z e d p a t i e n t s . Lungs from such animals r e v e a l e d 
s t r i k i n g pulmonary v e s s e l engorgement w i t h g r a n u l o c y t e s . I n f u s i o n 
of plasma i n which complement was a c t i v a t e d by zymosan i n c u b a t i o n 
a l s o produced a s i m i l a r n e u t r o p e n i a . I n c o n t r a s t no l e u k o s t a s i s 
was observed when plasma was heated at 56 C to prevent complement 
a c t i v a t i o n b e f o r e Cuprophane i n c u b a t i o n . A d d i t i o n of EDTA 
( e t h y l e n e d i a m i n e t e t r a c e t i c a c i d ) t o plasma b e f o r e Cuprophane 
i n c u b a t i o n prevented n e u t r o p e n i a , whereas EGTA 
( e t h y l e n e g l y c o l t e t r a c e t i c acid)/Mg which s e l e c t i v e l y i n h i b i t s 
a c t i v a t i o n of the c l a s s i c a l pathway was n o n i n h i b i t o r y . Moreover, 
imm u n o e l e c t r o p h o r e t i c a n a l y s i s of serum from d i a l y s i s p a t i e n t s 
r e v e a l e d the c o n v e r s i o n of both C^ and f a c t o r Β d u r i n g the f i r s t 
hour of each d i a l y s i s , and simple i n c u b a t i o n of human plasma w i t h 
Cuprophane caused i d e n t i c a l complement a c t i v a t i o n . 

Based upon t h i s e v i d e n c e , Craddock reasoned t h a t 
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g r a n u l o c y t e s e q u e s t r a t i o n might r e s u l t from e i t h e r or both of two 
mechanisms: 1) Complement - mediated adhesion of i n d i v i d u a l 
g r a n u l o c y t e s to the v a s c u l a r endothelium, or 2) Complement -
induced g r a n u l o c y t e a g g r e g a t i o n i n the c i r c u l a t i o n w i t h pulmonary 
e m b o l i z a t i o n of the aggregates so formed. Sephadex -
f r a c t i o n a t i o n of Cuprophane i n c u b a t e d r a b b i t plasma r e v e a l e d t h a t 
the m a r g i n a t i o n - i n d u c i n g complement fragment was of a m o l e c u l a r 
weight of 7000-20,000 d a l t o n s s i m i l a r to t h a t of C5a or C3a ( 9 ) . 
They suggested t h a t C5a might be r e s p o n s i b l e f o r the l e u k o p e n i a , 
s i n c e i t can induce n e u t r o p h i l i c a u t o - a g g r e g a t i o n (11), and plasma 
from g e n i t i c a l l y C5 d e f i c i e n t donors was i n c a p a b l e of p r o d u c i n g 
g r a n u l o c y t e a g g r e g a t i o n i n v i t r o . 

R e c e n t l y , a component of C3 a c t i v a t i o n , namely C3e which i s a 
fragment of the α c h a i n of C3, has been found to induce i n r a b b i t s 
an i n i t i a l l e u k o p e n i a at 15-30 minutes a f t e r i n f u s i o n , f o l l o w e d by 
l e u k o c y t o s i s , which reache  maximu t 12 hour  (1_2)  A l t h o u g h 
the presence of C3e fragment
d i a l y s i s , i t i s v e r y i n t e r e s t i n
p r o d u c i n g l e u k o c y t o s i s . C5a has n e u t r o p e n i a i n d u c i n g a c t i v i t y , 
but i t has not been r e p o r t e d to produce l e u k o c y t o s i s which occurs 
d u r i n g h e m o d i a l y s i s f o l l o w e d by l e u k o p e n i a . 

TABLE I : EFFECT OF DIFFERENT MEMBRANES ON LEUKOPENIA 
AND ACTIVATION OF COMPLEMENT 

Membrane Complement Leukopenia Ref. 
A c t i v a t i o n 

Cellophane +++ +++ 14-16 
Cuprophane +++ +++ 13-16 
P o l y c a r b o n a t e + ++ 13 
P o l y a c r y l o n i t r i l e ++ + 13,14,16 
P o l y m e t h y l m e t h a c r y l a t e + + 15,16 
C e l l u l o s e a c e t a t e + 14,16 
P o l y e t h y l v i n y l a l c o h o l ++ 16 

I n s p i r e d by r e p o r t s from Craddok, the e f f e c t s of d i f f e r e n t 
membranes on h e m o d i a l y s i s induced l e u k o p e n i a and complement 
a c t i v a t i o n were s t u d i e d (Table I ) . The r e s u l t s were 
d i s a p p o i n t i n g . There was no d e f i n i t e c o r r e l a t i o n between the 
r e d u c t i o n i n n e u t r o p h i l count and complement a c t i v a t i o n . 
U n f o r t u n a t e l y , however, these s t u d i e s d i d not i n c l u d e a measure of 
complement s p l i t p r o d u c t s . Serum h e m o l y t i c complement assays were 
performed to e v a l u a t e the consumption of complement. Since 
complement component l e v e l s r e p r e s e n t a dynamic balance between 
s y n t h e s i s and d e g r a d a t i o n of components, t h e i r assay w i l l f a i l t o 
d e t e c t a s t a t e of i n c r e a s e d complement consumption, i f such 
consumption i s balanced by an i n c r e a s e d s y n t h e s i s ( 1 7 ) . 
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N o n e t h e l e s s , i t i s i n t e r e s t i n g to note t h a t component 
d e p l e t i o n of complement i s not a s s o c i a t e d w i t h n e u t r o p e n i a . T h i s 
e x p l a n a t i o n remains u n c l e a r and f u r t h e r i n v e s t i g a t i o n s are 
expected to answer these problems. 

C o m p l i c a t i o n s A s s o c i a t e d With T r a n s i e n t Leukopenia 

Although t r a n s i e n t l e u k o p e n i a d u r i n g h e m o d i a l y s i s was noted 
as e a r l y as 20 years ago, i t s i n f l u e n c e on a p a t i e n t was not 
s e r i o u s l y c o n s i d e r e d . T h i s phenomenon was regarded as r e l a t i v e l y 
harmless to a p a t i e n t , s i n c e i t was t r a n s i e n t and not a s s o c i a t e d 
w i t h any severe c o m p l i c a t i o n s . However, as the mechanism i s 
becoming understood, c o m p l i c a t i o n s which might be r e l a t e d to the 
t r a n s i e n t l e u k o p e n i a w i l l be d i s c u s s e d . 

D i a l y s i s p a t i e n t s seem prone to b a c t e r i a l i n f e c t i o n and 
i n f e c t i o n i s the p r i n c i p a l f th  h o s p i t a l i z a t i o f c h r o n i
r e n a l f a i l u r e p a t i e n t s
d i a l y s i s may p o t e n t i a l l
components. Z e i g (18) and Myers (19) observed depressed l e v e l s 
of C3 i n c h r o n i c h e m o d i a l y s i s p a t i e n t s and suggested t h a t t h i s may 
pr e d i s p o s e them to b a c t e r i a l i n f e c t i o n . The c y c l i c v a r i a t i o n of 
the number and f u n c t i o n of n e u t r o p h i l s w i t h each d i a l y s i s and the 
decreased c h e m o t a c t i c r e s p o n s i v e n e s s may a l s o c o n t r i b u t e to the 
h i g h l e v e l of i n f e c t i o n . Henderson et a l found s i g n i f i c a n t 
decreases i n p h a g o c y t o s i s and random m o b i l i t y when n e u t r o p h i l s 
were exposed to c e l l u l o s i c membrane ( 2 0 ) . L e s p i e r - D e x t e r et a l 
ev a l u a t e d g r a n u l o c y t e adherence i n uremia and h e m o d i a l y s i s 
p a t i e n t s and demonstrated t h a t p a t i e n t s undergoing h e m o d i a l y s i s 
had s i g n i f i c a n t impairment of g r a n u l o c y t e f u n c t i o n ( 2 1 ) . 

W i t h r e g a r d t o the i n f l u e n c e of l e u k o s t a s i s i n the l u n g , 
Craddock et a l suggested t h a t d i a l y s i s - i n d u c e d hypoxia may 
r e f l e c t the complement-mediated pulmonary l e u k o s t a s i s ( 1 0 ) . Aljama 
et a l r e p o r t e d a p a t i e n t i n whom h e m o d i a l y s i s w i t h a Cuprophan 
membrane was a s s o c i a t e d w i t h severe asthma (22^. Dramatic 
improvement was observed when the Cuprophane membrane was 
s u b s t i t u t e d w i t h p o l y a c r y l o n i t r i l e membrane which does not cause 
a p p r e c i a b l e l e u k o p e n i a . Jacob suspected t h a t the pulmonary 
f i b r o s i s / c a l c i n o s i s syndrome t h a t i s seen i n long term 
h e m o d i a l y s i s p a t i e n t s may r e f l e c t the repeated e n d o t h e l i a l damage 
t h a t occurs w i t h each d i a l y s i s (23). A h i g h - p r o t e i n , i n t e s t i t i a l 
pulmonary edema forms i n d i a l y z e d sheep which suggests pulmonary 
e n d o t h e l i a l damage ( 1 0 ) . Indeed, such e n d o t h e l i a l damage was 
demonstrated to occur when c u l t u r e d e n d o t h e l i a l c e l l s are exposed 
to g r a n u l o c y t e s p l u s C5, but not t o e i t h e r when they are added 
alone ( 2 4 ) . I n these i n v i t r o s t u d i e s , the damaging substances 
t h a t are r e l e a s e d from the t r i g g e r e d g r a n u l o c y t e s appear m a i n l y 
c o n s i s t i n g of t o x i c substances such as 0^ and H^O^. Repeated 
p r o d u c t i o n of these s u b s t a n c e s , which were r e p o r t e d to i n h i b i t 
p l a t e l e t f u n c t i o n , may be r e l a t e d t o the hemorrhagic tendency i n 
p a t i e n t s undergoing h e m o d i a l y s i s ( 2 5 ) . 
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Reuse of D i a l y z e r and " B i o l i z a t i o n " Concept 

D i a l y z e r reuse has become common p r a c t i c e because of 
f i n a n c i a l c o n s t r a i n t s . A p p r o x i m a t e l y 17% of a l l h e m o d i a l y s i s i n 
the U n i t e d S t a t e s was performed by reused d i a l y z e r i n 1981, and 
the p r o p o r t i o n of reused d i a l y z e r s i s i n c r e a s i n g . Recent evidence 
suggests t h a t the reuse of d i a l y z e r s may l e a d t o s i g n i f i c a n t 
m e d i c a l b e n e f i t s . A survey by Wing et a l i n v o l v i n g a l a r g e number 
of p a t i e n t s i n the U n i t e d Kingdom showed a s i g n i f i c a n t decrease of 
m o r t a l i t y i n p a t i e n t s r e u s i n g d i a l y z e r s (26)· Kant and P o l l a c k 
showed t h a t adverse symptoms such as chest p a i n , r e s p i r a t o r y 
d i s t r e s s and cramps were s i g n i f i c a n t l y l e s s f r e q u e n t w i t h reuse 
than w i t h f i r s t use (21)· Hakim and Lowrie s t u d i e d e f f e c t of 
d i a l y z e r reuse on l e u k o p e n i a and complement system, and 
demonstrated reuse of c e l l u l o s i c membrane d i a l y z e r leads a 
s i g n i f i c a n t decrease i n the ext e n t of complement a c t i v a t i o n and 
le u k o p e n i a ( 1_5). T h i s evidenc
improve the b l o o d c o m p a t i b i l i t y
why? In p r e p a r a t i o n f o r the reuse, formaldehyde s o l u t i o n i s used 
f o r d i s i n f e c t a n t purposes, a f t e r r i n s i n g the d i a l y z e r w i t h s a l i n e . 
When a d i a l y z e r membrane comes i n c o n t a c t w i t h b l o o d at the f i r s t 
use, they become coated w i t h plasma p r o t e i n s or o t h e r b l o o d 
components. These substances remain on the s u r f a c e even a f t e r 
r i n s i n g w i t h s a l i n e . T h e r e f o r e , b l o o d c o n t a c t i n g s u r f a c e s of the 
reused d i a l y z e r i s not the n a t i v e c e l l u l o s e , but b i o l o g i c a l 
substances t r e a t e d w i t h formaldehyde. Thus, the improvement of 
bl o o d c o m p a t i b i l i t y was a c h i e v e d by aldehyde t r e a t e d b i o l o g i c a l 
s ubstances. T h i s concept i s s i m i l a r to our h y p o t h e s i s termed 
" B i o l i z a t i o n " , to produce b l o o d compatabile m a t e r i a l s . The 
h y p o t h e s i s mentions t h a t f o l l o w i n g two-step p roces s would promote 
t h r o m b o r e s i s t a n c e and b i o c o m p a t i b i l i t y of any m a t e r i a l s (28)· 

1) A c t i v a t i o n by a b i o l o g i c a l s ubstances, such as 
p r o t e i n or p o l y s a c c a r i d e , and 

2) B i o l o g i c a l i n a c t i v a t i o n by aldehyde, heat or ot h e r 
treatment. 

S i n c e 1970 b i o l i z e d m a t e r i a l s have been u t i l i z e d i n our 
c a r d i a c p r o s t h e s e s . Long term s u r v i v a l of TAH ( t o t a l a r t i f i c i a l 
h e a r t ) and LVAD ( l e f t v e n t r i c u l a r a s s i s t d e v i c e ) implanted i n 
animals has shown s u c c e s s f u l a p p l i c a t i o n of these m a t e r i a l s 
w i t h o u t the use of a n t i c o a g u l a n t s ( 2 9 ) . 

C o n c l u d i n g Remarks 

T r a n s i e n t l e u k o p e n i a by complement a c t i v a t i o n d u r i n g 
h e m o d i a l y s i s was d e s c r i b e d i n t h i s a r t i c l e . Complement a c t i v a t i o n 
and pulmonary l e u k o s t a s i s have been a l s o observed d u r i n g 
f i l t r a t i o n l e u k a p h e r e s i s (30) and cardiopulmonary bypass ( 3 1 ) . 
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Such i m m u n o l o g i c a l a l t e r a t i o n s i nduced by m a t e r i a l s a re now 
r e c o g n i z e d as one o f the impor t an t a s p e c t s o f b l o o d c o m p a t i b i l i t y . 
When m a t e r i a l s come i n c o n t a c t w i t h b l o o d , they can a f f e c t plasma 
p r o t e i n s and c e l l s , c l o t t i n g f a c t o r s and i m m u n o l o g i c a l f a c t o r s , 
and induce adverse r e a c t i o n s i n the body . Even though most o f 
these r e a c t i o n s might be t o l e r a t e d by the body, i t i s i m p o r t a n t to 
m i n i m i z e them. E v i d e n c e s such as the enhanced b l o o d c o m p a t i b i l i t y 
of r eused d i a l y z e r s and good performance i n our b l o o d pumps 
suggest t ha t the " B i o l i z a t i o n " concept would be one p o s s i b l e 
approach to the development o f b i o c o m p a t i b i l e m a t e r i a l s . 
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11 
Artificial Cells 

THOMAS MING SWI CHANG 
Artificial Cells and Organs Research Centre, McGill University, Faculty of Medicine, 
3655 Drummond St., Montreal, PQ, Canada H3G 1Y6 

Artificial ce l l s were first prepared in 1957. Since then, 
there has been increasing basic, applied and clinical research i n 
this area. At present, artificial ce l l s are being investigated 
clinically as blood substitutes
artificial l i v e r ; drug carriers
other areas. They are also being investigated for their appl i 
cations in biotechnology in the areas of immobilized enzymes, 
biologicals , and cells. 

Since artificial ce l l s were first prepared by the author i n 
1957 [1,2] an increasing number of approaches to their use are now 
available. Thus, artificial c e l l membranes can now be formed using 
a variety of synthetic or biological materials, resulting i n 
variations of permeability, surface properties and blood compati
bility. Almost any material can be included within artificial 
cells. These include enzyme systems, c e l l extracts, b iological 
cells, magnetic material, isotopes, antigens, antibodies, vaccines, 
hormones, adsorbents and others. A number of potential appl i 
cations, suggested ear l ie r , have now reached the clinical trial or 
clinical application stage. Detailed reviews are available [4-7]. 

RED BLOOD CELL SUBSTITUTE 

Since 1956 we have investigated the f eas ib i l i t y of using 
a r t i f i c i a l red blood ce l l s for use i n blood transfusion [1-3]. 
I n i t i a l l y , we prepared a r t i f i c i a l ce l l s i n the form of microencap-
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sulated hemoglobin. I n - v i t r o , these a r t i f i c i a l c e l l s d i d not 
i n t e r a c t with blood group antibodies, but they could transport 
oxygen and carbon dioxide. However, a f t e r i n f u s i o n , they were 

removed r a p i d l y from the c i r c u l a t i o n . 

We also prepared a r t i f i c i a l red blood c e l l s with an organic 
m a t e r i a l , s i l i c o n e rubber, as the major component [8,9]. S i l i c o n e 
rubber microspheres can transport oxygen. However, they were 
removed r a p i d l y from the c i r c u l a t i o n . Other groups were t e s t i n g a 
s i m i l a r material i n the form of s i l i c o n e o i l and fluorocarbon f l u i d 
fo r transporting of oxygen. Later, they prepared a f i n e emulsion 
of fluorocarbon o i l as a red blood c e l l s u b stitute [10]. By 
coating the surface with phospholipids to form an a r t i f i c i a l c e l l 
membrane, the fluorocarbon emulsion could become s t a b i i l i z e d and 
blood compatible. C l i n i c a l t r i a l s have been i n i t i a t e d i n Japan and 
U.S.A. However the long-ter  in-viv  e f f e c t f fluorocarbo
not known. 

We e a r l i e r demonstrated that hemoglobin could be cross-linked 
by using a b i f u n c t i o n a l agent, forming a large polyhemoglobin. This 
permitted the a r t i f i c i a l c e l l s to be made much smaller than 
microencapsulated hemoglobin [2-4,9]. This has now been developed 
further so that hemoglobin can be cross-linked i n t o an even smaller 
polyhemoglobin which remains i n s o l u t i o n . Studies, being c a r r i e d 
out at t h i s Research Centre, have shown that the small polyhemo
globin survived much longer i n the c i r c u l a t i o n , as compared to 
stroma-free hemoglobin [11]. 

THE ROLE OF ARTIFICIAL CELLS IN ARTIFICIAL ORGANS 

The rate of e q u i l i b r a t i o n i n 10 ml of 20 μ diameter a r t i f i c i a l 
c e l l s i s 400 times higher than f o r a standard hemodialysis machine 
[3,5,8]. Furthermore, membrane properties of a r t i f i c i a l c e l l s can be 
varied over a wide range to allow for changes i n permeability 
c h a r a c t e r i s t i c s and surface properties. The very small volume of 
a r t i f i c i a l c e l l s required, and the v a r i a t i o n s possible, r e s u l t i n 
d i f f e r e n t types of miniaturized a r t i f i c i a l organs. Both t h e o r e t i c a l 
analyses and animal studies have demonstrated the f e a s i b i l i t y of 
using the p r i n c i p l e of a r t i f i c i a l c e l l s to form extremely compact, 
e f f i c i e n t and simple a r t i f i c i a l organs. By varying the contents of 
the a r t i f i c i a l c e l l s (adsorbents, detoxicants, enzymes, c e l l 
e x t r a c t s , c e l l s and other b i o l o g i c a l l y a c t i v e m a t e r i a l s ) , the 
a r t i f i c i a l organs can be adjusted to carry out d i f f e r e n t biochemical 
or d e t o x i f i c a t i o n functions. The p r i n c i p l e of a r t i f i c i a l c e l l s has 
already been used to form blood compatible charcoal and r e s i n 
hemoperfusion systems for use i n p a t i e n t s , as a blood d e t o x i f i e r 
(poisoning), a r t i f i c i a l kidney, a r t i f i c i a l l i v e r , or immunosorbent. 
These w i l l be described below. 
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ARTIFICIAL CELLS FOR ARTIFICIAL KIDNEY 

The large surface to volume r e l a t i o n s h i p and the u l t r a t h i n 
membrane allows rapid e q u i l i b r a t i o n of metabolites i n t o the 
a r t i f i c i a l c e l l s . By placing enzymes, ion exchange r e s i n and 
activated charcoal i n s i d e a r t i f i c i a l c e l l s , i t was demonstrated that 
the a r t i f i c i a l c e l l s could be used for hemoperfusion, a new form of 
a r t i f i c i a l kidney [8]. The p r i n c i p l e of a r t i f i c i a l c e l l s , con
t a i n i n g activated charcoal for hemoperfusion, was developed further 
to a stage for c l i n i c a l a p p l i c a t i o n [12,13]. In t r e a t i n g uremic 
p a t i e n t s , we have reported improvements i n nausea, vomiting, 
p r u r i t i s , f e e l i n g of well-being, and i n peripheral neuropathy 
[l4,15]. This approach i s much more e f f i c i e n t i n removing organic 
uremic waste metabolites than standard hemodialysis. However, i t 
does not remove water, e l e c t r o l y t e s or urea. As a r e s u l t , hemo
perfusion has been combined i n se r i e s with hemodialysis  This 
approach solves the problem
[16]. We i n i t i a l l y demonstrate  hemoperfusion
hemodialysis can replace 6 hours of standard hemodialysis. 
Furthermore, t h i s approach resulted i n improvements i n nerve 
conduction v e l o c i t y . This has stimulated i n t e r e s t i n t h i s combined 
approach and, i n the most recent large-scale studies c a r r i e d out i n 
I t a l y , the effectiveness of t h i s approach has been c l e a r l y demon
strated [17]. Another approach i s the combined use of hemoperfusion 
and a small (0.2 m2) u l t r a f i l t r a t o r , the l a t t e r f o r removal of water 
and sodium chloride [16]. In t h i s approach, no hemodialysis 
equipment i s required and the u l t r a f i l t r a t o r i s used only to remove 
and discard a l l the f i l t e r e d f l u i d (up to 2.7 l i t e r s ) , based 
e n t i r e l y on the hydrostatic pressure c o n t r o l l e d by the blood pump. 
A preliminary long-term c l i n i c a l evaluation has demonstrated the 
safety and effectiveness of t h i s approach [18]. The completion of 
t h i s system w i l l have to wait for the development of a urea removal 
system. Recently, a composite a r t i f i c i a l kidney has been formed, 
combining a r t i f i c i a l c e l l s and d i a l y s i s or a r t i f i c i a l c e l l s and an 
u l t r a f i l t r a t o r [19]. 

ARTIFICIAL CELLS IN POISONING 

Hemoperfusion, using a r t i f i c i a l c e l l s containing activated 
charcoal, i s e f f e c t i v e i n t r e a t i n g severe acute drug poisoning f or 
those drugs which can be adsorbed, and which have a small volume 
d i s t r i b u t i o n [20]. High drug clearances have been obtained: 
glutethimide 230 ml/min, phénobarbital 228 ml/min, methyprylon 
230 ml/min, methaqualone 230 ml/min, and secobarbital 200 ml/min. 
The effectiveness of hemoperfusion f o r those drugs with a high 
volume d i s t r i b u t i o n , e.g., t r i c y c l i c antidepressants and digoxin, 
i s s t i l l c o n t r o v e r s i a l . 
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This approach has also been used i n the treatment of acute 
i n t o x i c a t i o n i n p e d i a t r i c patients [21]. The amberlite r e s i n 
hemoperfusion system has a high clearance for many drugs [22]. 
However, the problem of p l a t e l e t depletion was noted with t h i s 
system. More recently, our approach of using an albumin-coating to 
make the p a r t i c l e surface more blood compatible for hemoperfusion 
[12] has been applied to the coating of res i n s . As a r e s u l t , 
hemoperfusion with albumin-coated amberlite does not deplete 
p l a t e l e t s . 

ARTIFICIAL CELLS AS ARTIFICIAL LIVER 

Our i n i t i a l observation that hemoperfusion can r e s u l t i n the 
temporary recovery of consciousness i n grade IV hepatic coma 
patients [23] i s now conclusively supported by other centers [5-7]
However, i t s e f f e c t on long-ter
l i s h e d . A galactosamine-induce
has been used to study i n d e t a i l the e f f e c t s of charcoal hemo
perfusion on the s u r v i v a l rates of the animals [24-28]. ACAC 
hemoperfusion has been conclusively demonstrated to increase both 
s u r v i v a l time and s u r v i v a l rate of rats i n the earl y stages of 
hepatic coma. ACAC hemoperfusions c a r r i e d out i n the l a t e r stage of 
hepatic coma increased the s u r v i v a l time but not the s u r v i v a l rate. 
The same r e s u l t s were obtained through homologous l i v e r perfusion 
which increased the s u r v i v a l rate of rats i n the early stages of 
hepatic coma, but not those i n the l a t e r stage of coma. The present 
r e s u l t s would indi c a t e that hemoperfusion plays an important r o l e 
for the support of early stages of hepatic coma. In a l a t e r stage 
of coma, perhaps i r r e v e r s i b l e changes have already taken place. The 
r e s u l t s of experimental studies i n animals from t h i s laboratory [24-
28] demonstrating the need for e a r l i e r treatment have now been 
corroborated by an i n i t i a l c l i n i c a l t r i a l [29]. Thus, larger scale 
c l i n i c a l t r i a l i s now ready to investigate t h i s a r t i f i c i a l l i v e r 
concept further, based on a r t i f i c i a l c e l l s , f o r the treatment of 
patients i n the e a r l i e r stages of fulminant hepatic f a i l u r e [30]. 

We have also investigated the use of a r t i f i c i a l c e l l s con
t a i n i n g tyrosinase to carry out some metabolic functions of the 
l i v e r [31]. Results i n animals show that tyrosinase a r t i f i c i a l 
c e l l s , retained i n extracorporeal shunts perfused by blood, can 
e f f e c t i v e l y lower the systemic blood tyrosine l e v e l s of l i v e r 
f a i l u r e r a t s . A r t i f i c i a l c e l l s , to carry out other metabolic 
functions of the l i v e r , are also being studied. For instance, using 
a r t i f i c i a l c e l l s containing multienzyme systems with cofactor 
r e c y c l i n g [32], we have studied the i n - v i t r o conversion of ammonia 
sequentially i n t o d i f f e r e n t types of amino acids. This way, ammonia 
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has been converted into glutamate and then sequentially i n t o alanine 
or other amino acids. 

ARTIFICIAL CELLS AND IMMUNOSORBENT 

The ACAC hemoperfusion system developed by the author consists 
of albumin-collodion coated charcoal [12]. Albumin makes the 
surface blood compatible and also takes part i n i n t e r a c t i n g with 
material i n the c i r c u l a t i n g blood, including the f a c i l i t a t e d 
transport of loosely protein-bound substances [5]. Terman reported 
the i n t e r e s t i n g f i n d i n g that these ACAC microcapsules can also be 
used to remove antibodies to albumin from dog plasma [33]. He 
proceeded further to incorporate other types of antigens or 
antibodies onto the surface of t h i s ACAC a r t i f i c i a l c e l l system, 
r e s u l t i n g i n immunosorbent  fo  d i f f e r e n t type f a p p l i c a t i o n s  I
very preliminary studie
the ACAC system with protei  plasm  perfusion,
able to s i g n i f i c a n t l y reduce the s i z e of breast carcinomas i n 
patients. 

Another area involves the use of synthetic immunosorbents. In 
order to prevent the problem of p a r t i c u l a t e release and blood 
i n c o m p a t i b i l i t y , we coated synthetic immunosorbents for blood group 
A & Β with albumin and c o l l o d i o n . I t was demonstrated that the 
synthetic immunosorbent could s t i l l remove the anti-A and anti-B 
blood group but did not a f f e c t p l a t e l e t s or release p a r t i c u l a t e s 
[33]. An albumin-coated system has since been used c l i n i c a l l y by 
another centre to remove anti-A and anti-B from plasma of patients 
p r i o r to bone marrow transplantation. 

ARTIFICIAL CELLS CONTAINING ENZYME SYSTEM 

The i n j e c t i o n of free enzyme of heterogenous o r i g i n may r e s u l t 
i n h y p e r s e n s i t i v i t y reactions, production of antibodies, and rapid 
removal and i n a c t i v a t i o n . Furthermore, free enzymes cannot be kept 
at the desired s i t e s of action and are l e s s stable at a body 
temperature of 37°C. The use of a r t i f i c i a l c e l l s containing enzymes 
and proteins has been investigated [3,4]. Some examples of research 
being c a r r i e d out w i l l be b r i e f l y mentioned. 

The f i r s t demonstration of the use of a r t i f i c i a l c e l l s f o r 
enzyme replacement i n hereditary enzyme deficiency conditions 
involved the implantation of a r t i f i c i a l c e l l s containing catalase to 
replace the hereditary catalase deficiency i n acatalasemic mice 
[3.4]. We have also demonstrated that a r t i f i c i a l c e l l s containing 
asparaginase are e f f e c t i v e i n the experimental suppression of 
lymphosarcoma i n animal studies [3.4]. As described e a r l i e r , the 
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f e a s i b i l i t y of using a r t i f i c i a l c e l l s containing tyrosinase f o r the 
in-vi v o conversion of tyrosine and phenols i n fulminant hepatic 
f a i l u r e r a t s has also been studied [31]. Our work i n the area of 
a r t i f i c i a l c e l l s with cofactor r e c y c l i n g and multienzyme systems [4] 
led to the development of a r t i f i c i a l c e l l s containing multienzyme 
systems for sequential substrate conversion [32]. For instance, i n 
the same a r t i f i c i a l c e l l , urea can be converted by urease i n t o 
ammonia; ammonia i s then converted by glutamate dehydrogenase int o 
glutamic acid; glutamic acid can be further converted by trans
aminase i n t o other amino acids. The cofactor NADH required i s 
recycled using glucose dehydrogenase or alcohol dehydrogenase. The 
cofactor can be retained w i t h i n the a r t i f i c i a l c e l l s by covalent 
linkage to soluble macromolecules l i k e dextrans [4] or by the 
use of a r t i f i c i a l c e l l s with l i p i d complexed membrane [35]. 

ARTIFICIAL CELLS CONTANING BIOLOGICAL CELLS 

A r t i f i c i a l c e l l s were prepared to contain b i o l o g i c a l c e l l s 
[2,3]· We suggested that, t h i s way, the microencapsulated 
b i o l o g i c a l c e l l s , when implanted, can be separated from immuno
l o g i c a l r e j e c t i o n and proposed the use of t h i s for the in-vivo 
implantation of endocrine c e l l s [3]. A recent development has 
resulted i n in-vivo experiments demonstrating that t h i s suggestion 
i s possible. For instance, r a t - i s l e t c e l l s have been microencap
sulated and then implanted i n t r a p e r i t o n e a l l y i n t o d i a b e t i c rats 
[36]. In t h i s way the microencapsulated i s l e t c e l l s can function to 
maintain normal glucose l e v e l s i n the diabet i c animals. A r t i f i c i a l 
c e l l s containing f i b r o b l a s t s or plasma c e l l s have also been used i n 
i n - v i t r o tests for the production of in t e r f e r o n and monoclonal 
antibodies [37]. 

GENERAL DISCUSSION 

The b i o l o g i c a l c e l l i s the fundamental unit of a l l organs. I t 
i s thus not too s u r p r i s i n g that i t s synthetic counterpart, the 
a r t i f i c i a l c e l l , i s playing an increasing r o l e i n a r t i f i c i a l organs. 
The present paper only b r i e f l y describes a few examples to i l l u s 
t r a t e the a p p l i c a t i o n of a r t i f i c i a l c e l l s i n medicine, biotechnology 
and other areas. 
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12 
Infected Skin Wounds in Rodents 
Treatment with a Hydrogel Paste Containing Silver Nitrate 

P. Y. WANG 
Laboratory of Chemical Biology, Institute of Biomedical Engineering, Faculty of Medicine, 
University of Toronto, Ontario, Canada M5S 1A8 

A hydrogel paste was prepared by cross-linking 
clinical grade dextran with epichlorohydrin. When 
applied to clean
wounds, this past
reduce f l u id loss, prevent eschar formation, and 
minimize wound contraction. For P. aeruginosa 
infected wound, AgNO3 was mixed to obtain a milky 
white paste which later became a non-staining, soft 
brown coating on wound surface. The preparation 
could adequately absorb wound exudates and reduce 
evaporative loss. Pa r t i a l thickness dorsal skin 
wound, 3x3.5 cm 2, was created on anesthetized 
Wistar rats by dissection, and then infected with 
10 9 bacteria/cm 2. I f the AgNO3-dextran paste 
was applied to the infected wound after 24 hr, 
healing was delayed. At day 6, high bacteria 
counts were obtained in separated eschar and 
sometimes also in internal organs similar to 
infected controls using plain paste. However, when 
the medicated paste was applied within hours after 
infection, the wound healed as uninfected controls 
in about 10 days, and sequential samplings of the 
healing wound surface showed few viable organisms. 
The internal organs were also s t e r i l e . Therefore 
to be effective, the AgNO3-dextran hydrogel paste 
should be applied to the wound surface soon after 
injury. 

Skin i s a mu l t i - l aye red s t ruc tu re . I t s res is tance to the 
penetrat ion of harmful substances and to the loss of v i t a l body 
f l u i d s by evaporation res ts e s s e n t i a l l y wi th the outermost 
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stratum corneum layer which i s a heterogeneous t i s s u e comprised 
of dead, k e r a t i n i z e d , p a r t i a l l y desicated epidermal c e l l s , 
extractable l i p i d s , etc. Damage to t h i s layer r e s u l t s i n 
evaporative loss which i n i t i a t e s a series of body p h y s i o l o g i c a l 
changes as w e l l as i n b a c t e r i a l ingress which causes 
su b s t a n t i a l healing delay due to toxins and enzymes released. 
Therefore, r e s t o r i n g the b a r r i e r i s an important i n i t i a l step 
i n the complex scheme of skin i n j u r y treatment. 

Many dressings have been used to serve as a temporary 
b a r r i e r u n t i l natural healing occurs or u n t i l the wound s i t e i s 
ready to receive an autograft. At present, commercially 
av a i l a b l e dressings include cotton gauze coated with petrolatum 
or sulfur-petrolatum mixtures, non-adherent perforated p l a s t i c 
sheets with inner absorbent materials, absorbent f a b r i c pads 
with a t h i n aluminum la y e r , water vapor permeable polyurethane 
sheets, nylon velour backed with  s i l i c o n  membrane
addit i o n , there are man
stages (1, 2). 

Recently, highly absorbent, cross-linked dextran beads have 
been introduced i n the treatment of skin defects due to 
perivascular diseases (3). The c l i n i c a l r e s u l t s have been 
reported to be very promising, apparently because the dextran 
beads absorbed exudates qu i c k l y which reduced the chances f o r 
further b a c t e r i a l growth and probably also helped to expedite 
wound healing. The beads are made by epichlorohydrin 
c r o s s - l i n k i n g of an aqueous a l k a l i n e dextran emulsion i n 
toluene (4). For extensive or i r r e g u l a r skin wounds, i t i s 
desirable to have sheets or tacky pastes of the cross-linked 
dextran material. These materials have been made and 
characterized as b r i e f l y reported i n the previous Symposium 
held i n March 1980 at Houston (5). The present study evaluates 
the performance of a cross-linked dextran paste containing 1% 
AgN03 on infected rodent skin wounds. 

Expérimentais 

Mater i a l s . C l i n i c a l grade dextran was purchased from Dextran 
Products Limited, Toronto. Epichlorohydrin used f o r preparing 
the hydrogel paste was supplied by A l d r i c h Chemical Co., Inc., 
Milwaukee, Wis. Concentrated sodium hydroxide s o l u t i o n , the 
polyhydroxy humectant, petrolatum and s i l v e r n i t r a t e are ACS or 
USP grade products obtained from Fisher S c i e n t i f i c or Canlab 
Limited, Toronto. The P. aeruginosa bacterium was acquired 
from the teaching laboratory of our Medical School, and the 
nutrient agar plates f o r growth are prepared by our Central 
Services at the Faculty of Medicine. 

Hydrogel Preparation. The smooth and uniform dextran paste was 
prepared by i n s o l u b i l i z i n g an a l k a l i n e dextran s o l u t i o n with 
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epichlorohydrin (6). Afte r exhaustive washings with d i s t i l l e d 
water, and homogenization, the s o l i d content of the free 
flowing t h i n paste was increased by evaporation to a desired 
consistency that gave the best handling q u a l i t y . An amount of 
1.25 g AgN03 was dissolved i n d i s t i l l e d water, and added 
gradually i n small, approximately equal portions to 100 g of 
the paste containing g l y c e r i n and small amount of petrolatum, 
while the paste was being kneaded. The milky paste was 
transferred i n 10-g portions into opaque glass j a r s and capped 
u n t i l use. 

Volume of Exudating F l u i d . In order to ensure that the amount 
of the AgN0 3-medicated paste applied w i l l be adequate to 
absorb the oozing serous f l u i d from the wound s i t e , a 3x3.5 
cm2 wound was created on several anesthetized Wistar rats 
(body wt.: about 400 ) b  excis i o  which d t h i  s k i
layers to expose the
covered with a layer of impermeable p l a s t i c f i l m formed a f t e r 
solvent evaporation of an aerosol preparation (Aeroplast; 
Parke, Davis & Co., B r o c k v i l l e , Ontario). At convenient 
i n t e r v a l s , the accumulated serous f l u i d under the p l a s t i c f i l m 
was aspirated through a 25-gauge needle and the volume was read 
from the gradations on the syringe. 

Evaporative Loss Through Hydrogel Coating. S i m i l a r wounds were 
induced on the dorsal s k i n of anesthetized Wistar rats as 
described i n the preceding Section and the medicated hydrogel 
paste was spread evenly to a thickness of 3-5 mm. The paste 
coating extended about 0.5 cm beyond the margin of the wound, 
and a f t e r 4-6 hr when the paste became much les s tacky, the 
evaporative loss of the covered wound was measured over the 
paste coating with a hygrometer (7). The con t r o l was e i t h e r a 
s i m i l a r open wound or a layer of the hydrogel paste spread to 
comparable thickness on a t h i n polyethylene sheet and allowed 
to become les s tacky before hygrométrie measurements were taken. 

Evaluation on Infected Wound. Twenty-two male Wistar rats were 
divided into 3 groups of 6, 10, and 6 animals. A wound of 
3x3.5 cm 2 s i z e was i n f l i c t e d on the back of each of the 6 
rats i n the f i r s t group as described above. Two animals of the 
f i r s t group of 6 had the dorsal wound covered with the 
medicated paste about 3 hr a f t e r i n j u r y , which was the length 
of time required i n l a t e r experiments to apply 10 9 b a c t e r i a / 
cm 2 gradually to the whole wound surface. The other 2 rats 
had the wound exposed f o r about 24 hr, and then covered with 
the medicated paste i n order to observe the e f f e c t of wound 
desication on subsequent healing or b a c t e r i a l ingress. The 
remaining 2 of t h i s group had the wound infected with about 
10 9 P. aeruginosa bacteria/cm 2, and a f t e r 16 hr, the 
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infected wound was covered with a layer of p l a i n paste. A l l the 
paste coating was ove r l a i d with a 2-ply cotton gauze to reduce 
s h i f t i n g of the e l a s t i c paste due to movement of the animal. 
The wound on the next group of 10 animals was also infected 
with about 10 9 bacteria/cm 2 which took about 2.5 hr to 
apply from a suspension of P. aeruginosa i n nutrient broth 
grown to saturation. After another 0.5 hr, the infected wound 
was covered with the medicated paste and the animals were 
returned to t h e i r separate cage. For the l a s t group of 6 Wistar 
r a t s , the infected wound was l e f t exposed, and then treated 
with the medicated paste a f t e r about 24 hr. At day 6 a f t e r 
i n j u r y or at more frequent i n t e r v a l s , the wound surface, the 
t h i n eschar layer ( i f any), and the i n t e r n a l organs were sam
pled f o r b a c t e r i a l content by mechanically d i s i n t e g r a t i n g the 
tiss u e i n nutrient broth and p l a t i n g on nutrient agar pla t e s , 
followed by incubation at 37°C for 24-48 hr and counting

Results 

Exudate Volume from Skin Wound. In the f i r s t of the 2 
experiments the dorsal skin wound on the anesthetized rat was 
covered immediately with the Aeroplast impermeable f i l m . Table 
1 shows that about 20% of the t o t a l volume of the exudated 
f l u i d was c o l l e c t e d i n 1.5 hr, and by 6 hr, as much as about 
50% was c o l l e c t e d . After 30 hr, the oozing had e s s e n t i a l l y 
ceased, and the f i n a l volume of 2.2 ml serous f l u i d was 
co l l e c t e d i n 47 hr for the 3x3.5 cm2 wound. No further 
increase i n volume was observed even a f t e r another 24 hr. 
In the second experiment, the wound was exposed for 3 hr before 
the impermeable f i l m was applied. The f l u i d was found to ooze 
much slower and the f i n a l t o t a l volume was one h a l f that of the 
f i r s t experiment (Table I ) . 

Evaporative Loss from Covered Wound. The evaporative loss of 
the dorsal wound covered with the medicated paste was found to 
be 52 mg H20/cm2/hr a f t e r 6 hr which was about 50% less 
than an open wound (1). The value decreased to about 20 mg 
H20/cm2/hr in 24 hr and soon attained an almost steady rate 
of 12.5 mg H20/cm2/hr for the next several days. When the 
evaporative loss of the paste spread over a p l a s t i c sheet was 
determined 6 hr a f t e r spreading by the same procedure, the 
values was 39 mg H20/cm2/hr which decreased to 12.5 mg 
H20/cm2/hr at 18 hr. After 24 hr, i t became 7 mg H 20/ 
cm 2/hr, and remained at t h i s l e v e l f o r some time due to the 
humectant present in the paste. 

Wound Covered with Medicated Paste. The uninfected c o n t r o l 
wounds covered by the medicated paste a f t e r 3 hr healed with 
about 10-15% contraction along the wound margins i n about 10 
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Table I. Serous F l u i d Oozed from 3x3.5 cnr Dorsal Wound 

Accumulated 
Time (hr) Volume (ml) 

(Wound covered Immed.) 
1.5 0.4 
3 0.7 
5 0.9 
6 1.0 
10 1.3 
16 1.5 
22 1.7 
27 1.
30 1.
47 2.2 
71 2.2 

(Wound covered a f t e r 3 hr) 
2.5 0.1 
5 0.2 

10 0.4 
16 0.6 
23 0.8 
35 1.0 
46 1.1 
65 1.2 

days. The 2 animals with the wound exposed f o r 24 hr before 
treatment healed i n over 12 days when t h i n layer of eschar, 
formed due to desication before the paste was applied, 
separated from d i f f e r e n t areas of the healed skin surface. 
There were also contractions, but wound margin d i s t o r t i o n was 
more apparent. No b a c t e r i a l growth was found on a l l the 
uninfected c o n t r o l wound surface. For the 2 infected c o n t r o l s , 
1 died a f t e r 11 days, and the other died at day 17. The wounds 
showed various extent of healing, but high b a c t e r i a l counts 
were found on the wound surface and i n the i n t e r n a l organs. 
The summary of these r e s u l t s i s shown i n Table I I . 

The animals with wound infected by P. aeruginosa and 
covered a f t e r 3 hr with the medicated paste healed uneventfully 
i n about 11 days (Table I I I ) as the uninfected controls with 
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Table I I . Control Group with AgN<>3 Containing Paste on 
Wound 

Duration 
before 
(or f o r ) * Bact

No. of Treatment Treat
Rats (hr) ment (day) (No./Cm2) t i o n 

Ag+ 
Paste 

~10 15% contraction 

24 

(2.5)* 

16 

Ag + 

Paste 

10* 
Bact. 
per cm2 

P l a i n 
Paste 

-12 

vary 
>10* 
(wound 
surf.) 

Edge d i s t o r t i o n 
+ contraction 

Died day 11 
& 17 
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Table I I I . AgN<>3 Containing Paste on Infected Wound 

Duration 
before 
(or f o r ) * Bact. 

No. of Treatment Treat
Rats (hr) men

10 (2.5)* — > 10 9 

Bact. 
per cm2 -11 

0.5 >Ag + 

Paste 

(2.5)* >109 

Bact. 
per cm2 ~22 

24 >Ag + 

Paste 

~10 3 

(wound 
surf.; 
day 6) 

~10 8 

(eschar; 
day 14) 

Some contrac
t i o n 4 

d i s t o r t i o n 

Some contrac
t i o n 4 

d i s t o r t i o n 
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minimal wound contraction (Table I I ) . Sampling of wound 
surface at days 2 and 6 showed <103 bacteria/cm 2. The 
heart, lung, kidney, blood, and l i v e r tissues a l l gave negative 
cultures. For the l a s t group of 6 rats with infected wound 
that had been exposed f or 24 hr, wound healing required more 
than 22 days (Table I I I ) . At day 6 and 14, two animals were 
used to determine the b a c t e r i a l growth. The healing skin 
t i s s u e was found to support >106 bacteria/cm 2, but the t h i n 
layer of eschar, formed due to the 24-hr wound exposure before 
being covered with the medicated paste, contained >108 

organisms/g. In 1 r a t , the i n t e r n a l organs and blood sample 
were also found to give very high counts of v i a b l e b a c t e r i a . 

Discussion 

At present, the best wa  injured ski  ha  bee
established. Some prefe
which protects the injured s i t e . Others promote the use of 
dressings to prevent evaporative loss and to reduce the chances 
of wound contractions or i n f e c t i o n . Most dressings are 
designed to a s s i s t wound healing by incorporating a medicament 
to reduce i n f e c t i o n , using s p e c i a l polymer f i l m layer to 
prevent adhesion to granulations, having various extent of 
f l u i d transmission or absorption to decrease exudate 
accumulation at wound s i t e , etc. 

Table I shows that a 3x3.5 cm2 dorsal skin wound on a 
Wistar r a t can ooze out 2.2 ml of serous f l u i d i n about 3 days. 
This f l u i d volume i s reduced to 1.2 ml, i f the wound i s exposed 
fo r 3 hr before treatment. Beyond the 3 hr exposure, there may 
be further reduction i n oozing, but the chance of eschar 
formation w i l l also increase. Various compositions of the 
AgN03~medicated dextran hydrogel paste have been evaluated. 
The one with a good s p r e a d a b i l i t y and f l u i d absorption has been 
used i n the present study. Measurements by a simple hygrométrie 
method showed that the medicated paste on the wound reduced 
evaporative loss by almost 50% as compared to an open wound 
which had a rate of 93 mg H20/cm2/hr (7). On subsequent 
days, the r e l a t i v e l y steady value of 12.5 mg H20/cm2/hr was 
about 2x higher than the evaporative loss of the paste spread 
over a p l a s t i c sheet used as a c o n t r o l . The higher evaporative 
rate of the paste on the wound s i t e might be due to the trans
mission of excess moisture from the wound surface. The oozing 
serous f l u i d had apparently been f i r s t absorbed into the paste, 
because no exudate accumulation was ever observed under the 
paste coating. The humectant i n the paste which retained mois
ture obviously must have kept the wound surface s u f f i c i e n t l y 
moist to prevent eschar formation. 

Uninfected wounds, exposed f or 24 hr and then covered with 
the medicated paste, were observed to require several days 
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longer to heal than s i m i l a r wounds covered by the paste af ter 3 
h r . I t appeared that de s i ca t i on of the in jured t i s sues might 
have caused fur ther damage to lower t i s sue l a y e r s . On the 
infec ted wound, longer exposure before applying the medicated 
paste a lso seemed to a l low the organisms to penetrate the 
damage t i s sues which fur ther caused s u b s t a n t i a l l y delayed 
heal ing and i n f e r i o r scar appearances. To achieve the best 
r e s u l t s , the present study ind ica tes that a medicated dextran 
hydrogel paste should be appl ied soon af ter i n j u r y , but 
preferably af ter about 3 hr when reduced exudate oozing i s 
w i t h i n the absorbing capaci ty of the paste having the opt imal 
handling c h a r a c t e r i s t i c s as w e l l . 
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Skin Regeneration with a Bioreplaceable Polymeric 
Template 

I. V. YANNAS, D. P. ORGILL, and E. M. SKRABUT 
Massachusetts Institute of Technology, Cambridge, MA 02139 

J. F. BURKE 
Massachusetts General Hospital, Boston, MA 02114 

Previously we have described a biodegradable polymeric 
template which can induce wound tissue to synthesize 
new skin (1,2). Thi
linked collagen-glycosaminoglyca
currently used to treat excised skin wounds in patients 
who have suffered extensive burns (3,4). We now report 
certain structural and functional properties of the 
newly synthesized tissue. This preliminary character
ization of the regrown organ suggests its close s i m i l 
ar i ty to, as well as certain dis t inct differences from 
the intact skin adjacent to it. 

The polymeric template was a b i l a y e r membrane cons i s t i ng of a 0 .5 -
mm-thick top layer of poly(dimethyls i loxane) and a 1.5-mm-thick 
l aye r of a h igh ly porous c ross l inked co l lagen-chondro i t in 6 - su l -
fate (CG) network. The method of preparat ion has been described 
elsewhere i n d e t a i l (5-7) . 

P r i o r to g ra f t ing the polymeric template was seeded wi th 
autologous basal c e l l s , implanted in to the CG laye r using a 
cen t r i fuga t ion procedure which has been described (2) . 

A f u l l - t h i c k n e s s s k i n wound, measuring 3 χ 1,5 cm or 4 χ 4 
cm, was prepared under asept ic condi t ions by exc i s ing the sk in 
down to , but not i nc lud ing the panniculus carnosus of the guinea 
p i g . The s u r g i c a l procedure for preparing a sk in d e f i c i t has 
been described (8). 

Immediately fo l lowing exc i s ion of the s k i n , a graft which 
had been cut to f i t w i t h i n the wound perimeter was placed on the 
wound bed and was sutured to immediately adjacent s k i n as de
scr ibed (8). Af ter ca re fu l bandaging of the grafted area (8), 
the animals were placed i n cages and were fed Charles River 
Guinea P ig Formula. 

One week fo l lowing g ra f t ing the wounds were unbandaged and 
photographed. When the wound had j u s t been covered by a confluent 
neoepidermis, usua l ly between 10 and 14 days, the sutures were 
cut of f and the s i l i c o n e l aye r was removed at v i r t u a l l y zero 
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peel strength. The moisture f l u x rate was determined with an 
Evaporimeter (Servo Med, Stockholm) a f t e r the s i l i c o n e layer had 
been removed. The probe was placed a l t e r n a t e l y on the wounded 
area and on i n t a c t s k i n , previously shaven, about 5 cm away from 
the wound perimeter. A simple neurological test (pin prick) was 
occasionally administered to the area of the wound and to an i n 
tact skin area. V a s c u l a r i z a t i o n of the grafted area was confirmed 
by observing blanching following a p p l i c a t i o n of hand pressure. 

At various time i n t e r v a l s , animals were s a c r i f i c e d and spec
imens of the wound contents as w e l l as of an i n t a c t s k i n area 
about 5 cm from the wound perimeter were eit h e r removed for mech
an i c a l t e s t i n g , or were f i x e d p r i o r to processing f o r h i s t o l o g i c a l 
s t a i n i n g . Tensile specimens were stored i n p h y s i o l o g i c a l s a l i n e 
at 4°C and were stretched i n an Instron Universal Tester Model 
TM at 100% min^ 1 at room temperature w i t h i n 24 h of s a c r i f i c e . 
Specimens fo r h i s t o l o g i c a l study were stained with hematoxylin 
and eosin and viewed i

Results 

Not l a t e r than 7 days a f t e r g r a f t i n g , islands of new epidermis 
had formed between the s i l i c o n e layer and the CG layer of the 
g r a f t , while the host epidermis was invading the area j u s t below 
the s i l i c o n e layer at the s i t e of the wound perimeter. Between 
10 and 14 days, the neoepidermis had become f u l l y confluent over 
the e n t i r e wound area. The neoepidermis formed by p r o l i f e r a t i o n 
of the seeded basal c e l l s at the silicone-CG i n t e r f a c e became d i s 
t i n c t l y k e r a t i n i z e d , as viewed h i s t o l o g i c a l l y , by days 12 to 14. 
The collagen-chondroitin 6-sulfate layer was invaded by a v a r i e t y 
of mesodermal c e l l s and synthesis of new collagen f i b e r s became 
h i s t o l o g i c a l l y evident between days 14 and 18. By day 28 the 
morphology of the newly synthesized collagen f i b e r s had become 
w e l l established i n the layer of neodermis. The neodermis showed 
h i s t o l o g i c a l and c l i n i c a l evidence of being r i c h l y vascularized 
by day 7, or e a r l i e r . Simple neurological t e s t i n g gave p o s i t i v e 
r e s u l t s before day 21. 

A preliminary comparison of properties of newly synthesized 
(regenerated) skin and i n t a c t (normal) sk i n shows several close 
s i m i l a r i t i e s . However, differences are also apparent, s t r i k i n g 
among them being the absence of skin accessory organs, including 
h a i r (the guinea pig has no sweat glands). Figures 1,2,3A and 3B. 

Discussion 

Preliminary characterization shows that newly synthesized skin 
i s s t r i k i n g l y s i m i l a r , though not i d e n t i c a l , to i n t a c t s k i n . On
going studies are directed towards biochemical c h a r a c t e r i z a t i o n 
of macromolecular components i n new s k i n , d e t a i l e d morphological 
analysis and e l u c i d a t i o n of the k i n e t i c s of syntheis of new organ. 

These preliminary r e s u l t s suggest that the polymeric temp-

In Polymeric Materials and Artificial Organs; Gebelein, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1984. 



13. YANNAS ET AL. A Bioreplaceable Polymeric Template 193 

PARTIAL REGENERATION OF SKIN 
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Figure 1. Schematic representation of experimental 
sequence which led to synthesis of new skin i n the guinea 
Pig-
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Figure 2. A rectangular segment of regenerated guinea pig 
sk i n (perimeter marked by arrows) surrounded by i n t a c t , 
p a r t l y shaven s k i n . O r i g i n a l s i z e of excised, f u l l -
thickness wound was 3 χ 1.5 cm. 
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Figure 3A. H i s t o l o g i c a l section of in t a c t dermis. Key: Ε 
epidermis; D, dermis; and H, h a i r f o l l i c l e . (Mag. 275X, 
photograph reduced 15%) 

Figure 3B. H i s t o l o g i c a l section of new s k i n . Key: NE, 
Neoepidermis; and ND, Neodermis. (Mag. 275X, photograph 
reduced 15%) 
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l a t e used i n t h i s work stimulates the wounded mammalian tissue i n 
a novel way. The r e s u l t of such stimulation i s not scar, as i s 
the case when t h i s template i s not used. Future work w i l l address 
the question of the extent to which such an unexpected outcome 
r e s u l t s from r e p e t i t i o n of c e r t a i n l a t e stages of the ontogenetic 
development of s k i n . 

Table 1. Comparison of New Skin to Intact Skin i n the Guinea Pig 

Property 
Intact 
Skin 

New 
Skin 

Moisture permeability, 
i n v i v o , gm/cm /h 

Mechanical properties, i n v i t r o 
t e n s i l e strength, Pa 
Second de r i v a t i v e of

s t r a i n curve 

4.5 ± 0.8 

31 x 10 6 

4.7 ± 1.0 

14 χ 10 6 

H i s t o l o g i c a l studies 
Multilayered k e r a t i n i z i n g epidermis 
Intact dermal-epidermal j u n c t i o n 
Skin accessory organs (eg., hair) 
Dermal v a s c u l a r i z a t i o n 
Collagen morphology 
Epidermal thickness, ym 
Dermal thickness, mm 

+ 
+ 
+ 
+ 

wavy 
20-40 

0.8-1.3 

+ 
+ 

+ 
less wavy 
30-40 
0.9-1.4 

Neurological test (pin prick) + + 
Vascula r i z a t i o n test (blanching)^ + + 
Co l o r 6 white white 

Measured value remained i n v a r i a n t , w i t h i n experimental e r r o r , 
between 1 and 10 months following g r a f t i n g . 

^Performed 10 months following g r a f t i n g . 
°Positive r e s u l t s obtained by day 21. 
^ P o s i t i v e r e s u l t s obtained by day 14. 
e C o l o r changes i n the graft were as follows: red, up to about 2 
months; pink to off-white about 2-5 months; white, a f t e r about 
5 months. 
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