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postoperative period after a variety of stressful operations and anesthetics. Inap-
propriate ADH may occur in patients with head injuries, meningitis, encephali-
tis, pulmonary infections, and may be released by drugs such as Vincristine and
Cyclophosphomide, certain antidepressants and anticonvulsants. Prostoglan-
dins, Lithium Carbonate, Methoxoflorane and the antibiotic Demeclocycline all
antagonize the actions of ADH. Demeclocycline has been used successfully to
promote diuresis in patients with water intoxication due to inappropriate ADH
release associated with certain postoperative states and tumors.

The non-renal actions of ADH include effects on the cardiovascular system,
the smooth muscle of the gut and on blood coagulation. The pressor effects of
ADH is a general one on smooth muscle of all parts of the vasculature. The effect
is a direct one on contractile elements. It is neither antagonized by adenergic
blocking agents nor prevented by vascular denervation or local ph changes. The
effects on blood pressure are mediated by barorecptors, therefore in conscious
man, quite large amounts of vasopressin must be given to produce a significant
rise in blood pressure.

The effects of vasopressin on the heart are indirect and are the result of coro-
nary vasospasm with decreased coronary blood flow and of refluxly induced al-
terations in vagal and sympathetic tone resulting in myocardial ischemia.

Patients with coronary insufficiency while receiving vasopressin infusions
demonstrate EKG changes similar to those observed after exercise tests. Patients
with coronary insufficiency experience anginal pain even with small doses given
to control diabetes insipidus. Vasopressin induced myocardial ischemia and
death has been reported first by Slotnick and Teigland in 1951, and by numerous
other investigators since. This is an important consideration in the use of vaso-
pressin for the control of gastrointestinal hemorrhage.

Vasopressin effects the smooth muscle of the gastrointestinal tract. Motility
is markedly increased, as well as tone. The effect is greater on the large than the
small bowel. Its effect on the uterus is primarily from the oxytocic analogue and
its value in obstetrics is well known.

Manuceci in 1977 described an unexpected action of ADH and its analogs by
demonstrating its effectiveness in the management of moderately severe hemo-
philia and von Willebrand’s disease. These peptides, particularly the analogue
desmopressin, were effective in increasing levels of factor VIII, and can be ad-
ministered prophylactically during surgical procedures to prevent bleeding. The
mechanism of this action remains unknown,

Vasopressin has had its greatest clinical application as an adjunct in the
control of gastrointestinal bleeding of multiple etiologies, including portal hy-
pertension with gastrointestinal varices; hemorrhagic gastritis, gastric erosions,
Mallory-Weiss tears, stress ulcers, duodenal and gastric ulcers, arteriovenous
malformations, colonic diverticula, traumatic injuries to the pelvis and spleen,
post-partum hemorrhage, bronchiectasis with hemoptysis, hemorrhagic cystitis,
pancreatitis, and untold others including protection of the gastrointestinal tract
from radiation therapy. Many reports are anecdotal in relation to its specific use
for a specific entity. The greatest experience, however, has been with the control
of portal hypertension with esophageal varix hemorrhage.
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Over two hundred publications and ten thousand patients have been re-
portedly treated with vasopressin in the past twenty years throughout the
world.

Intravenous infusion of boluses of vasopressin in the dosage of forty to eighty
pressor units diluted in 200cc. of fluid over a period of thirty minutes was first
used in the management of varicele hemorrhage by Kehne and his colleagues in
1956. Follow-up studies on its use rapidly proliferated with experience of Shel-
don and Sherlock reported in Lancet in 1960 describing their experience with the
control of bleeding from esophageal varix hemorrhage using similar techniques.
The dangers, however, in the systemic use of vasopressin were quickly recog-
nized and included decreases in cardiac output resulting from vasoconstriction of
the coronary arteries, and extreme water retention resulting from its antidiuretic
effect. In 1967 Nusbaum, Baum, Sakiyalak and Blakemore reported use of infu-
sions of fractional doses of vasopressin continuously into the superior mesenteric
artery in dogs and later in man, thus seemingly reducing the side effects of the
vasopressin infusion. This form of therapy, although successfully utilized by nu-
merous clinical centers with reports in the literature, originally was questioned
by Donaldson in 1970. A major debate developed as to the value of infusions of
vasopressin in the cases of bleeding from the gastrointestinal tract and as to
whether intraarterial or intravenous route is preferable. A number of studies
have been performed in animals, especially with regard to the possible side ef-
fects, emphasizing mesenteric vascular complications and cardiac complications
associated with this technique. Simmons and Baum in 1977, utilizing a radioim-
munossay technique for circulating vasopressin demonstrated in dogs and mon-
keys that the autoregulatory relationship between the hepatic artery and portal
vein very effectively maintains the total hepatic blood flow during vasopressin
infusions. Studies by Ring and Baum, and by Kerr and Swan, have indicated
that the response in the monkey is most similar to man and primates, and would
thus appear to be the most suitable model for study of the effects of vasopressin
infusions in man. The studies by Barr and Rosch, Sirinek and Thomford, and
others in dogs, monkeys, and man have demonstrated that continuous intrave-
nous low dose vasopressin infusions were as effective as continuous intra-arterial
infusions in decreasing superior mesenteric arterial flow, as well as portal pres-
sure. The initial use of bolus injections of vasopressin did not produce consis-
tently significant control of variceal bleeding, possibly because the large doses
given produced a short duration of action relative to the short half life of vaso-
pressin in the circulation. In addition, these maximum doses produced a coro-
nary vasospasm and decreased cardiac output, and in patients with coronary
insufficiency produced serious myocardial damage. This has not deterred many
medical centers from continuing to use bolus techniques in vasopressin adminis-
tration to control urgent bleeding varices in preparation for emergency porta-
caval shunts. The development of tachyphylaxis from bolus injections has been
described by multiple authors demonstrating that subsequent doses of vasopres-
sin produce less of a pharmacologic effect with time. With the use of fractional
infusions of vasopressin in the dosage range of two tenths to six tenths of a pressor
unit per cc per minute infused either through a superior mesenteric arterial cath-
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eter or through an intravenous line, gives a continous effective dose of vasopres-
sin in the circulation and does not lead to the development of tachyphylaxis even
with infusions observed for as long as fourteen days. Multiple authors, however,
have demonstrated utilizing both the experimental animal and cirrotic man,
that even these fractional doses of vasopressin produce a maximal antidiuretic
hormone effect, as well as decreases in cardiac output. Sirinek demonstrated that
infusions of vasopressin in association with isoproterinol infusions resulted in
maximum reproducible decreases in superior mesenteric flow and portal venous
pressure while preventing the cardiovascular side effects of decreased cardiac
output and coronary flow. Recently, Grozmann et al, have demonstrated in por-
tal hypertensive dogs that nitroglycerine can improve cardiac performance and
favorably influence the splanchnic effects of vasopressin. They have studied a
series of fourteen patients who have received either intravenous vasopressin
alone, or vasopressin plus nitroglycerine four tenths of a milligram sublingually
and measured hemodynamic parameters. They found that the addition of nitro-
glycerine completely abolished the toxic effects of vasopressin on cardiac hemo-
dynamics while further enhancing the reduction of wedged hepatic venous pres-
sure. This last effect was achieved without a further decrease in hepatic blood
flow. These results have suggested that the addition of nitroglycerine to vaso-
pressin therapy may reduce the complications and improve the effectiveness of
vasopressin in the treatment of variceal bleeding. This has resulted in a more
recently aggressive approach in management of variceal bleeding by using high
doses of vasopressin up to nine tenths of a pressor unit per cc per minute for short
periods of infusion of four to six hours to obtain rapid cessation of hemorrhage, in
association with protection of the coronary circulation by sublingual administra-
tion of nitroglycerin. Following the cessation of hemorrhage, attempts at trans-

endoscopic sclerosing injections of the varices have resulted in the emergent con-.

trol of variceal hemorrhage in a growing percentage of patients. Recent reports
by Librek from the Liver Institute in France, indicated that the administration
of propanalol by mouth is effective in preventing recurrent gastrointestinal
bleeding in patients with cirrhosis and portal hypertension who bleed from
esophageal varices and gastric erosions. A controlled study of patients free of
recurrent gastrointestinal bleeding one year after inclusion in the study, was
96% in the propanalol group and 50% in the placebo group. As a result of this
study, a few clinics in the United States and France are advocating immediate
control of variceal hemorrhage by high dose vasopressin infusions protected by
nitroglycerine, with control of acute hemorrhage, by sclerosing injections
through the endoscope with maintenance propanalol therapy to decrease the risk
of rebleeding in the post injection state. Whether the long term effects of such
treatment protocols will obviate the necessity of emergency portacaval shunts
and possibly emulate survival from shunting procedures without the production
of encephalopathy remains highly speculative, but worthy of further investiga-
tion. Although the current controversy as to the similar effectiveness of intrave-
nous and intra-arterial continuous infusions of vasopressin in the management of
gastroesophageal varices seems to have been settled, the question of whether in-
travenous vasopressin or selective intra-arterial vasopressin infusions are of equal
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value in the management of arterial gastrointestinal bleeding, remains highly
controversial and anecdotal. Even though numerous clinical studies would indi-
cate that the value of vasopressin infusion and cessation of hemorrhage from
esophageal varices ranges somewhere between 75% and 85% effective, the con-
trol of gastrointestinal hemorrhage from an arterial source has only been re-
ported effective in approximately 50% of cases. Major experience has been with
the selective infusion of intra-arterial vasopressin through an indwelling selective
arterial catheter placed at the time of arteriographic demonstration of bleeding,
and very little experience has been reported from continuous infusions of intra-
venous vasopressin. Variations of effectiveness of vasopressin infusions in the
control of arterial hemorrhage are great. Vasopressin infusion was effective in
only 50% of cases of chronic duodenal ulcer bleeding in the collected series of
patients reported. This may well be because of the dual blood supply of the duo-
denum having contributions from both the celiac axis and the superior mesen-
teric artery, resulting in continued bleeding due to the failure to constrict the
alternate source of anatomic blood supply to the ulcer crater. In addition, it may
well be that the chronic duodenal ulcer produces changes within the wall of the
vessel that make it less reactive to vasoconstrictors. However, mucosal bleeding
lesions, such as those seen in hemorrhagic gastritis and Mallory-Weiss tears and
superfical erosions are very amenable to vasopressin therapy, and have proven
90% effective in stopping hemorrhage from these sources, probably because of
the shunting of blood flow from the mucosa by the opening up of arterial venous
shunts in the submucosa, as well as major vasoconstriction of the branches of the
left gastric artery. The effectiveness of vasopressin in controlling bleeding from
colonic diverticula has been reported by Baum, Ring and Roche and others in the
literature. Review of the reported cases demonstrate that approximately 75 % of
the bleeding diverticula occur in the colon to the right of the splenic flexure.
Infusions of vasopressin through the superior mesenteric artery or the inferior
mesenteric artery have been successful in initially controlling 88 % of these
bleeding diverticula, and have resulted in avoidance of surgery in 75% of these
patients reported. We have had two anecdotal experiences of the control of left
sided bleeding diverticula with intravenous infusions of vasopressin. Whether
this is an alternate method of managing patients with suspected diverticular
bleeding, irrespective of demonstration of the source of bleeding remains to be
studied in a very carefully organized clinical setting. There have been numerous
extensions of the utilization of vasopressin in a variety of clinical settings of im-
portance to the surgeon. Its use during the performance of porto systemic shunt
has been reported to faciliate exposure and reduce operative time and blood loss.
Vasopressin infusions have been shown to increase survival rates and reduce tis-
sue damage in dogs subjected to acute pancreatitis by the closed duodenal loop
techniques. Vasopressin infusions modified and partially reversed the disease
process as evaluated by studies of pancreatic enzymes and histologic evaluation
of tissues. Vasopressin may have produced these effects by either directly reduc-
ing pancreatic exorcrine flow and stabilizing pancreatic blood flow or indirectly
by increasing reabsorption of excess peritoneal fluid.

Various centers studying radiotherapy protection by vasopressin have dem-
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sional approaches should not be taken in any given institution. Surgical judge-
ment remains the sole decision maker in when and when not to operate on a
given patient with gastrointestinal hemorrhage. It is, however, the duty of the
surgeon to investigate all means by which he may decrease morbidity and mor-
tality from his surgical procedures and to the extent that vasopressin infusions
may do this. He is certainly duty bound to consider its use in judgement decisions
concerning surgery in such patients.
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Defects in’Cerebral Function and Metabolism
and the Role of Revascularization
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The Artificial Heart in Human Subjects

JACK KOLFF, M.D.

Patients with end-stage cardiac disease who are not accepted for cardiac
transplantation may be candidates for implantation of a total artificial heart
(TAH). The design of a TAH was first undertaken by Drs. T. Akutsu and W. J.
Kolff' in 1958. They described a pneumatically driven, polyvinyl chloride heart
consisting of two collapsible sacs in one plastic air chamber. The simplicity of
design and the ability to control the heart from an externally located energy and
control the heart from an externally located energy and control module have
made pneumatic ventricles the most successful in terms of animal longevity.>*

Several groups have reported calf survival for over 6 months. These long-
term experiments have resulted in complications that may well be unique to the
calf. Continuous growth of the young calves causes their needs to exceed the ca-
pabilities of the implanted TAH. Calcification of the polyurethane flexing dia-
phragm also has been observed after prolonged survival and may be similar to
the early calcification seen in valve heterografts implanted in children.5 Because
of the successful bench and animal trials with the Utah (J-7) TAH, | the Food and
Drug Administration has given permission to proceed with clinical trials in se-
lected human subjects at the University of Utah. Dr. Barney Clark was the first
patient selected in that study. In preparation for these and future studies in living
human subjects at Temple University, our cardiac surgical team considered it
necessary to test the anatomic fit and the functional capabilities of the ventricles
in brain-dead human subjects. ’

Methods and Materials

The Utah TAH is constructed of polyurethane and has a continuous smooth
inner surface. It is pneumatically powered and consists of two separate ventri-
cles. As in the original design by Kwan-Gett, the blood chamber of the J-7 de-
signed by Jarvik is separated from the air chamber by a flexible diaphragm.® The
maximum end-diastolic volume of each ventricle is 150 ml and its maximum
stroke volume is 100 ml, for an ejection fraction of 67 % . Two Bjork-Shiley disc
valves achieve unidirectional flow in each ventricle. Connections to the natural
atria and great vessels are made with a “quick-connect” system. This system con-
sists of a cloth cuff or graft with a flexible polyurethane ring which, after it is
sewn onto the atrium or artery, snaps over a rigid collar onto either the inflow or
outflow port of the ventricle.

The source of compressed air is controlled by electrically driven solenoid
valves within the Utah Heart Driver (UHD). The UHD controls heart rate, per-
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cent systole, and maximmum ventricular driving pressure for each ventricle. The
UHD is connected to the intrathoracic ventricles via two 6 foot long air hoses.

The artificial cardiac cycle consists of systole and diastole. During systole a
pulse of air enters the air chamber and empties the blood from the juxtaposed
blood chamber. During diastole the air chamber is vented to the atmosphere so
that venous pressure fills the ventricle with blood. The stroke volume of each
ventricle is therefore controlled by the venous pressure in its respective atrium,
an arrangement which results in a balanced circulation. This principle is consid-
ered to be Starling’s law of the TAH". Either ventricle can be stopped by reduc-
ing the air driving pressure to zero.

Standard radionuclide ventriculographic techniques gated to the UHD
were used to obtain filling rates, emptying rates, and ejection fractions of either
the right or the left ventricle.

Experience in Human Subjects

From May, 1981, to December, 1982, five TAHs were implanted in five
human cadavers, three of whom were kidney donors. Informed consent for or-
gan donation and the implant studies was obtained from the relatives. The
fourth and fifth implants are presented in detail.

cAsE4. A young man 5 feet, 10 inches tall and weighing 160 pounds, with an exter-
nal anteroposterior chest diameter of 19.5 cm, was pronounced dead according to ac-
cepted criteria for brain death.® In the operating room after one kidney was taken for
renal transplantation, the patient was placed on total cardiopulmonary bypass and the
natural ventricles were removed along the atrioventricular groove.

Atrial quick-connect rings were sewn onto the open tricuspid and mitral anuli and
long arterial grafts were sutured to the transected aorta and pulmonary artery. The left
pleura was opened wide and the artificial left ventricle was placed inside the pleural
cavity so that there would be sufficient room in the pericardial sac for the right ventricle.

In an atmosphere of carbon dioxide, the left and right ventricles were attached to
their inflow and outflow conduits. The subject was slowly weaned from cardiopulmo-
nary bypass and the ventricles were allowed to take over full circulatory support. After
decannulation the sternum and skin were closed.

In the intensive care unit he required fluid and potassium replacement, both de-
pleted by diabetes insipidus. He also exhibited hypoxia, acidosis, and pulmonary edema.
These were controlled by positive end-expiratory pressure and by maintaining low left
atrial pressures while phenylephrine was used to support the blood pressure. Eventually,
these pulmonary difficulties were controlled and all pharmacologic agents except for
vasopressin were stopped. Hemodynamically, the subject’s condition became progres-
sively more stable, and we were able to test the heart by varying systole from 20 % to 80 %
and the heart rate from 60 to 180 beats/min, while measuring ejection fractions by radio-
nuclide methods. The experiment was electively terminated 41 hours after implantation
to accommodate funeral arrangements.

CASE 5. A young man 6 feet, two inches tall and weighing 145 pounds, with an ex-
ternal arteroposterior chest diameter of 19.5 cm, was pronounced dead but was rejected
for kidney donation because of a prolonged hypotensive episode. Two J-7 ventricles were
inserted to replace the natural heart, but their positioning was different from that used in
Case 4. The artificial right ventricle was placed in the right pleural cavity and the left
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ventricle was placed within the pericardial sac. A new right atrial outflow port was cre-
ated on the lateral side of the right atrium. The tricuspid anulus was closed with tricuspid
valve tissue and an anterior flap of right ventricular myocardium.

Cardiopulmonary bypass was discontinued and the TAH supported the entire circu-
lation, Postoperative bleeding tendencies were corrected with fresh-frozen plasma and
platelets. After transfer of the subject to the intensive care unit, various pneumatic, an-
giographic, computed axial tomographic and ventricular radionuclide studies were done
to determine mechanical fit and ventricular function. The experiment was electively ter-
minated after 72 hours to accommodate funeral arrangements.

Results

All five human subjects had a normal heart and normal-sized pericardium
for height and weight. A summary of the pertinent clinical data of the five sub-
jects is shown in Table I.

Anatomic considerations were critical for proper hemodynamic function.
In Case 2, late pulmonary edema developed because of pulmonary venous com-
pression by the artificial ventricles. For subjects with a small natural heart, as in
Case 3, we separated the two artificial ventricles and placed the right in the right
pleural cavity and the left in the pericardial sac. In Case 4, we placed the left
artificial ventricle in the left pleural cavity and allowed the right artificial ven-
tricle an orthotopic position in the pericardial sac. Details of the surgical implan-
tation techniques are described in another report.®

The adequacy of cardiac output in Case 4 is reflected in part by the urine
output. Excessive urine production caused by diabetes insipidus was controlled
by vasopressin. Actual cardiac outputs of each ventricle were obtained by mea-
suring the air flow exhausted from each ventricle during diastole. A computer
calculates the volume of blood that enters the ventricle during diastole and mul-
tiplies it by the heart rate for cardiac output of each ventricle.!® The cardiac
output of the left ventricle was consistently greater than that of the right
ventricle.

During studies of ventricular function in Case 5, we found that the right
ventricle could be stopped from actively pumping while the subject still main-
tained an adequate blood pressure and a marginal cardiac output from the left
ventricle. A vacuum of 10 cm H,O on the UHD during left ventricular diastole
and a central venous pressure of 20 cm H;0 were sufficient to allow blood to flow
through the right ventricle and lungs. The effect of atrial contractility on pulmo-
nary flow could not be assessed.

Standard radionuclide ventriculography techniques show ventricular filling
and emptying in Fig. 8. Under a fixed set of conditions, i.e., heart rate 120 beats/
min and 33% systole, the ejection fraction was 53 % . The curve indicates that
the heart became slightly more than two thirds filled at the end of diastole and
emptied completely to its minimal residual volume of 50 ml. The ventricle thus
maintained an inherent degree of response to changes in venous pressure,

Discussion

During the fifteenth century Leonardo da Vinci attempted to study the ana-
tomic and functional interactions of man’s internal organs.!! However, da Vinci
had a very meager amount of human material to study, as it was not popular to
study human beings. In his drawings of the internal organs of man, he needed to

e

Summary of five brain-dead, hemodynamically stable human subjects in whom the Utah (J-7) TAH was implanted

TABLE I.
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its usual intrapericardial position. Orthotopic (Ortho.) means within and heterotopic (Hetero.) means outside the pericardial sac.
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borrow from the anatomic knowledge of animal organs. He took some artistic
liberties to make the heart of an ox fit inside a man’s chest. He had no idea of its
function, since the course of the circulation of blood had not yet been discovered.
Today, five centuries later, we were confronted with the question of whether or
not an artificial heart successfully tested in calves would fit and function in man.
But how to proceed in man with some assurance of success? An artist’s drawing
or a human cadaveric fit says little about the ability of the device to function
when so placed.

We propose that there is a new opportunity for human experimental studies
which far exceeds the purely anatomic and comparative studies of da Vinci. To-
day it is possible to test the functional capabilities of intrathoracic blood pumps
in brain-dead but hemodynamically stable human subjects at no risk, so that it is
not necessary to learn the fundamentals of fit and function in patients. Permis-
sion to use the body or organs of brain-dead human subjects has benefited thou-
sands of renal transplant recipients. It is in such kidney donors that the func-
tional studies of the artificial heart were carried out. The relatives of these
donors have been extremely supportive of our experiments. Their hope is that
through these studies others may live longer and more comfortably.

In regard to our fit studies, the fact that the artificial heart consists of two
independent pneumatic ventricles allows them to be separated completely so
that either ventricle may be placed outside the pericardial sac in a heterotopic
position. After encountering left atrial and pulmonary venous compression with
unilateral pulmonary edema in Case 2, we did not think it advisable to place
both ventricles in their usual intrapericardial positions in a small subject of 93
pounds (Case 3). Therefore, we utilized heterotopic positioning of either the left
or the right ventricle in Subjects 3, 4, and 5 and proved that this is a viable surgi-
cal option.

In regard to functional studies, one of our concerns was to be able to main-
tain low filling pressures and adequate cardiac outputs to provide peripheral or-
gan perfusion. It was also desirable to maintain a degree of inherent regulation
so that a balanced but not necessarily equal output between the right and the left
ventricles could be sustained for long periods without constant adjustments of
the heart driving parameters. Although the left ventricle was expected to pump
more than the right because of the bronchial circulation, a rather larger than
expected difference occurred in the middle of the time course of Case 5. Addi-
tional factors that could account for this difference include a 2:10% inaccuracy
of each measurement when determined on a mock circulation and the increased
regurgitation of the left-sided valves. Studies with electromagnetic flowmeters
around the pulmonary artery and aorta are planned for the future. The impor-
tant point, however, is that the right and left ventricles never pump equal
amounts, and the TAH has to be designed to allow differences in output while
maintaining physiological atrial pressures. The TAH functioned successfully for
up to 72 hours.

In conclusion, these ongoing studies in brain-dead human subjects show
that the Utah J-7 TAH can take over the role of the natural heart in a human
being. This experimental model is unique and necessary to evaluate the fit and
function of the device in preparation for future implantation into a wide selec-
tion of persons who would rather be tethered to this device then die of end-stage
heart disease.

Annual Oration for 1983 15

References

1. Akutsu T, Kolff W]: Permanent substitutes for valves and hearts. Trans Am Soc
Artif Intern Organs 4:230-235, 1958.

2. Bucherl ES, Affeld K, Baer P, Clevert HD, Frank J, Gerlach K, Grosse-Siestrup C,
Hennig E, Keilbach H, Krautzberger W, Kuhlmann V, Lemm W, Mohnhaupt
A, Rennekamp F, Unger V, Weidmann H, Zartrack F: Total artificial heart re-
placement. Int J Artif Organs 2:141-152, 1979.

3. Pierce WS, Myers JL, Donachy JH, Rosenberg G, Landis DL, Proplet GA, Snyder
AJ: Approaches to the artificial heart. Surgery 90:137-148, 1981.

4, Mochizuki T, Hastings WL, Olsen DB, Lawson JH, Daitoh N, Aaron JL, Razzeca
K], Jarvik RK, Kessler TR, Nielsen SD, Kolff W]: Postoperative hemodynamic
changes in calves implanted with total artificial hearts designed for human appli-
cation. Trans Am Soc Artif Intern Organs 526:55-59, 1980.

5. Coleman DL, Liu D, Kessler T, Andrade JD: Calcification of non-textured im-
plantable blood pumps. Trans Am Soc Artif Intern Organs 27:97-103, 1981.

6. Kwan-Gett C, Backman DX, Donovan FM, Eastwood N, Foote JL, Kawai ],
Kessler TR, Kralios AC, Peters JL, Van Kampen KR, Wong HK, Zwart HH]J,
Kolff WJ: Artificial heart with hemispherical ventricles and disseminated in-
travascular coagulation. Trans Am Soc Artif Intern Organs 17:474-481, 1971.

7. Kwan-Gett CS, Wu Y, Collan R, Jacobson S, Kolff WJ: Total replacement artifi-
cial heart and driving system with inherant regulation of cardiac output. Trans
Am Soc Artif Intern Organs 15:245-251, 1969.

8. Guidelines for determination of death. Report to the President’s Commission for the
Study of Ethical Problems in Medicine. JAMA 246:19:2184-2186, 1981.

9. Kolff J, Deeb GM, Riebman J: Preliminary study of a pneumatic total artificial
heart. Heart Trans 3:60-64, 1983.

10. Nielsen SD, Willshaw P, Olsen DB: Non-invasive cardiac output monitoring and
diagnostics for pneumatic pumping chambers. Trans Am Soc Artif Intern Organs
29:589-592, 1983,

11. O’Malley CD, de CM Saunders JB: Leonardo da Vinci on the Human Body, New
York, 1952, Henry Schuman, Inc.




Annual Oration for 1984

The Influence of Renal Transplantation
On Biology and Medicine

SIMON ]. SIMONIAN, M.D., Sc.D.

Renal transplantation has been conceived, born and nurtured by the crea-
tivity and experiments, of many biologists and clinicians.

Transplant physicians have trained themselves to be adept in biology and in
research and as a result have strengthened established programs of medicine and
surgery and have established new programs of transplantation. The collabora-
tion between the laboratory and the clinic has been close in transplantation as
has the relationship between science and service in taking care of patients. New
and strong basic and clinical interdisciplinary working relationships have been
formed to advance transplantation research, education, training, patient care
and clinical practice. A number of transplant surgeons have become Chairper-
sons of Departments of Surgery in Medical Schools.

Before pharmacological immunosuppression was discovered in 1959, apart
from occasional identical twin kidney transplants, which worked and did not
reject because of tissue identity, there was not any group of patients with func-
tioning renal allografts. Renal transplantation currently, in living related kidney
donor transplants has a patient survival rate of 95% and an allograft survival
rate of 90 per cent, at one year. The respective rates for cadaver renal donors for
patient survival are 90 per cent and for graft survival are 80 per cent.! During the
last quarter of a century renal transplantation and research has influenced to the
better many areas of biology and medicine.

Classical and cellular immunology.? Some of the transplant related ad-
vances in immunology have been: The demonstration that rejection of foreign
tissue graft alloantigens is an immune response, mediated by lymphocytes. The
“clonal selection theory”. The heterogenicity of lymphocytes. Thymus depen-
dent T cells. Bursa of Fabricius originated B cells. Subsets of T cells: helper,
suppressor and effector cells. The “network” theories of the immune response. T
cell and B cell reporters. The induction of immunologic tolerance. Immunologic
control and feedback mechanisms.

Autoimmunity.® During allograft rejection, antigens shared by donor and
recipient may lead to an autoimmune type of response.

Immunogenetics.* The discovery of the human major histocompatibility
complex (MHC) on the short arm of the sixth chromosome. The human leucocyte
antigen (HLA) system: HLA-A, B, C, D and Dr MHC antigens are essential for
the recognition of foreignness and for the regulation of the immune response.
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The correlation of a-good prognosis for transplantation of the kidney in living
related donors who 4re closely matched by HLA histocompatibility typing.

Evolution.’ The study of the MHC has provided important information on
the evolution of the vertebrates: some of the bony fishes, some amphibians, all
birds and mammals.

Mammalian reproduction.® Pregnancy is a natural transplantation without
immunosuppression and demonstrates maternal acquired tolerance to fetal anti-
gens, half of which are foreign paternal antigens. New research information on
the relationship is being obtained in the hope of finding and applying its secrets
to organ transplantation.

I'mmunosuppression.” Before 1960 whole body irradiation alone was used
for immunosuppression without success. After 1961 Imuran and Prednisone
were used for prophylactic immunosuppression which eventually resulted in a
graft survival rate of 50 percent at one year. Antilymphocyte globulin (ALG)
was added by 1965 improving graft survival rate in certain centers to 75 per cent.
Antithymocyte globulin (ATG) was introduced in 1978 with effects similar to
ALG. Cyclosporin was released by the Food and Drug Administration in the
United States in 1983 and proved to be superior to Imuran for kidney transplants
and transformed transplantation of the liver, heart and heart-lung into reliable
clinical practises resulting in less rejection episodes and average graft survival
rates of about 80 per cent. Rejection is currently being treated with one or more
of these agents: prednisone, methylprednisolone, ALG, ATG and monoclonal
antibodies. All the above means of preventing and treating rejection are immu-
nologically non-specific methods of immunosuppression. In man, specific immu-
nological suppression or tolerance or enhancement or chimerism are goals to be
achieved by further research,

Microbiology and infectious disease.® Immunologically compromized pa-
tients develop opportunistic infections with cytomegalovirus, Herpes simplex vi-
rus, Herpes zoster virus, Aspergillus, Nocardia, Pneumocystis carnii and Listeria
monocytogenes. Common organisms that also cause infections are E. Coli, S.
aureus, D. pneumonia, hepatitis B and M. tuberculosis. The development of in-
fectious disease specialists and the new specialty of immunopharmacology have
been encouraged. Precautions are taken to prevent infections in the donor from
being transplanted to the recipient.

Nephrology.® Nephrology and the end stage renal disease patient on hemo-
dialysis provided the stimulus to clinical renal transplantation which improved
the quality of life of these patients. Transplantation research is providing a better
understanding of the pathology of end stage renal disease.

Artificial organs.'® The most successful artificial organ is the artificial kid-
ney developed by Kolff and others. Other artificial organs in various stages of
development are the artificial heart (Akutsu and Kolff and others), the artificial
pancreas (Soeldner and others), the artificial lung (Dennis and others), the artifi-
cial liver and the artificial gut (Sribner and others).

Bone marrow transplantation.'! Bone marrow transplantation has been
possible using immunosuppression for patients with aplastic anemia and acute
leukemia, provided these patients have HLA-idential sibling donors.
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Plastic surgery.'?> Burned patients have been treated with agents of im-
munosuppression to allow longer survival of skin allografts. The technology of
reducing antigenic activity by freeze drying has helped develop the porcine xeno-
graft, bovine collagen and bone. Autotransplantation of free flaps has given the
stimulus to microsurgery.

Liver pathophysiology.'3 Liver transplantation has given new insights into
better techniques of liver surgery, a deeper understanding of liver physiology, of
the hepatotrophic concept and of several inborn errors of metabolism and their
treatment: glycogen storage disease, type II homozygous hyperlipidemia, al-
pha;-antitypsin deficiency.

Type I diabetes and the pancreas.'*'> The impact of transplantation on dia-
betes has been on (a) its treatment: by (1) kidney transplantation which is suc-
cessful and lifesaving in diabetic induced end stage renal disease and (2) by pan-
creatic transplantation which with Cyclosporine is still only partially successful,
resulting in a graft survival rate of 40 per cent. (b) understanding the secondary
nature of microvascular and other lesions of diabetes.

Metabolic disease.'® Transplantation and transplantation research has pro-
vided better understanding and occasionally better treatment of certain meta-
bolic diseases. Transplantation of the liver in alpha;-antitrypsin deficiency.
Transplantation of the thymus in DiGeorge’s Syndrome. Bone marrow trans-
plantation in Wiskott-Aldrich’s Syndrome.

Cardiac transplantation.'” Heart transplantation has been an acceptable
treatment for end stage heart disease, Cardiac transplantation has also improved
knowledge of cardiac anatomy, cardiac physiology, coronary artery disease, car-
diac biopsy and brain death.

Tumors.'® Tumor immunology and tumor immunotherapy have benefited
from the establishment of the biologic laws of tissue transplantation.

Cancer.'® Transplantation has increased our understanding of cancer in
two areas: (a) the transplantation of cancer in immunosuppressed patients, (b)
the de novo development of epithelial cancers and lymphomas in immunocom-
promized organ transplant recipient patients.

Society.? Transplantation has stimulated passage of brain death laws, has
affected the ethics of removing a kidney from living related normal kidney do-
nors, has born the cost of kidney transplantation, cadaver organ and tissue dona-
tion of heart, lung, liver, pancreas and other tissues such as corneas, skin and
bones. Organ transplantation has restored and rehabilitated to healthy and use-
ful living many young adults who would have otherwise died of a terminal single
vital organ disease.

Organ procurement agencies. Organ procurement centers have been estab-
lished to coordinate the removal, sharing and distribution of healthy organs and
tissues from cadaver donors for transplantation.

Organ banks. Organ banks are being developed for storage of tissues such as
skin and bones.

Organ preservation.??* The preservation of organs removed from cadaver
donors has been developed. Kidneys may be stored up to 48 hours in an asangui-
nous cold (4°C) state in Collins solution which contains intracellular sodium ions
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and hyperosmolar agents. Pulsatile cold perfusion is another equally good but
more expensive method of kidney preservation. For heart, liver and pancreas
cold storage preservation is good for only four to six hours during which period
these organs have to be transplanted to resume function. Research is in progress
to improve the length of storage of these latter organs.

Radio biology. Transplantation has expanded the field of radiobiology with
radionuclide scanning techniques for the diagnosis of rejection and angiography
for evaluation of the arterial system. Transluminal angioplasty has been success-
fully performed for stenosis of renal arteries following transplantation. Local
kidney transplant irradiation has been practised to prevent and treat rejection,
although without much success. Total lymphatic irradiation has been shown
experimentally to prolong allograft survival with a reduced dosage of
immunosuppression.

Pathology. The impact of transplantation on pathology in understanding
the process of transplant rejection and stimulating research into the mechanisms
of end stage organ disease has been valuable.

Molecular biology.?®?*% Transplantation research has stimulated molecu-
lar biologists to look into the MHC, lymphokines and HLA antigens to improve
our understanding of these and related areas of mutual interest.

HLA and disease.?® Transplantation research has increased our knowledge
of the association between HLA and disease. Ankylosing spondylitis and HIA-
B27, multiple sclerosis and DW2 and others, There is an HLA and disease regis-
try in Copenhagen.

Transplantation of the liver, heart, heart-lung and pancreas. With the use
of Cyclosporine, liver transplantation has a graft survival rate of about 75 per-
cent, heart transplantation 80 per cent, heart-lung transplantation 70 per cent
and pancreatic transplantation 40 per cent, all at one year.

Transplant surgeons and surgery. Surgeons refused to accept the current
immunological dogma of the 1950’s that the rejection of a foreign graft was an
essential survival feature of evolution and that its control with pharmacological
agents would result in ending the life of the host. Surgeons used immunosuppres-
sive agents and discovered that by using the right dose hosts would accept foreign
grafts. They discovered that many rejection episodes could be reversed with ste-
roids and other agents. They showed that after a while the transplanted organ
adapted to survive in the host provided immunosuppressive agent administration
was maintained. Surgeons improved the quality of life of patients on dialysis
after renal transplantation and gave a second chance of life to patients who
needed a vital organ such as a heart or a liver transplant. Surgeons stimulated
research into end stage organ disease in the hope that one day these diseases could
be prevented in many young patients and thus eliminate the need for organ
transplantation. Experimental and clinical research on immunosuppressive
agents was performed and developed mostly by transplant surgeons.

Hahnemann. Renal transplantation in Philadelphia is believed to have been
first performed by Robert Bower, M.D., surgeon and Albert Brest, M.D., inter-
nist, on R.W. a 25 year-old male who received a kidney from his 23 year-old
brother, at Hahnemann Medical College and Hospital, on August 13, 1963.
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improved by formic acid treatment resulting in stabilization of the nylon mesh.
Secondly, machines had to be developed to weave the material into tubular for-
mations rather than surgically suturing a flat cloth into a tubular shape. Lastly,
the tubes had a strong tendency to kink, a problem resolved by using the novel
approach of crimping. As vascular surgeons in the 1980’s, we accept these graft
properties as “self-evident”, but their introduction into clinical surgery was a
great step forward.

Current Status of Vascular Grafts

The use of synthetic vascular grafts as conduits for bypassing arterial occlu-
sive lesions has increased significantly over the past several decades. Progress has
in part been based on our increased ability to diagnose vascular disease at an
earlier stage and to intervene with grafting prior to irreversible tissue ischemia.
Vascular procedures are not always safe for a patient. Surgeons have learned over
the years to compare the potential benefits of a vascular graft with the possible
complications. This is a critical one where the potential benefit of salvaging a
limb or revascularizing an ischemic heart must be compared to the risk posed to a
patient’s life by the procedure itself. In most cases, the decision is based on the
overall vital organ status of the patient as well as the proven efficacy of the by-
pass graft intended for use.

- Tubular dacron grafts have become firmly established as the standard pros-
thesis for large vessel replacement. Although there have been minor modifica-
tions in conformation, cloth construction, porosity and other variables, the da-
- cron graft has repeatedly demonstrated its durability and long term patency.
When used in the abdominal aorta, the early patency rate exceeds 95% and late
patency rate at 10 years is over 70 % . This is remarkable in that a patient with an
abdominal aortic aneurysm or severe aortic occlusive disease can expect a virtual
“cure” of that disease with a dacron graft. In fact, the usual cause of death fol-
lowing aortic grafting is acute myocardial infarction, suggesting the major ob-
stacle to long term survival remains occlusive disease of the smaller arteries.

While dacron grafts have been extremely successful for the replacement of
large diameter arteries, the results with smaller artery replacement are less
promising. When dacron grafts smaller than 6 mm in diameter have been used in
positions such as the femoral popliteal regions, poor results have been obtained.
At one year, patencies as high as 70% have been reported, but the majority of
series demonstrate 20 to 30 % one year patency. Most surgeons have abandoned
the use of dacron in that position as a result of this poor experience.

More recently, the expanded, reinforced polytetrafluoroethylene (PTFE)
grafts have been introduced into clinical surgery. These grafts are composed of
PTFE that has been extruded into a tubular shape. PTFE in this form is highly
porous but because of the hydrophobic surface qualities, relatively impermeable
to liquids. PTFE grafts have been used in many locations with variable results.
In general, they perform well for large vessel replacement when used above a
diameter of 6 mm. These applications have included aortic and femoral popli-
teal grafting.

When used above the knee with good vascular runoff, the patency has been
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excellent. This ranges from 75 to 90% 1 year patency, which is equivalent to the
saphenous vein graft results. When used below the knee, the patency is deter-
mined primarily by the vascular runoff. At the infrapopliteal region, patency
rates at one year range from 40 to 80%. When extended to the tibial vessels,
results drop significantly with patency rates at one year in the 20 to 40% range.

One PTFE application that has achieved widespread acceptance has been
with hemodialysis vascular access. These PTFE grafts are typically 4-5 mm in
diameter at the arterial anastomosis and rapidly enlarge to 6 to 8 mm in diameter
at the venous end. They have a high flow rate, often exceeding 1000 milliliters
per minute, because they are placed as an arteriovenous fistula. The patency has
been excellent over the short term, but they frequently need declotting, revision
or replacement on a yearly basis.

A third class of vascular graft is the biologically derived conduits. The most
significant is the glutaraldehyde-stabilized human umbilical cord vein graft de-
veloped in the 1970’s. This graft is prepared by isolating the umbilical vein from
the umbilical cord followed by tanning with glutaraldehyde to crosslink the col-
lagen molecules. Tanning increases the mural tensile strength as well as renders
the vessel non-antigenic. These grafts function primarily as a cross-linked colla-
gen tube and do not re-endothelialize.

Results obtained by Dardik and associates have demonstrated patency rates
equivalent to that obtained using saphenous vein as the bypass graft, with 1 year
patencies of 80 % . Other investigators have observed a considerably lower pat-
ency rate when used in the infrapopliteal and tibial vessels. The graft has not
gained widespread use for these reasons as well as the fact that it is difficult to
surgically manipulate.

There are numerous other grafts available on the market, but no grafts have
currently out-performed the previously discussed grafts. In order to become ac-
cepted, they will need to perform better than current prosthetic grafts and in an
equivalent fashjon to human saphenous vein grafts.

Biological Response to Graft Implantation

The biological response to a prosthetic material is a function of the material
implanted, the method of evaluation and, most importantly, the animal species
in which it is evaluated. Porous prosthetic grafts implanted into research animals
clearly demonstrate the spontaneous development of an endothelial cell lining
supported by a substrate of smooth muscle cells, fibroblasts, and other cells as
well as collagen and other connective tissue components. There appears to be a
strong cellular response to the graft in the form of a foreign body reaction as well
as a neovascularization which is observed as capillary ingrowth into the graft.

Porous grafts implanted into humans result in a significantly different re-
sponse, An endothelial lining of the entire graft does not occur and a greatly
suppressed cellular response occurs when compared to the experimental animal
model. Capillary ingrowth does not occur to a significant degree. The human
response to a graft also varies as a function of the graft base polymer. Dacron
grafts, for example, demonstrate foreign body grant cells within the graft wall
whereas PTFE grafts demonstrate a very sparse cellularity with a marked in-
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Mechanisms of Graft Failure

The success of a given vascular reconstruction is largely dependent upon the
anatomic location of the graft, type of graft implanted and the flowrate through
the graft. In general, high flowrate, large diameter prosthetic grafts perform
well in most patients regardless of the type of material used. When a prosthetic
graft is placed in a less favorable location such as where flow rates are lower, the
type of material used for the bypass becomes critical. Autogenous grafts in this
setting continue to provide satisfactory long term patency. Synthetic grafts
in low flow locations tend to occlude at a high rate due to their inherent
thrombogenicity.

General observations regarding graft failure may be categorized based on
their probable origin. The most preventable cause of failure relates to technical
aspects of graft insertion. There are many nuances to vascular surgery that have
been developed to prevent stenosis at the anastomosis, graft kinking and other
mechanical factors. These are avoided by the surgeon trained in vascular
surgery.

A second cause of failure is patient-related problems. Blood flow rate
through the graft is an important factor. If a patient has a low flow state second-
ary to congestive heart failure or extensive multiple vascular occlusions from ath-
erosclerosis, the patency rate will be reduced. The parameters that correlate
with decreased patency are: small diameter (<6 mm), long graft length, re-
duced blood flow into the graft and reduced blood outflow due to poor runoff.
This patency does not correlate simply with blood flow rate. The blood rheology
at the blood-surface interface has been demonstrated to be of importance. This is
certainly highlighted by the difference in patency between aortic and inferior
vena caval (IVC) grafts. The bulk flow rate is roughly equivalent but aortic
grafts have an extremely high patency whereas IVC grafts uniformly thrombose.
The blood surface velocity and shear rate are much lower in the IVC due to a
lack of pulsatility and other flow effects, suggesting their importance. Areas of
flow turbulence have also been associated with graft failure.

The graft surface itself is a third important variable. As previously men-
tioned, all prosthetic surfaces activate some aspects of the thrombotic process.
These include platelet deposition and activation, activation of coagulation pro-
teins and complement activation. There are many in-vitro and in-vivo tests to
allow comparisons between surfaces, but no one test reliably predicts surface
behavior when implanted into an experimental animal. Additionally, no labora-
tory animal results predict results in human implants. This is a major shortcom-
ing for research in this field and unfortunately translates into human trials to
properly evaluate surfaces.

Cellular hyperplasia at the site of graft-native vessel anastomosis is the last
major cause of graft occlusion. This is perhaps most significant in small diameter
occlusions but certainly occurs in all applications. This has been repeatedly ob-
served in both animals and humans. Luminal stenosis is usually observed for 1 to
2 cm of length on the native vessel immediately adjacent to the graft. This occurs
at both ends of the graft but is usually most prominent at the distal or outflow
aspect. The surface is often a white glistening material and is frequently covered
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by endothelium. The;’subendothelium is composed of heavy cellular material
with dense connective tissue infiltration. Many of these cells are smooth muscle
cells (SMC) and myofibroblasts as determined by immunocytochemical staining,
but other cells including fibroblasts and macrophages are present. This hyper-
plasia results in progressive stenosis and occlusion of the lumen over months to
years.

Many investigators have examined this problem but few answers have been
forthcoming. Clowes and coworkers have noted that many cellular events occur
as soon as the vessel is sutured and thereby injured. Smooth muscle cells undergo
a burst of mitosis as well as migration within 6 hours following injury. The cells
undergo several multiplications over the next several days but then demonstrate
no further mitosis. The area undergoes further rearrangement and collagen de-
position. These later events continue over months to years and are undoubted
implicated in anastomotic stenosis. There have been multiple experimental at-
tempts to prevent the occurrence of stenosis. The most successful intervention
has been using the drug heparin. If heparin or fragments of the heparin molecule
are given within 18 hours following injury, the burst of mitcsis does not occur.
Longer term studies suggest that this may result in less cellular hyperplasia when
compared to control experiments.

Other explanations for anastomotic hyperplasia have also been suggested. It
was noted many years ago that insertion of a rigid tube into the pig aorta resulted
in marked anastomotic hyperplasia. This suggested that compliance mismatch
between the graft and the native vessel played a significant role in cellular hyper-
plasia. This has been extensively evaluated by Abbott and coworkers with no
definite conclusion as to cause and effect. A problem in interpretation exists in
any event because of the known decrease in compliance with increasing athero-
sclerosis in arteries. Thus further information is necessary.

Rationale for Endothelialization of Prosthetic Surfaces

While many differences exist between thrombogenic polymer surfaces and a
native blood vessel surface, one obvious and important difference is the presence
of a living endothelial cell lining on the native vessel luminal surface. As a direct
result of our ability to culture human adult endothelial cells, a new understand-
ing of the integral role of endothelium in blood vessel homeostasis has evolved.
Although these cells form only a single monolayer separating the blood from
body tissues, they are not passive cells. Rather, they are metabolically active and
interact with blood and tissues to control many different processes. Certain en-
dothelial cell functions are integral to the maintenance of a smooth anti-throm-
bogenic surface. They demonstrate anticoagulant properties in their native state
to prevent blood coagulation, yet when injured or in certain pathologic states
they change to a pro-coagulant state, resulting in blood coagulation. The endo-
thelial cell has been shown to be an active participant in the transport of materi-
als between blood and tissue. Numerous investigators have demonstrated endo-
thelial cell participation in the immune response. They play a role in lipid
metabolism and may be a major participant in the development of atherosclero-
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sis. They have become the focus of many investigators because of their diverse
differentiated functions.

It is sobering to realize the multitude of endothelial cell functions identified
during just the last 10 years and the failure of an intensive polymer surface re-
search effort over the past 30 years to even closely approximate one cellular func-
tion, namely the anti-coagulant activity. The shear number of different endothe-
lial cell functions raises a question as to whether a passive polymer surface will
ever be developed that will successfully reproduce endothelial anticoagulant
function. It is not enough to prevent platelet and fibrin deposition on a surface as
the only important characteristic of a prosthetic surface. The surface must also
prevent leukocyte and macrophage attachment, bacterial attachment, comple-
ment activation and should be able to maintain those qualities indefinitely. As we
learn more about polymer characteristics necessary for long-term patency, a ma-
jor difficulty persists with respect to the ability to effectively evaluate a surface
even if identified. Specifically, there is no good animal model to predict blood-
surface interactions. Thus potential human applications must be extrapolated
from data derived in less than ideal animal models.

An alternative approach to creating an artificial, non-thrombogenic surface
is to develop a graft amenable to the creation of an endothelial cell lining. While
basic research has defined mechanisms which help explain the anti-thrombo-
genic nature of the endothelium, clinical studies have established the importance
of an intact endothelial lining for the maintenance of normal blood vessel func-
tion. The high success rate with saphenous vein or internal mammary artery
grafts indicates the superiority of a native “living” vessel. Additional studies have
suggested that long term patency may be related to the preservation of the endo-
thelium in the saphenous vein after removal. Several investigators have shown
that poor surgical technique, pressure distention of the vein, and vasospasm may
adversely affect endothelial integrity. In addition, a cold preservation medium or
anticoagulated blood within the graft while it is awaiting implantation probably
affords better endothelial preservation than room temperature saline solution.
These pieces of evidence suggest that cellular integrity within the vessel wall is
important for subsequent normal vascular wall function. “Cellular integrity” is
not necessarily limited to the endothelial cell monolayer. Normal function of the
smooth muscle cells within the vessel wall may play an important regulatory role
in endothelial cell function. Thus, preservation of all the cellular and extracellu-
lar elements of the vessel wall may be the most important end product of proper
vessel handling and preservation.

A second observation about the response of the native vein when placed in
an arterial position is vessel wall hypertrophy in response to arterial pressure.
This may allow the thin venous wall to better accommodate to the higher mural
stresses encountered in an equivalent size artery. Regardless of the mechanism of
hypertrophy, this response implies a complex vessel wall structure/function rela-
tionship. The net effect of hypertrophy upon endothelial cell function has not
been examined, but is undoubtedly fertile ground for study.

Another important aspect of native vessels is their innate ability to repair
injuries. Endothelial cells are frequently injured during surgery due to local
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trauma and preservatjon injury. When injury occurs, the cell may lose its anti-
coagulant function, reSulting in either thrombin activation on the injured cell or
cell slough with subsequent exposure of the subendothelial surface. When this
occurs, nearby cells are able to migrate into the region and reendothelialize the
surface. This ability to repair cellular defects in saphenous veins used for bypass
grafts has been documented in humans and laboratory animals. Regeneration of
an endothelial monolayer may be more rapid when the “in-situ” method of
grafting is used when compared to the standard excised and reversed saphenous
vein graft. In the “in-situ” procedure, the vein is handled less and this may con-
tribute to the improved long term patency. When large areas of vessel surface
have been denuded, the migratory ability of nearby endothelium may be inade-
quate to reendothelialization the surface. This occurs in long endarterectomy
sites and may explain the discontinuance of endarterectomy procedures in loca-
tions of lower flow rate such as occurs in the superficial femoral artery.

Lastly, the composition and structural integrity of the collagen lattice which
underlies and surrounds the cellular components of the vessel wall has been
shown to influence endothelial cell function and morphology. Since collagen syn-
thesis and structure may be regulated by such factors as shear rate and synthetic
polymer structure, further work must be done to determine the role of collagen
in native graft function. Interactions between collagen and vessel wall cells
could be important in regulating numerous vessel wall functions.

Methods to Induce Graft Endothelialization

A. Endothelial Cell Seeding. One mechanism that can expedite graft en-
dothelialization is the process of “seeding” the graft. This process involves the
procurement of endothelial cells isolated from either an autologous large vessel
or microvessel source and placement of these cells upon the graft surface allow-
ing adherence to occur. The early seeding studies by Herring and co-workers
utilized the isolation of endothelial cells from a vein by mechanical scraping.
These endothelial cell were then mixed with blood and passed through the inter-
stices of the graft. Eight to twelve weeks following implantation into dogs, the
grafts demonstrated an increased degree of endothelial cell coverage compared
to control grafts. This finding has been repeatedly demonstrated in animal
models and even recently reported in one human graft.

There are a number of uncertainties which persist in canine seeding studies,
including the observation that spontaneous endothelialization occurs in the ca-
nine model even in the absence of seeding procedures. In addition, the origin of
endothelial cells ultimately forming the monolayer was originally assumed to
arise from the seeded endothelial cells. This assumption has recently been chal-
lenged by Hollier and associates who observed that porcine endothelial cells
seeded onto grafts implanted into dogs yielded results similar to autologous seed-
ing. This study suggests that an endothelial cell-derived factor rather than the
cells themselves may be responsible for the more rapid endothelialization. This
line of investigation should be continued in that it may yield information useful
for stimulating transinterstitial EC ingrowth.
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B. Endothelial Cell Sodding. A second method of graft seeding involves
placing a large number of endothelial cells directly upon the graft surface rather
than mixing the cells within a clot and allowing the mixture to jell upon the graft
surface. The principle advantage of this method is that it allows a monolayer to
form very rapidly. A mature monolayer may be stimulated to form in less than
one hour when a sufficient quantity of endothelial cells is seeded upon a surface
that is receptive to endothelial cell attachment and spreading. An immediate
monolayer opens the possibility that a surface could be actively antithrombo-
genic at the time of blood flow restoration through the graft. Many variables
affecting monolayer formation must be examined including endothelial cell
source, incubation parameters, monolayer stability in the presence of shear
forces and factors that influence endothelial cell anti-coagulant activity. But,
once characterized, immediate monolayers offer prosthetic surface applications
in areas where current surgical techniques fail. These include not only small di-
ameter low flow arterial grafts, but also venous grafts, other intravascular pros-
theses and artificial organs.

Endothelial Cell Biology and Surgery

Endothelial cells from animals sources have been studied in culture since the
1920s. In 1973 Jaffe et al. successfully cultured endothelial cells from human
umbilical veins and these cells have been extensively characterized functionally.
These cell lines demonstrated growth potential, but the total number of cells
produced from a single umbilical vein was usually quite limited to the range of a
10- to 100-fold increase in harvested endothelial cells. Maciag et al. subsequently
demonstrated that the addition of endothelial cell growth factor (ECGF), a
crude preparation of bovine hypothalamus, to the culture medium resulted in an
up to 10°-fold increase in the number of cells produced using human umbilical
vein endothelial cells. When applied to human adult endothelial cells, the endo-
thelial cell proliferation unfortunately remained severely limited. The phase of
rapid cell proliferation was brief and early senescence of the cells occurred. In
our own earlier studies, attempts to serially passage adult endothelial cells were
uniformly unsuccessful. Johnson was successful in establishing HAEC from pul-
monary arteries and veins, but again only short-term studies were possible.
Glassberg and associates were successful in growing human iliac artery endothe-
lial cells, but no cultures survived past 12 passages. In that study, only 50 to 500
viable cells were obtained per 5-inch vessel segment, indicating a very low yield.
Fry and associates were also successful in culturing adult endothelial cells from
abdominal arteries removed at the time of cadaver donor nephrectomy, but these
cells also demonstrated early senescence with a maximum of five population
doublings.

In 1983, Levine and associates at the Wistar Institute observed that the
combination of ECGF with heparin greatly increased the in-vitro lifespan of cul-
tured human umbilical vein endothelial cells. This effect was quite remarkable
in that the cells had a doubling time of 24 hours and were capable of growing
over 60 cumulative population doublings. In collaboration with Levine, we ap-
plied this technique to human adult large vessel endothelial cells. Vessels that
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were ordinarily discarded during the operative procedure of cadaver donor ne-
phrectomy were obfained. The vessels were preserved in culture medium at 4°C
for up to 3 days prior to cell isolation. The vessels were removed and the luminal
surface incubated with a crude bacterial collagenase for 30 minutes. The de-
tached cells were collected by flushing the vessel luminal surface with medium,
centrifugation and seeding into a 25 cm? tissue culture flask precoated with 1%
gelatin. These cultures were then rewashed after 30 minutes and resuspended in
fresh culture medium (M199) containing 20 % fetal calf serum, 90 ug/ml porcine
heparin and ECGF. Cultures were incubated at 37°C in a humidified 5% CO,
atmosphere. Subcultivation was performed by brief trypsinization and cell
counting performed at each split with a Coulter Counter.

Endothelial cell identity must always be confirmed in any isolation before
conclusions regarding cell behavior can be reached. The two most convincing
pieces of information are seen in the next two figures. These cells routinely as-
sume a cobblestone morphology that is contact-inhibited. In addition, indirect
immunofluorescence with rabbit anti-human factor VIII-related antigen and
goat anti-rabbit IgG-FITC demonstrate intense punctate fluorescence. Further
studies have documented production of angiotensin-I-converting enzyme, pro-
stacyclin and plasminogen activator.

Endothelial Cell - Prosthetic Surface Interactions

The ability to culture endothelial cells long term allowed us to examine the
growth and adherence of human endothelial cells upon prosthetic graft mate-
rial. Experiments were designed to examine endothelial cell adherence to differ-
ent surfaces using various techniques including morphological examination and
radiotracer assays. We have developed several quantitative assays for the mor-
phological evaluation of cellular adherence. In the first, cells are placed on the
graft surface at a specific density and permitted to interact for an appropriate
period of time. Non-adherent cells are removed by washing the surface and both
adherent and non-adherent cells quantified. The non-adherent cells are counted
using a Coulter counter. The adherent cells are washed with buffer, stained with
Gill’s hematoxylin and quantified by computer assisted grain counting or exam-
ined by electron microscopy. A second procedure utilizes EC labelled with In-
dium!! oxine. Radiolabelled EC are permitted to associate with graft surfaces
for appropriate times, the surfaces are washed and the number of cells in both
the adherent fraction and the non-adherent fraction are evaluated by gamma
counting. The radiotracer method is more easily performed and allows more
rapid assessment of cell adherence. In addition, multiple time points and thus
the kinetics of attachment can be more readily examined.

Using the second method, radiolabelled EC at a density of 10 cells per cm?
were allowed to incubate with human plasma coated woven dacron for 1 to 120
minutes. At appropriate times, the incubation was halted, the surfaces washed
vigorously with phosphate buffered saline expelled from a pipette, and adherent
EC counted using a gamma counter. Firmly adherent cells are observed within
10 minutes and adherent cell numbers reached 2.5 X 10 EC/cm? within 1 hour,
and 3.3 X 10* EC/cm? by 2 hours. Since the original seeding density was 105 EC/
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cm? (je. a large vessel confluent density), approximately one-third of the cells
originally added had firmly adhered by 2 hours.

While the best surface for EC adherence is not known, we have used a
plasma coating of grafts since this protein solution is easily prepared. Certainly
plasma coated dacron may not be the ideal surface for EC adherence. To exam-
ine different surfaces, we performed a similar experiment using cultured large
vessel EC (105 EC/em?) and various matrix surfaces. The adherence kinetics for
EC on plain dacron, plasma coated dacron and human amnion coated dacron
were examined. Human amnion contains a thin layer of Type IV collagen on one
surface and Type I/III collagen on the other. It may be attached to collagen I/II1
impregnated woven dacron using glutaraldehyde, allowing the Type IV colla