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Photograph (1968) of a dog whose orthotopic liver transplantation was carried out in the
spring of 1964. The animal died of old age after 11-2/3 postoperative years.

Attending the dog is Mr. Paul Taylor. Taylor became the first organ transplant coordinator
and procurement officer, creating a template from which hundreds of copies were later struck
throughout the world.
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Preface

Of the volumes of the Clio Chirurgica series, this one on liver transplantation will be the least
encumbered by antique roots. The first mention of liver transplantation in the scientific literature was
by Welch in 1955."In his compendium of transplantation lore and literature, Woodruff?summarized
what was known about hepatic transplantation to that time on less than two pages and with only two
citations from the literature, including Welch’s. Yet, less than nine years later, | authored a 545 page
text on liver transplantation? by which time 299 articles had been published on this subject.

Almost all of the workers who have contributed to liver transplantation in its 32-year history still
are living and most still are active. The hazards are obvious of assessing from this foreshortened
perspective the contributory events to, much less the overall significance of, a new field. The
advantages also are obvious. It was possible for me or one of the other editors personally to discuss
with almost all of the authors the work represented in the key articles selected for this volume. Those
who had died were well enough remembered to allow accurate reminiscences of their lives and
times. Some of these memories are amongst the happiest that | have had, and some are amongst
the saddest.

In the spring of 1987, | was approached by Dr. Ronald Landes concerning the preparation of
this book. Originally, Clio Chirurgica: The Liver by Professor James Robinson (F.R.C.S., Eng.) was
to have included a section on hepatic transplantation. However, both Dr. Landes and Professor
Robinson realized that the material was too extensive and important to be an appendage to another
subject. They proposed a separate volume, and Dr. Landes invited me to be the editor. The principal
deterrent to accepting the invitation was my own role in the development of the field. | realized that
almost all of the key stepsin developing liver transplantation had been taken by three teams: Moore’s
in Boston; Calne’s in Cambridge and London; and my own in Chicago (Northwestern), Denver and
finally Pittsburgh. Subsequently, in mid-June, | met Roy Calne in Linz, Austria and discussed the
matter with him. In September, | talked more briefly with Francis D. Moore. Encouraged by their
comments, | decided to go forward. At this time a final preparatory step was taken with the
recruitment of two co-editors who were chosen to bring to the task a more international perspective.
The first, Carl-Gustav Groth of Stockholm had been a leader in the first successtul trials of clinical
liver transplantation in Denver. In the summer and autumn of 1967, he personally cared for these
little recipients with a passion and tenderness that | never will forget. Dr. Groth now is Professor of
Surgery at the Karolinska Institute and Chief of Transplantation at the Huddinge Hospital.

The second co-editor is Dr. Leonard Makowka, a 34 year old Canadian surgeon who now.is
Associate Professor of Surgery at the University of Pittsburgh and one of the most active workers in
liver transplantation. Dr. Makowka is the complete modern surgeon with a remarkable array of
clinical talents combined with a powerful background in basic science including a Ph.D. With the
articles that have been selected, a reasonably coherent picture can be constructed about the
development of liver transplantation. For each of the sections, an overview first will be given, often
with more complete reference to the literature than represented by the articles selected for
reproduction. In this way, the reader who wants to work back from the reproduced articles can move
to the overview section first and from this second level can track back through the more complete
literature as desired.

What may not be evident from perusal of the papers is the impact of transplantation on the field
of hepatology. The story has unfolded since. Transplantation has made possible a fundamental
philosophic departure in the way that health care is delivered. Until 50 or 60 years ago, practitioners
of medicine, powerless to provide much more than sympathy, observed and presided over lethal
disease of vital organ systems. Even with increasingly specific drugs, a rear guard strategy was all
that could be offered for most organ specific chronic disorders. Patients with a failing liver could be
treated with diet, medicines or a few palliative operations of questionable benefit. With the advent
of hepatic transplantation, it became hypothetically possible for the first time in human history to
provide exactly what was needed, a completely new liver. How high the stakes were or could be was
well understood by those whose earlier written words are preserved in this volume.

Butimmunosuppression was too poor to apply this thrilling concept widely untilthe 1980’s. Then,
with the improvements and cumulative progress described in this collection of articles, it became
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obvious that all future judgement in the care of liver diseases would have to be inthe new perspective
of possible eventual liver replacement. Mutilating operations in the portal hilum such as portacaval
shunts or complex biliary drainage procedures for duct disease were virtually abandoned overnight
in the 1980’s since they jeopardized eventual candidacy for liver transplantation.

Hepatic transplantation also had an extraordinary effect on both basic and clinical research.
Although all liver transplantations are therapeutic, every such operation also is an incisive
experimentin basic physiology. With the treatment of some inborn errors of metabolism such as Type
I Glycogen Storage disease, cure of the disorder by provision with the new liver of a known missing
enzyme was highly predictable. In other disorders such as Wilson’s disease, classical hemophilia,
hypercholesterolemia and protein C deficiency, more was learned about the true nature of the
original disease by the discriminating study of a single human liver recipient than by hundreds of
prior investigations.

Finally, such a simple question as what are the necessary conditions for optimal revasculariza-
tion of a transplanted liver has led to a major breakthrough in an understanding of liver physiology
and of the influence that the so-called hepatotrophic hormones such as insulin have upon liver
structure, function and capacity for regeneration. This subject is being treated separately in Part IV.

Thus, transplantation in general and liver transplantation in particular became a Pandora’s box
of 20th century science.

Thomas E. Starzl, M.D., Ph.D
Pittsburgh, Pennsylvania
October 22, 1987

—_
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Part |
Experimental Liver Transplantation,
Exclusive of Immunosuppression

There are two general approaches to transplantation of the liver. With the first, orthotopic liver
transplantation, the host liver is removed and replaced with a homograft. The alternative technigue,
auxiliary transplantation, is the insertion of an extra liver at an ectopic site. Because the orthotopic
procedure has been by far the most important clinically, most of this volume will be concerned with
this operation. However, auxiliary hepatic transplantation was the first liver engraftment to be
attempted in animals and the amount of physiologic information that came from investigation of this
operation was enormous. As will be described in Part IV, a new field was opened.

The distinction between creative and delusional thinking, if it can be made at all, usually
becomes clear in distant retrospect. The idea of liver replacement first surfaced in 1956 with
Cannon’s publication'and was tested in dogs with increasing conviction and determination during
the next five years. The canine model proved to be a difficult one technically, and systematic
investigation of liver replacement was hampered seriously by the fact that it could be done
successfully in only a few laboratories in the world.

The technical requirements for liver transplantation in dogs were almost too complex for simple
categorization.”3However, two cardinal requirements for immediate survival emerged. The first was
adequate preservation of the homograft during its period of devascularization.’ The second was
decompression with veno-venous bypasses of the obstructed recipient splanchnic and systemic
venous beds during the anhepatic period when the host liver was being removed and the new liver
was being inserted.?®

Rejection in the unmodified canine recipient. The clinical, biochemical and histopa-
thologic events of liver rejection were described in the canine experiments performed during 1958-
60 in Boston?and Chicago.®* The earliest pathologic analyses were provided by Gustave Dammin
of Harvard and Donald Brock of Northwestern University. In late 1961, the Northwestern University
program was moved to the University of Colorado where pathology support was given by Rollo Hill
and David Rowlands. Beginning in the autumn of 1963, specimens from Denver were sent to
Professor K.A. Porter of St. Mary’s Hospital and Medical School, London. The collaboration between
clinicians at the University of Colorado (later Pittsburgh) and Porterin London has lasted for a quarter
of a century. The initial linkage was made in September, 1963 at a meeting at the National Science
Foundation in Washington, D.C. on the subject of renal transplantation. Porter came to Denver after
that meeting with the objective of examining grafted kidneys and left with a commitment as well to
experimental hepatic pathology that was to last for the next twenty-five years.

Porter's subsequent descriptions of the pathology of liver homografts in treated and untreated
animals and in humans were classic. With the exception of a book chapter® and a monograph’
published in 1969, these descriptions were parts of multi-faceted publications under the first
authorship of surgeons.®'' One such study correlated for the first time the alterations in hepatic
blood flow with light microscopic and ultrastructural changes of rejection.®

In 1965, orthotopic liver transplantation in the pig was described in France.'? Within a few
months, the advantages of pig liver transplantation were exploited by two British teams, ' 4 and,
subsequently, many noteworthy fundamental studies have been published with this model.

Graft preservation. \While studying totalbody hypothermia for cardiac surgery in the
1950’s, Swan and Owens observed that lower temperatures protected the kidneys and other
abdominal organs from the injury of cross-clamping of the thoracic aorta.’ This advantage of renal
cooling was confirmed in simpler ischemia models.'®When Lillehei and his associates began their
attempts at bowel autotransplantation and homotransplantation in 1958, they cooled the intestine by
immersing it in cold electrolyte solution.'” Refrigeration through the thin-walled bowel almost was
immediate.

“Core-cooling” in transplantation using chilled lactated Ringer’s solution for intraportal infusion
was introduced during the efforts at liver replacement in 1958 and 1959 It was natural to use the
same methods to cool kidneys through the renal artery'®and eventually core-cooling was adopted
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as the initial step in the procurement and preservation of all organs.’ Cold infusates other than
lactated Ringer’s solution have been used over the years for renal homografts. These have included
low molecular weight dextran'® and solutions containing high potassium and high magnesium
concentrations?® simulating that inside cells (Collin's-like solution).

In 1975 and 1976, Benichou et al?’ in Denver and Wall et al?? in Cambridge showed that with
Collin’s solution and with a plasma-like solution, respectively, dog livers could be preserved for 12
hours or more. It became possible to ship livers from city to city instead of relying upon the previous
practice of having the donor in the same hospital as the recipient. Recently, Jamieson et al?® at the
University of Wisconsin have been able to preserve canine livers reliably for 24 hours with an even
more effective cold solution that holds promise of expanded organ-sharing between regions and
countries, or even transcontinently.

The alternative toinfusion and cold storage is continuous perfusion. In a prototype of many later
efforts, Marchioro et al**attempted whole body or regional cadaveric perfusion in dogs using a pump
oxygenator into which a heat exchanger was incorporated for cooling. Subsequently, ex vivo
perfusion of dog livers for 24 hours was accomplished by Brettschneider et al?® using whole blood
and a simple oxgenerator that was housed along with the grafts within a hyperbaric oxygen chamber
as described earlier for kidneys by Ackerman and Barnard.?® Although several human livers were
preserved with this method, the complexity of the approach and the potential dangers of the high
compression oxygen chamber caused the technique to be abandoned.

—_
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Jack A. Cannon

The first known efforts at experimental orthotopic transplantation of the liver were made by Dir.
Jack Cannon who at that time was working at the new Department of Surgery, University of California,
Los Angeles (UCLA). It was suspected that the liver might play arole in rejection. Cannon apparently
hoped that a hepatic homograft would be more kindly received than other transplanted organs since
it presumably would not contribute to its own rejection. The article did not have atitle and descriptions
of Cannon’s procedure or even of the animal used. “Several successful operations” were mentioned
but without survival of the recipients.

Even for those with no interest in history, Cannon’s one-page article may have the special
fascination of the nearly empty canvas upon which a complex mural was to quickly and unexpectedly
appear. As summarized by Cannon only 32 years ago, in 1956 there was no identifiable reason to
hope that any whole organ could be transplanted successfully, including the kidney, much less more
complicated grafts such as the liver, heart or lung. Cannon’s principal co-worker at this time was
William P. Longmire, Founding Chairman of the UCLA Department of Surgery. In 1956, Cannon hired
Paul |. Terasakito be one of the “departmental” immunologists. Terasaki became the father of clinical
tissue typing.
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Brief Report

Transplantation Bulletin 3: 7, 1956
Jack A. Cannon

Although our activities in the Tissue Transplant Laboratory at the
University of California Medical Center, Los Angeles, in the past months
have been distinctly curtailed due to problems of activating a new physical
plant, we nevertheless have conducted scout experiments along two
avenues of research in the field of tissue transplantation.

It has seemed to us that there are two main areas where tissue
transplantation may have wide clinical application. The first is in the
transplantation of specific living tissues: skin, endocrines, bone, etc. The
second is in the replacement of specific organs such as liver, lung, kidney,
heart, or bowel. Admirable progress has been and is being made in the field
of tissue preservation and storage. Little has been done in the investigation
of the possibility of organ preservation or storage.

It is our belief that a relatively simple organ, such as the lung, might
lend itself to eventual preservation for significant time periods if the organ
could be provided with artificial circulatory, respiratory, and homeostatic
functions. In addition, in such a set-up, significant measures might feasibly
be directed toward despecification of the organ, or toward obtaining
compatibility with a given future host. With this concept in mind we have
attempted to maintain circulation and respiration in excised whole dog
lungs using a small pump to perfuse donor blood through the lung and a
small automatic respirator valve to provide respiratory function. Even with
crude apparatus, we have found it possible to maintain circulation and
respiration with satisfactory oxygenation in isolated dog lungs for several
hours. We believe that with properly constructed apparatus to provide
control of pressure, humidity, temperature, respiratory exchange and

circulation, such an organ might be maintained for many days. Many
interesting avenues of investigation might thereby be opened.

We have conducted further scout experiments in the field of organ
transplantation. Removal and immediate replacement of a lung or kidney
has been successfully accomplished by many investigators. Considerable
work has been reported on the response of homografted lung, kidney, and
heart. It is apparent that such transplantation fail, not because of technical
fault but because of the homograft reaction. Consequently mere transplan-
tation of organs without some attempt at modification of the reaction
cannot be expected to lead to encouraging results. On the other hand, the
liver undoubtedly has a great deal to do with the production of the
homograft reaction and probably with the inception and maintenance of
tissue specificity. Replacement transplantation of intact liver, therefore,
might well lead to interesting results. We have read with very great interest
the report of Dr. C. S. Welch in Volume 2 (2) of the Transplantation
Bulletin. We infer from his communication that whole liver was trans-
planted to a host whose own liver was left intact. The reported result is that
the expected homograft reaction occurred. We have been interested in the
possibility of replacement of the entire liver with an intact liver homograft.
We have so far performed several “successful operations” without survival
of the “patient.” At present we are attempting to determine whether, in our
hands, excision and autograft replacement of the liver is feasible. We have
been using mild hypothermia, but as yet have had no survivals. We will be
greatly interested in, and appreciative of, any comment or discussion
pertinent to this particular problem.
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Francis D. Moore

In June of 1958, Dr. Francis D. Moore at the Peter Bent Brigham Hospital, Boston began a well-
organized program of orthotopic transplantation of the canine liver. Dr. Moore was Moseley
Professor of Surgery at Harvard. He had been one of the driving forces of the epoch-making renal
transplant program at that institution. Moore’s career and productivity were on such a grand scale
that one almost could imagine his accomplishments to be fictional were they not so easily verifiable.
Of all of Moore’s contributions to surgery and science, his descriptions of canine liver replacement
will be judged by many to have been his most important. Moore presented his work at the American
Surgical Association where it was discussed by Starzl of Northwestern University in Chicago.
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Experimental whole-organ transplantation of the liver

and of the spleen

Annals of Surgery, 152: 374, 1960

F. D. Moore, H. B. Wheeler, H. V. Demissianos, L. L. Smith, O. Balankura
K. Abel, J. B. Greenberg and G. J. Dammin

Introduction

The rapidly growing experience in experimental homotransplanta-
tion is largely based on observations of the skin, kidney, blood and bone
marrow.

These studies have been the pioneer ones for reasons that are clear
historically: skin for its availability; kidney for its significance as a paired
organ with a simple vascular pedicle, the biochemical product of which can
easily be measured; blood for its circulatory support; and bone marrow for
its use as a replacement tissue after hematopoietic destruction either in
cancer treatment or as a preliminary to other transplants.

Experiences with these tissues may give us but a partial view of the
total histologic phenomenon. Neither skin nor kidney is itself importantly
involved with the production of immune globulins or mononuclear cells of
the reticulocyte-lymphocyte-plasma cell series. While the bone marrow is
involved with both, it is difficult to recover for microscopic study after
injection and its study is confined to episodic examinations of peripheral
areas where it alights and grows. Even in these areas, its identity is usually
established by its peripheral product, rather than its local appearance.
Studies of other organs and tissues are therefore of great interest in this field
to obtain a broader and more complete picture of the biological response
to homotransplantation. Organs which would particularly appeal as a way
of broadening our view of the homotransplant phenomena would be organs
involved either with a large antigenic mass, or those containing immunol-
ogically competent cells. Examples of such are to be found in the liver and
in the spleen.

In the present state of our knowledge, clinical homotransplantation
must rest on a state of immune tolerance achieved by chimerism, in which
donor cells reside in the host without exciting an effective immune
response. If such can be attained by destruction of the immune system (by
irradiation or cytotoxic drugs) followed by hematopoietic restoration (by
bone marrow or, in terms of the work herein reported, spleen), then the
recipient can accept and hold other tissues from the same donor whose cells
are responsible for the hematopoietic restoration.

The Liver

The liver represents the largest single homogeneous antigenic mass
of cells that can be readily transplanted in the mammal. Its parenchymatous
cells are homogeneous structurally and are importantly involved in meta-
bolic work. Their metabolic efflux can readily be studied and identified in
both bile and blood. The liver is concerned with the immune process to the
extent that the reticuloendothelial system finds representation in the
Kupffer cells lining the hepatic sinusoids.

Technics of transplanting liver tissue to an animal maintaining its
own liver have been developed.*” Studies of the transplantation of small
liver slices might hold some promise. In these settings, the acceptance of
the transplant is not itself essential for survival of the organism, and one
cannot study the effect of the intact transplanted whole organ on the bodily
economy. The liver, for its very size and complexity of vascular arrange-
ment, does not lend itself to transplantation to some other portion of the
body. It will clearly rest most comfortably and function most normally if
placed in its normal site with anastomotic restoration of its anatomic
relationships, unharmed by vascular deprivation, and free of distortion of
its enteric relationships through any kind of vascular shunt. For these
reasons, our initial purpose was to transplant the intact liver into its
anatomic subdiaphragmatic site.®’

The short-term hepatectomy suffered by the recipient dog was not
anticipated as a problem and did not turn out to be so. The transient anoxia
of the transplanted liver could indeed be a major problem had it not been
for the striking demonstration® that liver, of the various tissues of the body,
most outstandingly exhibits the phenomenon of cellular integrity while
anoxic, if subjected simultaneously to hypothermia.

Looming larger as a barrier than any of these problems in hepatic
transplantation was the circulatory instability of the dog who has no liver
in place. Since the liver is removed together with the vena cava this dog
suffers from pooling of blood in the kidneys, gut and lower extremities. If
simultaneous aortocaval occlusion is instituted for a prolonged period, a
severe acidosis of the distal portion of the dog is produced which will result,
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upon reopening of the occlusive clamps, in a severe hyperkalemic hypoxic
acidosis, cardiac arrhythmia, shock and death. This problem was solved by
the use of two low-pressure shunt systems from lower caval and portal
systems, respectively, to the jugular veins.

The dog was selected for this work because of his size, the lack of any
evident inbreeding, and the extensive experience previously gained in
these laboratories with kidney transplantation in the dog. Unfortunately,
the dog’s tissues harbor anaerobic organisms and for this reason control of
infection, both in the liver, in the gastrointestinal tract, and other tissues,
is essential for such an operation that may be associated with hypoxia or
shock. Antibiotics were used throughout.

1. Operative Procedure in Hepatic Homotransplantation.

a. Experimental Group. The steps involved in the development of
this operation will not be reviewed in this paper. The procedure currently
used, and that employed in its essentials for all of the animals later
described, will be briefly recounted.

Two dogs of approximately equal size and of either sex were used.
Early in our experience the dogs were treated preoperatively with antibi-
otics given by mouth but subsequently these were not commenced until the
day of operation.

Anesthesia is induced with intravenous barbiturate and the dog
ventilated via a cuffed endotracheal tube. A minimum amount of anes-
thetic agent (ether) is used. Continuous monitoring of arterial pressure is
maintained throughout the operation. High positive pressures are avoided
in the airway.

The recipient animal is operated upon while normothermic. It is
possible to do the entire operation without opening the thorax, though
many of our earlier experiments involved a short intercostal incision on the
right for the upper caval anastomosis.

The vena cava below the renal veins is isolated for the insertion of one
of the two temporary shunts. The right adrenal is then dissected off the vena
cava above the renal veins, the structures of the porta hepatis are identified,
dissected free and all save the hepatic artery and portal vein are divided.
Prior to this dissection, 2 per cent procaine is infiltrated around the hepatic
artery and in the structures of the porta hepatis, a feature that appears to
prevent hepatic outflow obstruction, to which the dog is so prone. It
appears to make little difference to the animal’s course whether or not the
spleen is removed. In the earlier series it was removed, while in all of our
recent animals the spleen has been left in place.

Attention is then turned to the suprahepatic area. The vena cava is
dissected free of the diaphragm. It is possible to dissect it completely free
at the diaphragm and, with care, it is possible to avoid entering the pleura.
Isolation and division of the left phrenic vein is the most troublesome detail
of this dissection.

The aorta is dissected free above the celiac axis for temporary
occlusion during transient portal vein occlusion before its shunt is opened
and later during anastomosis. A stainless steel T-tube is then placed in the
lower vena cava, and the shunt (1/4 inch internal diameter) from the cava
to the right jugular vein is placed. The liver is then ready to be removed.

The portal vein is then divided and the portal blood shunted to the left
jugular vein by a flexible plastic (“Tygon™) tubing (5/32 inch internal
diameter).

During this procedure, a simultaneous operation has been under way
on the donor dog. The steps taken are the same as those recounted above
save for the fact that no preparation for a caval shunt is needed. When the
liver s freed up, the animal is made hypothermic by the application of cold
isotonic salt solution to the peritoneal cavity. We have also used immersion
and portal perfusion of the liver for cooling after it is removed from the
animal. The donor operation should be conducted so as to provide a liver
whose edges are sharp, smooth and pink and that does not show any of the
c!ark rounded swelling characteristic of canine hepatic outflow obstruc-
tion. When the liver is cooled to the neighborhood of 28° C. or lower, it is
(tjaken out with adequate segments of its vessels, and placed in the recipient

og.

The resuture of this liver in the recipient is then carried out anatomi-
cally while the two shunts maintain venous return to the right heart. First
th§ inferior vena cava above the liver is sutured end-to-end. Then the portal
vein is sutured end-to-end. Upor! opening the portal vein anastomosis the
clgmp above the liver is released so that perfusion of the liver now begins
with the recipient’s own blood via the portal vein. The liver soon becomes

quite nomal in appearance if the donor operation has been gently done. The
total ““dead time” of this liver is approximately 30-45 minutes up to this
point. The cava below the liver is then anastomosed. The hepatic artery is
then sutured end-to-end after gentle dilatation of the two ends. As soon as
the vena cava is opened, the caval shunt can be removed. The bile ducts can
be dealt with in one of several ways. The most satisfactory consists in
cholecystduodenostomy.

The incisions in the neck and the abdomen are then closed. No steps
are needed to maintain the liver immobile in its position. It seems to be held
very firmly by its anastomotic arrangements and by the pressure of the
surrounding viscera.

Transfusions are given as needed, with the use of ion-exchange blood
during the anhepatic phase. Acidosis, developing during transplantation,
is effectively treated by sodium bicarbonate given intravenously.

No heparin is required for the maintenance of shunt-flow in the
anhepatic dog. If the transfusion volume is large the dog will be found to
have a coagulation defect at this time that makes hemostasis difficult.
When the operation is carried out with more dispatch and with less
bleeding, no coagulation defect is identifiable by clotting time, prothrom-
bin time, recalcification time and clot lysis tests.

The plane of anesthesia must be very light. It is desirable that the
animal regain consciousness shortly after the operation. Animals that fail
to do so often fail to survive the first 24 hours.

b. Control Group. Our control procedures have consisted of two
types.

1. Autotransplants. In this procedure, the same operation as that
described above for the recipient dog is carried out. The liver is lifted out
of the animal, cooled in a bath of isotonic solution and by perfusion, using
chiiled oxygenated blood and is then replaced in the same animal.

2. Liver dissections, or sham operations. In this procedure, the liver

TaBLE 1. Liver Transplantation
Gross Pathological Findings in Dogs Surviving
wo Days or Longer

Day of
Animal Death Pathological Findings

X-18 5 Atelectasis; small howel intussuscep-

tion; slightly swollen liver.

X-20 6 Multiple hepatic infarcts; hépatic
artery thrombosis; hilateral hemo-

thorax; atelectasis.

X-24 5 Multiple myocardial lesions; mul-
tiple gastric ulcers; pulmonary

congestion and atelectasis.

X-28 4} Hepatic infarcts; ? hepatic artery
thrombosis; myocardial lesions;

partial I.V.C. thrombosis.

X-35 63 Hepatic congestion; gastric erosions;

jaundice; atelectasis

Gastrostomy leak, peritonitis; myo-
cardial lesions; partial hepatic ar-
tery thrombosis; focal pancreatic
necrosis; renal infarcts.

Myocardial lesions; focal hepatic
infarcts; focal pancreatic necrosis.

Hepatic artery thrombosis; hepatic
necrosis.

X-58 12 Perforated duodenal ulcers, perito-
nitis; I.V.C. thrombosis (below

renals) ; green, swollen liver.

X-69 8% Small, pale liver; generalized jaun-

dice; renal infarcts.
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Fig. I.— Liver function tests. Bilirubin and alkaline phosphatase in the autotransplant
are only transiently elevated. In the homotransplant these values rise rapidly prior to death, ‘
the rise in alkaline phosphatase preceding that of bilirubin. :

is dissected up, the shunts are placed, and everything is done in the way of
dissection, including some of the vascular anastomoses, but the liver is not
actually removed from the animal.

2. Results

a. Homotransplants. The homotransplant procedure has been under-
taken in 31 animals. There have been 15 survivors over 24 hours. Eight
have lived over four days, two have lived five days, and one each have
survived 5-1/2, 6, 8 and 12 days. Our observations on clinical course, liver
function and histologic change are based on the above animals.

1. Postoperative Course. After operation the animals are maintained
on antibiotics; cortisone was used initially but was later not found to be
necessary.

Inanimals surviving the first 24 hours, a characteristic clinical course
was pursued. The animal regained consciousness, regained strength and
ability to walk about. They recognized their handlers, had adequate urine
flow, but in most instances were unable to eat significant amounts of food.
A few dogs had biliary diversion through a cholecystostomy, and in these
animals the bile output ranged up to 180 ml. per day. A number of animals
succumbed during the first four days to anatomical complications of the

LIVER TRANSPLANTATION
BLOOD STUDIES AFTER HOMOTRANSPLANTATION (X 58)
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Fig. 2.— Hematocrit and blood chemical values.
The first five days show a typical biochemical profile of
asuccessful homotransplant. There is an early rise in he-
matocrit with later a gradual fall, postoperative sodium-
potassium shift, transient rise in BUN with return to
normal and an initially normal serum bilirubin which
slowly rises. On the fifth day this dog developed an
inferior vena caval thrombosis with partial occlusion of
R the renal veins. The subsequent chemical changes

° DAYS

15

BILE OUTPUT
(ec)

(particularly sodium, potassium and blood urea nitro-
gen) reflect the effects of this complication. There was
perforation of a duodenal ulcer terminally.
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procedure, including hemorrhage and embolus from the neck incision, and
massive hemorrhage from gastroduodenal ulcer. In those that lived beyond
this period, clinical and chemical hepatic function continued to within 24
hours of death.

Death was often unassociated with liver failure, was usually unac-
companied by hypotension or shock save terminally, and was presaged in
a number of instances only by increasing jaundice, starting about 24 hours
before death (see below). The fatal terminus did not resemble a fatality
from hepatectomy in most of the animals, and was due to a combination of
clinical conditions shown in Table 1.

2. Chemical course. In many animals the hematocrit was found to be
significantly elevated during the first 48 to 72 hours. Three factors played
a role here. One was loss of lymph into the peritoneal cavity, although all
visible lymphatics were ligated in the porta hepatis. This was treated by
infusions of saline or blood. In other instances, the elevated hematocrit was
due to inadequately replaced water loss or to overtransfusion of the animal
during the operation with subsequent plasma dispersal. If the transplanted
liver developed outflow obstruction and became swollen and dark, a very
considerable amount of blood was required to maintain the animal in a
normotensive state; one to two days later this animal would be found to
have a high hematocrit, suggesting that, as hepatic outflow tract obstruc-
tion was gradually released and splanchnic pooling abated, the animal
became hypervolemic, lowering the blood volume towards normal by
plasma dispersal and thus showing an elevated hematocrit. An almost
unlimited number of chemical and hepato-functional determinations
might be carried out in animals with transplanted livers. The following
were selected as being of special interest.

The blood urea nitrogen was not significantly elevated in any of
these animals save for one in which transient renal failure played arole. Nor
was the blood urea nitrogen abnormally low. It remained between 10 and
25 mg.% in most of the survivors.

The blood sugar was usually normal or elevated. The hyperglycemia
was not regarded as a significant finding because of the concomitant
infusion of glucose in many instances. Occasionally hypoglycemia was
noted during the first 48 hours if the intravenous infusion was stopped.

Alkaline phosphatase shows a progressive increase often antedating
the rise in bilirubin concentration (Fig. 1).

The serum bilirubin concentration was generally normal or slightly
elevated during the first few postoperative days but rose steadily prior to
death. Five out of eight dogs who had this determination carried out 48
hours postoperatively showed values under 2.0 mg.%. By the fourth
postoperative day only one of these eight dogs still had a bilirubin of less
than 2.0 mg.%, and after the fifth day no animal had a serum bilirubin in
this range. (Fig. 2).

The Plasma albumin and globulin concentration relationships were
measured by paper electrophoresis. A fall in albumin and a rise in alpha-
2 globulin was characteristic.

Coagulation studies (clotting time, recalcification time, prothrom-

bin time and clot lysis) showed abnormalities in those animals early in the
series in whom blood-trapping as unrelieved in limbs or portal circuits, or
in whom hemorrhage had demanded large transfusion. As experience
grew, no significant abnormalities in these parameters was observed until
at or near the time of death when a bleeding tendency associated with a low
prothrombin time became clinically evident.

3. Histology (Fig. 3-6). Anatomic findings at death, some of which
were responsible for the fatality, are shown in Table 1. Isolated thrombo-
sis in one or another of these vessels was not uncommon but massive
thrombosis, either of the portal, caval or hepatic systems, was rare. In four
animals pulmonary atelectasis was severe. In three animals major gastro-
intestinal complications would have been fatal without other disease.

The only organs showing pathognomonic pathologic changes were
the liver and the heart. Where bile was diverted from the gastro-intestinal
tract, gastroduodenal ulcer was common. The use of an entirely abdomi-
nal approach has reduced the incidence of pulmonary complications.

The histologic findings in the liver may be described as an initial
infiltration of the portal areas and subhepatic veins with mononuclear cells,
lymphocytes and plasma cells, with dilatation of the lymphatics. There is
maintenance of the liver architecture with minimum distortion of the
hepatic parenchymatous cellular mass and the sinusoids themselves. As
the lesion progresses, the portal and centrolobular areas show progres-
sively more cellular infiltration, finally including damage to the epithelium
of the bile ducts. In one of the eight-day survivors (X-69) change in the
cellular detail was seen in the parenchymatous areas. This was not seen in
other dogs. This was unaccompanied by polymorphonuclear leucocyte
infiltration or bile stasis and included vacuolization of cells and abnormal
mitoses. If due to rejection, this response involved the parenchyma more
than in any other dog. Interestingly, our 12-day survivor (X-58) showed
less cellular damage than this eight-day survivor; only minimal necrosis
was noted in the liver cells near the portal areas.

Early in our experience, lesions were encountered in the hearts of
these animals. They were characterized by myocardial necrosis without
cellular infiltration or visible thrombosis, going on to small areas of
calcification. It was later shown that these can be produced in the dog by
long, difficult operations, particularly those producing hypotension and
requiring blood transfusion or by hemorrhagic shock. These lesions also
occurred in the autotransplants.

b. Controls. Twenty-seven procedures for autotransplantation were
instituted. Of these, ten survived 24 hours or more and seven, four days or
more: two for four days, three for five days, one for ten days and one for
14 days. Causes of death were analogous to those in the homotransplant
group, though the histologic appearance of the liver was quite different.

Of the “sham” dissections, 13 were done. Of these, nine were
significant survivors and six lived 14 days or longer, two being sacrificed
at six and nine weeks, respectively.

The autotransplants were initially more difficult to accomplish than
the homotransplants because there is less vessel-length for anastomosis

Fig. 3.— Liver autotransplantation (X-35). Fifth day. There is dilatation of lymphatics and some interstitial edema. The parenchyma
appears normal, and there is no mononuclear cell infiltration (Hematoxylin-Eosin, 100 X).

Fig. 4— Liver homotransplantation (X-18). Sixth day. Marked mononuclear cell infiltration is present in the portal areas. There is
some lymphatic dilatation. The parenchyma appears virtually normal (Hematoxyln-Eosin, 100 X).

Fig. 5.— Liver homotransplantation (X-69). Eighth day. The liver shows many morphologic changes in the hepatic cells themselves:
necrosis, vacuolization, abnormal mitoses. There is also atrophy of bile duct epithelium and dilatation of the ducts. This animal showed
aminimum of extraneous anatomical complications and a clinical picture most closely suggestive of purely hepatic disease (Hematoxylin-

Eosin 430 X).

Fig. 6.— Liver homotransplantation (X-58). Twelfth day. There is mononuclear infiltration and lymphatic dilatation in the portal
areas, but the parenchymatous cells are well maintained. In this animal death was due to perforated duodenal ulcer (Hematoxylin-Eosin,

100 X).

Fig. 7.— Spleen homotransplantation (S-12-A). Fourth day. There is a large active lymphoid follicle with many reticulum cells. The
appearance is consistent with an immunologic response by the spleen. A few plasma cells are dispersed throughout the follicle

(Hematoxylin-Eosin, 100 X).

Fig. 8.— Spleen homotransplantation (S-12-A). Sixth day. The follicle is packed with plasma cells and lymphocytes. No reticulum
cells can be seen. Evidence of follicular activity has disappeared (Hematoxylin-Eosin, 100 X).
Fig. 9.— Spleen homotransplantation (S-12-A). Ninth day. The lymphoid follicle has undergone involution. No reticulum necrosis

are now apparent in the adjacent red pulp (Hematoxylin-Eosin, 100 X).

Fig. 10.— Spleen homotransplantation (S-12-A). Ninth day. The red pulp is virtually replaced by plasma cell infiltration. Focal
necrosis can be seen. There is intercellular vacuolization of the splenic trabecula (Hematoxylin-Eosin, 100 X).
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and it is impossible to achieve parallel hypothermic arrangements for the
anoxic liver without cooling the whole animal, a step that is definitely
undesirable in this procedure. In those autotransplants and sham dissec-
tions that had prolonged survival, the most striking difference in contrast
to the transplanted dogs were to be seen in their better clinical course, going
on to normal dietary intake, and the finding of a liver which did not show
the lymphocytic and plasma cell infiltration, degeneration of bile duct
epithelium or hepatocellular damage. In common with the homotrans-
plants, the autotransplants showed marked dilatation of the lymphatics in
the portal areas and in the wall of the sublobular veins.

The Spleen

The nature of the histologic and clinical picture involved in ho-
motransplantation of the spleen is a matter of concern because the spleen
is an organ containing a large mass of immunologically competent cells.
If grafted tissues react immunologically against the host such should be
seen maximally in a structure such as lymph node or spleen. Beyond this
lies the possibility that after whole body irradiation, hematopoietic resto-
ration might be achieved by homostransplantation of the spleen from an
unirradiated dog. The mass of whole spleen is many hundred-fold larger
than any dose of cellular suspension or marrow aspirate that might be
injected for such a purpose. The concept of hematopoietic restoration by
intact spleen in whole body irradiation finds its basis in the work of
Jacobson,® in which shielding of the spleen from whole body irradiation
resulted in hematopoietic survival and clinical resuscitation of laboratory
rodents after massive whole body irradiation. In Jacobson’s experiments,
the shielded spleen needed to be left in the animal but a short time to achieve
its hematologic effect. In adults of other species (dog, man), the spleen does
not normally harbor mature, active, hematopoietic tissue. It appears to be
convertible to a multipotential hematopoietic organ as suggested by
changes observed in such disease as agnogenic myeloid metaplasia or
certain myelophthisic anemias in which the bone marrow becomes aplastic
or is destroyed and the spleen becomes an active site of hematopoiesis.

The present experiments were undertaken to perfect a method for
splenic transplantation, and to view the histologic and clinical results in the
untreated normal dog.

1. Operative Procedure in Splenic Transplantation

Both dogs were operated upon normothermic and no effort at
producing hypothermia in the transplanted spleen was made in most of the
experiments. Experiments demonstrated that cooling by immersion or
perfusion results in a rapid drop of spleen temperature, should such be
shown to be necessary.

Before the spleen is removed from the donor, its vascular pedicle is
isolated in such a way as to isolate the splenic artery near its origin as [sic]
a point at which anastomosis can be done. When this artery bifurcates near
the spleen the anastomotic procedure is facilitated. If its bifurcation is close
toits origin, the operation is more difficult. In most of these procedures, the
spleens were traded between two dogs. They were sutured in place by end-
to-end anastomosis of artery and vein after gentle dilatation of the arterial
ends. The dog’s spleen is a large organ, occupying a larger fraction of the
body weight and abdominal cavity than is the case in man. When trans-
planted to its normal site, it occupies a normal position free of torsion or
distortion.

Control Autotransplants. In control animals, the spleen was re-
moved and sutured back in place in the same dog.

2. Results

Splenic homotransplants were carried out in 29 dogs. In many of
these animals (several of them early in our experience) the spleen did not
become properly vascularized, and splenic hemorrhage or infarction
caused the death of the dog. There were ten animals in whom good splenic
vascularization was established as shown by gross and microscopic
dppearance at biopsy and by fresh arterial bleeding after the second
Postoperative day. Many animals underwent subsequent splenectomy if
the condition of the spleen threatened their survival. The longest survival
of spleen was in one animal at 65 days (S-12-B), established by biopsy and
showing good vascular maintenance.

a. Clinical Course. If splenic vascularization was satisfactory, these
dogs had no characteristic clinieal disturbance after their operation. They
Were not carried on antibiotics and did not require intravenous therapy after
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the first day. If the spleen became necrotic due to distortion of its blood
supply, the animal became ill. In those animals in which venous obstruc-
tion occurred with engorgement of the spleen, the animal might succumb
to splenic rupture or hemorrhage, particularly after biopsy. Biopsies
were taken at various intervals after the operation in both homotransplants
and autotransplants.

b. Hematology. No characteristic hematologic changes (hematocrit,
white count, smear) were identified in the peripheral blood of these
animals. Leucocytosis was usually present, especially when the rejection
response in the spleen seemed to be at its height.

c¢. Histology (Fig. 7-10). There was a striking difference in the
histologic appearance of the homotransplanted and autotransplanted
spleen. In those spleens that failed to achieve surgical viability early
diffuse necrosis occurred, a picture contrasting with that of rejection.

The rate of histologic change is variable. As an illustration, the
histologic sequence (slower than most) in homostransplanted spleen of
dog S-12-A included the following:

1. (Days 2-4) Reticulum cell hyperplasia in large prominent active
lymphoid follicles, compatible with a brief “graft vs. host” response.

2. (Well established on day 6.) Plasma cell infiltration, first in the
follicles, then the red pulp and subcapsular areas.

3. (Well-established by day 9.) Disappearance of reticulum ceils and
involution of follicles with intercellular vacuolization in trabeculae. Dif-
fuse massive plasma cell infiltration, particularly in the red pulp, with focal
areas of necrosis.

4. Thrombosis of small vessels and complete infarction.

In all the other animals showing rejection, necrosis was established
at the end of one week.

The course of one long-surviving splenic homograft is difficult to
interpret (S-12-B). On day 36 there were follicles with active centers,
present also on days 51 and 65. The cellularity of the red pulp was reduced
in comparison with earlier time intervals. There is the possibility that
chimerism may have been established. There is also the possibility that the
cells seen in the follicles and red pulp represent a repopulation of donor
spleen with cells of the new host.

Discussion

One-stage whole organ transplantation both of the liver and of the
spleen may be accomplished in the laboratory. The transplanted liver
survives and functions well for a time. Although we have had several
survivors over 48 hours, we have had but a few animals whose surgical and
clinical course was so smooth that one could feel confident that the clinical
course was that of liver rejection. In such animals, the rejection process
seemed initially to be focused largely on the portal areas leaving the
parenchymatous liver cell quite free. This was reminiscent of kidney in
which early rejection is directed at the tubular mass, leaving the glomeruli
free of attack.

Future work on liver transplantation in the animal may take a number
of different directions. The most important is a further extension of these
experiments to view the unmodified rejection response more clearly. A
second form of study will depend upon treatment of the recipient with
radiation, radiomimetic drugs, with or without bone marrow or splenic
transplant, to achieve a state of tolerance in which prolonged hepatic
survival might be achieved. A third form of experiment would consist of
transplantation into an animal in liver failure.

Looking to the clinical problem, it should be noted that the liver of
arecently deceased animal appears to maintain viability so long as either
the entire body, the liver perfusate, or the liver itself is rapidly cooled and
maintained in the cool state.* Technics for the postmortem preservation of
tissues will rest on the temperature coefficients for metabolic activity in
each organ and the mechanical details of speed of cooling. The treatment
of cirrhosis or other liver disease by hepatic transplantation offers promise
clinically only where there is a comparative lack of conjoint pathology in
other organs. The treatment of metastatic carcinoma by liver transplanta-
tion would offer salvage only in those rare patients where the liver was the
only site of metastasis.

The splenic experiments demonstrate the histologic nature of splenic
rejection and the fact that the rejection process seems to involve but a
transient phase of graft reaction against the host.
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Looking to the future of splenic transplantation in the laboratory, it
is essential that experiments be carried out to discover methods™ by which
the spleen may be converted into a more active hematopoietic organ.
Experiments of this type will involve whole body irradiation or prelimi-
nary treatment with radiomimetic drugs (both with splenic protection
against the damaging agent). If the spleen can be converted to a more active
hematopoietic organ, one may reasonably expect that after whole body
irradiation or the use of radiomimetic drugs in the recipient animal, one
may achieve splenic acceptance as has been the case with the skin grafts
and bone marrow. Whether or not the destructive therapy required as a
preliminary must be so severe as to endanger the life of the recipient dog
can only be discerned by further study. In an animal harboring and
accepting a spleen from a donor animal, one might hope to achieve an ideal
situtation for subsequent acceptance of other organs because such donor
would then be available for transplantation studies of skin, kidney, liver,
or other organs. In this regard, if splenic hematopoiesis can be achieved,
one has a more fitting donor-recipient relationship than is the case with the
bone marrow transplantation. It is difficult to secure enough marrow from
a single donor (particularly in man)'' to repopulate the destroyed marrow
of a potential recipient. Multiple-donor experiments are therefore of great
interest."

For any of these future possibilities to become a reality, the first two
steps required are those of the development of a method for surgical
transplantation of these two viscera, and the description of the normal
course of transplantation without other treatment. Such has been the
objective of the work herein described.

Conclusions

Experimental whole-organ homotransplantation of the liver and of
the spleen has been carried out experimentally in the dog, transplanting
these organs to their normal anatomical position and blood supply.

Control experiments have consisted of autotransplantation of the
organs, returning them to their normal sites.

In both cases a satisfactory surgical technique has been achieved
which produces a viable organ. Hepatic hypothermia is an essential feature
of the liver transplant. Rejection of these viscera is a gradual cellular
process, sharply to be differentiated from avascular necrosis or surgical
failure.

In the case of the liver, a significant sparing of the parenchymatous
liver cell mass is noticed early in the rejection process, the latter being
directed initially entirely towards the portal areas and centrolobular veins.

In the case of the spleen, the rejection process is diffuse, results in
atrophy of follicles (after an initial follicular stimulation), loss of follicular
activity, and infiltration of the entire spleen with plasma cells that appear
to arise from the recipient since there are no nests of active plasma-cell-
producing areas in these spleens.

The implications of this work with respect to therapeutic transplan-
tation of the two organs, and future directions for research in this field, are
briefly discussed.
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Discussion

Dr. Stephen E. Hedberg: Dr. Cole, members of the Association and
Guests. I should first like to congratulate Dr. Moore on the presentation of
this interesting and excellent paper.

At Walter Reed we also have been interested in the transplantation of
canine spleens and our work with transplantation of normal spleens to
normal dogs has tended to confirm what Dr. Moore has shown you here
today.

One of our aims in spleen transplantation has been to explore the
possibility of protecting the recipient animals against high doses of
ionizing radiation by means of a spleen transplant.

Very early in the game we satisfied ourselves that the normal spleen
will not protect an irradiated recipient. Our protocol was therefore modi-
fied, and Dr. Moore thought that you might be interested to see what we are
doing now and in hearing about some of our early results.

The first slide is a diagram of our experiment. Our donor dogs are
females of D-negative blood type, immunized against typhoid and diphthe-
ria and prepared according to a method outlined by Drs. Dunphy and
Stanley Jacob. Two ribs are removed, the animal is given 150 r total body
irradiation, and as soon as possible thereafter the ribs are returned to the
spleen of the same animal.

Six weeks later these ribs, implanted in the spleen, are producing
active bone marrow.

At this time a recipient dog, a male, D-positive blood type, immu-
nized against tetanus, is given a supralethal dose of total body irradiation.
The following day his spleen is removed and replaced by the marrow-
containing spleen from the female dog. The male dog is then observed for
prolongation of survival with respect to irradiated controls; his red and
white cells are studied to note the appearance of female cells of each kind;
his antibodies are studied with respect to typhoid, diphtheria and tetanus;
routine hematologic work is done and biopsies are taken of his spleen at
intervals after transplantation.

The next few slides are photomicrographs of sections from a spleen
at the time of transplantation, and of the same spleen five days and seven
days after transplantation.

This slide shows what the bone marrow looks like at the time of
transplantation. This is essentially normal bone marrow and, outside the
field of view it is surrounded by spleen that also looks quite normal.

The next slide - five days after transplantation - shows that tremen-
dous hyperplasia has taken place in this marrow, apparently in response to
the needs of the irradiated host. The next slide shows that changes have
also taken place in the splenic pulp. This is a cluster of megakaryocytes —

found in large numbers in this transplanted spleen seven days after
transplantation, normally found only occasionally in the splenic pulp of the
dog.

The final slide shows that, in addition to megakaryocytes, the splenic
pulp is producing red blood cells; in the left upper corner are early red cell
forms; you can see hemoglobin in some of these normoblasts.

I'should be most unwilling to speculate what these findings mean or
what they may promise, but certainly they are of interest to us and we intend
to pursue them.

Again, I should like to thank Dr. Moore for asking me to elaborate a
little bit on the subject of his stimulating paper.

Dr. Thomas Starzl: Dr. Harry A. Kaupp and I have been working on
the problem of liver transplantation for the past 18 months. We have had
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experience with about 80 hepatic transplants, but we were not able to
obtain survival for longer than three or four days until we were encouraged
by Dr. Moore’s results in Atlantic City last Fall. Since then, our survivals
have been longer.

(Slide) We have removed the entire aorta from the donor animal in
continuity with the hepatic artery and liver graft enabling us to place a large
vessel anastomosis in the abdominal aorta of the recipient animal. We have
provided internal biliary drainage by a cholecystenterostomy below which
is an enteroenterostomy.

(Slide) The venous reconstitution has been done in three ways.
Shown on the left is the reverse Eck fistula type of reconstruction in which
all of the blood from the inferior vena cava and the splanchnic system is
deviated through the liver. This procedure has a very high immediate
mortality, perhaps as high as 80 or 85 per cent due to inability of the liver
to transmit the augmented venous return.

The second method we have used for venous reconstruction is shown
in the middle. This consists of essentially anatomic reconstruction with the
addition of a small portacaval shunt, so that if splanchnic hypertension or
liver engorgement develops, decompression can occur. This is the most
versatile method since very small dog’s livers can be placed into large
recipient animals.

The maximum survival with each of these two methods has been nine
days. A third technic (shown on the right) has employed entirely normal
anatomic reconstruction. In this case, the animals have had to be carefully
matched as to size. With this method, the maximum survival has been 20-
1/2 days.

(Slide) Shown here are some postoperative chemistries, and one can
see that the chemical events parallel those demonstrated by Dr. Moore
rather closely. The bilirubin is shown here rising as Dr. Moore demon-
strated, usually starting up on about the fifth day. In this particular animal,
our longest survival, the bilirubin rose sharply. At the time we thought the
animal was just about to reject his liver, he began to recover. The bilirubin
fell and was still declining at the time of his last chemistries, 18 days after
surgery and 2-1/2 days before death.

We believe that many of our animals have died as a direct result of
hypoglycemia between the sixth and tenth days. This animal manifested
a fall in blood sugar which was around 25 or 30 for four or five days, but
no intravenous glucose was given. He was allowed to eat. He was given
sugar water to drink, and the blood sugar rose back to normal levels by the
15th postoperative day.

(Slide) As can be seen, other chemistries including alkaline
phosphatase and cholesterol also manifested a return toward normal
during the thrid postoperative week.

(Slide) This is a rather poor slide which shows that there is some liver
tissue remaining and that there is massive round cell infiltration.

I'would like to thank the Association for the privilege of the floor, and
particularly Dr. Moore for the opportunity to discuss this fine paper.
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Dr. W. V. McDermott: It is always very stimulating to hear Dr.
Moore. We try to keep our inter-university across-town lines of commu-
nication intact, but sometimes they become fairly tenuous for periods of
time. In our studies we have had no direct experience with homotransplan-
tation of the liver, but in the course of some of our studies in the isolated
perfused canine liver, replants have been done in order to continue
observations initiated during the period of perfusion.

(Slide) In this experimental plan both the isolated liver and the donor
animal are maintained during the perfusion. During a prolonged perfusion
there are problems concerned with maintenance and restoration of the
hepatectomized animal, but in three of the five attempts replants were
successful after perfusion periods ranging from 1 to 2-1/2 hours. In all three
survivors liver function, ammonium clearance and all standard parameters
were entirely normal, and the longest survivor is now over three months.

One dog was sacrificed for the purposes of the study in progress.
Microscopic examination showed an entirely normal liver. These limited
observations would support Dr. Moore’s observations that replant and
transplant of the liver are technically and physiologically feasible and that
the abnormalities described, particularly in the excretory functions of the
liver, are a part of the rejection phenomenon and not due to any metabolic
disorders attendant upon the operative procedure.

I certainly congratulate Dr. Moore on this beautiful presentation. I
will be interested in his further studies.

Dr. Francis D. Moore (Closing): President Cole, I would like to
thank Dr. Hedberg, Dr. Starzl and Dr. McDermott for their fascinating
discussions. This new field that is opening up is a large one. There is a lot
of work to be done in it, it takes long hours, lots of animals, lots of thought
and will need maximal support from the national agencies.

Every time somebody comes to visit our laboratory they say, “Well,
what good is it to study all this? Where are you going to get livers?” We
have conducted a study, which I won’t show you any slides of, on
hypothermic preservation of the postmortem liver. To make a long story
short, if the liver is cooled fast enough, it maintains excellent metabolic
functional capacity up to 12 hours after death. This problem of a time-
temperature coefficient in the postmortem survival of individual tissues
represents an important horizon in this field. It is one that the Russians have
explored with great interest. They have secured good kidney replants or
auto-transplants after 28 hours of cooling. The source of tissue, as I think
Dr. Cole intimated in his Presidential Address, is here, but there is much
to be done in understanding how to use it right.

Finally, I would like to show my last slide, if I could (Slide) just to
show you that there’s nothing new under the sun. In 1909, Dr. Carrel with
his penetrating insight realized that in exploring these things it was best to
start with the simple things, so he began with replantation of the canine
spleen.
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Harry A. Kaupp, Jr. was a senior resident in the Northwestern
University surgical program in 1958 and 1959 when the first work
there with liver replacement was carried out in dogs. There were two
residents assigned to the Surgical Research Laboratory, one to
work in cardiac surgery and the other to work with one of the editors
(TES), a junior faculty member. They flipped a coin and Kaupp lost.
He became the second author on the first papers from Chicago on
liver transplantation. After completion of training, Kaupp began a
private practice of vascular surgery in Allentown, Pennsylvania. He
retired in 1986 and is presently living in New Hampshire.

In July of 1958, experiments with orthotopic liver transplantation in the dog were begun at
Northwestern University in Chicago simultaneous with and without knowledge of Moore's work. The
absence of early communication between the Boston and Chicago groups was reflected ina number
of differencesin their techniques. However, the two central objectives of effective preservation of the
liver and decompression of the obstructed splanchnic and systemic venous circulations during the
anhepatic phase were the same. The principle of core-cooling used to preserve the liver grafts in
the Chicago laboratories subsequently was applied to the initial cooling and preservation of all
whole-organ grafts. The material from the Northwestern University studies was divided into two
articles, the first essentially technical and the second describing the clinical and histopathologic
events of rejection.

16
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Reconstructive problems in canine liver homotransplantation
with special reference to the postoperative role

of hepatic venous flow

Surgery, Gynecology & Obstetrics, 111: 733-43, 1960
T. E. Starzl, Harry A. Kaupp, Jr., Donald R. Brock, Robert E. Lazarus and Robert V. Johnson

Although considerable experimental data have been accumulated
concerning many organs, there have been few reports of homotransplan-
tation of the liver. Until 1959, the only work had been done by Welch and
his associates (9, 34), who were able to obtain function from liver
homografts transplanted into the pelvis. Recently, Moore and his associ-
ates presented the first accounts of successful homotransplantation of the
canine liver to animals with total hepatectomy (21,22). Maximum survival
after operation was 12 days.

The techniques to be described for homotransplantation of the liver
have previously been briefly outlined (12,28). The influence of portal flow
upon the homografted liver has been analyzed in detail not only because
this factor proved to be an important determinant of success or failure but
also because the resultant information may have application in a variety of
other experimental situations, including those involving hemorrhagic
shock. Maximum survival after liver homotransplantation has been 20'/2
days.

General Methods

Seventy-nine transplants were performed, using healthy adult mon-
greldogs of 10to 25 kilograms. In most cases, the weights of the donor and
recipient animals were closely matched. Both dogs were anesthetized with
25 to 30 milligrams of sodium pentobarbital per kilogram and, after
tracheal intubation, placed on respirators. The arterial pressure of the
recipient dog was monitored during and immediately after operation with
an arterial catheter connected to an aneroid manometer. Venous pressures
were read directly from a water manometer attached to an indwelling
catheter. The operation was performed under sterile conditions by two, or
oOccasionally three surgeons. In analysis of results, the first 27 hepatic
transplants were excluded from consideration because a variety of meth-
ods of liver preparation were used with a resultant inconstant quality of
grafts.
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PRELIMINARY STEPS IN THE RECIPIENT DOG

The abdomen was opened with an upper midline incision. A segment
of aorta, 1-1/2 to 2 centimeters in length, was mobilized just above the
inferior mesenteric artery for later anastomosis. Next, the mesentery of the
caudate lobe of the liver was incised, and the inferior vena cava encircled
with a tape, above the entrance of the adrenal veins. The gastrohepatic
ligament to the left of the portal triad was then doubly ligated and divided.
Finally, common duct and gastroduodenal artery were double ligated and
divided as close to the duodenum as possible. The portal vein was cleaned
off toward the liver until its bifurcation was encountered, taking care to
ligate all lymphatics on its surface. When these steps were completed, the
only uninterrupted structures remaining in the gastrohepatic ligament were
the hepatic artery and the portal vein.

A portacaval shunt was then constructed in as inferior a position as
was convenient (Fig. 1b). The exact size and technique of this shunt varied
with the different techniques of venous reconstruction during implanta-
tion, but in every case the presence of the anastomosis was necessary for
decompression of the splanchnic system during implantation of the liver.
When the anastomosis was completed, the abdominal wound was closed
with towel clips, and attention directed to the donor dog.

PREPARATION OF THE DONOR LIVER

During this operation on the recipient, the donor dog was immersed
in an ice bath, and the body temperature reduced to 25 to 30 degrees C. The
abdomen of the donor dog was opened through a long midline incision. The
abdominal aorta was mobilized proximally to the level of the superior
mesenteric artery, ligating and dividing all branches (Fig. 2). The superior
mesenteric artery was encircled with a ligature but left intact for the time
being.

Next, the stomach and spleen were retracted sharply to the right, and
the celiac axis was dissected free from its origin to the trifurcation, where
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Fig. 1.— Basic technique of homotransplantation. a, Donor liver ready for transplant. Note aortic graft removed in continuity with hepatic
artery and liver graft. b, Recipient with portacaval shunt and liver removed. ¢, Donor liver in place.

splenic and left gastric arteries were ligated and divided (Fig. 2). Attention
was then directed to the portal triad. The gastrohepatic ligament to the left
of the triad was first ligated and divided, and the common duct and gastro-
duodenal artery double ligated and divided near the duodenum. The portal
vein was freed from its surrounding adventitia in which there were many
lymph channels which required ligation. In order to obtain an adequate
length of portal vein for subsequent anastomosis, the pancreatic vein was
double ligated and divided. Several large lymph nodes usually still loosely
connected the portal vein and hepatic artery inferiorly, but these were
stripped out easily with blunt dissection, leaving the hepatic artery and
portal vein skeletonized (Fig. 2). The donor liver was now ready for
perfusion in situ.

The previously placed ligature around the superior mesenteric artery
was tied. The portal vein was ligated as far inferiorly as possible, and the
blunt end of a standard intravenous infusion set directed up the portal vein
to the liver. Through this, 1,000 cubic centimeters of cooled (5 to 10

. degrees C.) lactated Ringer’s solution were used for gravity perfusion of
the liver with a pressure head of 60 to 80 centimeters of water (Fig. 2). As
soon as perfusion was begun, the animal was bled to death through a
catheter inserted into the aorta (Fig. 2). The collected blood was subse-
quently used for transfusion of the recipient. During the perfusion, the
interior of the liver cooled to 10 to 20 degrees C.

The liver was then removed after incision of the diaphragmatic
ligaments by transection of the portal vein, the upper abdominal aorta, and
the vena cava above and below the liver (Fig. 1a). The open upper end of
the aortic graft was ligated. The vena caval cuff above the liver was
carefully scrutinized for small holes which. if unrecognized. will lead to air
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embolus or hemorrhage after the liver is revascularized. A small incision
in the gallbladder was made at the site of the proposed cholecystenteros-
tomy to prevent autolysis. The liver was then brought to the table of the
recipient animal.

Before evolving this method for preparation of the donor liver, a
number of unsatisfactory techniques were employed. These failed gener-
ally either because of the use of heparin in the donor with consequent
bleeding after transplantation or because the liver was not cooled enough
to withstand the effects of ischemia.

HEPATECTOMY IN THE RECIPIENT DOG AND TRANSPLANTA-
TION OF THE DONOR LIVER

After removal of the donor liver, the operating team returned imme-
diately to the recipient dog and inserted an external polyethylene bypass
from the femoral to jugular veins (Fig. 3), as described by Kaupp and Starzl
(13). After ligation and division of the hepatic artery, the vena cava, above
and below the liver, and the portal vein were grasped with Potts’ clamps
and the liver was removed (Fig. 3). A brisk flow through the external shunt
caused decompression of the blocked splanchnic as well as of the caval
beds.

The cooled donor liver was positioned in the upper part of the
abdomen of the recipient animal (Fig. la and b). Anastomosis was
performed with continuous No. 5-0 arterial silk between the cuff of
recipient vena cava at the diaphragm, which was sharply pulled down to
facilitate exposure (Fig. 4). and the short cuff of vena cava on the donor
liver. Because of th limited space and short segments of vessels, it was
necessary to sew the posterior row from within the vessels (Fig. 4).
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Fig. 2.— Preparation of donor liver. Aortic graft prepared. Perfusion
of cooled Ringer’s solution by gravity through the portal vein and collec-
tion of blood from the aorta.

Re-establishment of the portal and vena caval return was done in
three different ways (Fig. 5). The choice of procedure influenced the type
of portacaval shunt previously performed (during preliminary steps in the
recipient dog). The first method of venous reconstruction employed the
principle of the reverse Eck fistula (Fig. 5a), in which the preliminary
portacaval shunt was made at least | centimeter in length. After completion
of the caval-caval anastomosis above the liver, an end-to-end portal-portal
anastomosis was performed, and the open stumps of donor and recipient
venacava below the liver were ligated (Fig. Sa). With release of the clamps,
the venous return of both the caval and splanchnic systems were directed
through the liver (Fig. 5a).

The second method resulted in anatomic venous reconstruction with
the addition of a small portacaval shunt (Fig. 5b). In this case, the
preliminary portacaval anastomosis was made small, 4 to 7 millimeters
long, without the excision of an ellipse from either vessel. After complet-
ing the upper caval-caval anastomosis, the lower caval-to-caval and portal-
to-portal anastomoses were performed in anatomic position (Figs. lc and
5b).

The third method of venous reconstruction resulted in normal venous
pathways. The preliminary portacaval anastomosis was 8 to 10 millimeters
in length and was used only to decompress the portal system (via the
external polyethylene bypass) during the period of acute portal-caval
occlusion as the liver was implanted. The portal-portal and lower caval-
caval anastomoses were performed anatomically with No. 6-0 and No. 5-
Osilk respectively (Fig. 1¢). Before the abdomen was closed the portacaval
shunt was taken down and the venotomies were closed with No. 6-0 arterial
silk (Fig. 5¢).

After completing the venous anastomoses, the aortic graft was placed
in the right paravertebral gutter and attached with an end-to side anasto-
mosis to the recipient dog’s aorta. at a variable distance below the renal
arteries (Fig. Ic). No. 6-0 arterial silk was used and a button of recipient
aorta removed.
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Fig. 3.—Decompression of portal and caval venous systems during
complete occlusion of vena cava and portal vein by external shunt from
femoral vein to external jugular vein.

Internal biliary drainage was performed with a cholecystojejunos-
tomy, below which was established a jejunojejunostomy (Fig. 1c). Both
gastrointestinal anastomoses were performed with a two-layer catgut and
silk technique. Splenectomy was carried out, and the abdomen was closed
with multiple layers of fine silk.

POSTOPERATIVE CARE

One million units of aqueous penicillin were given on the morning of
operation and twice daily during the entire postoperative period. As soon
as the operation was completed, a large gastric tube was passed and kept
in position until no longer tolerated. Frequent endotracheal aspirations or
bronchoscopies were performed until the animal was fully awake.

During operation, 500 cubic centimeters of blood were generally
given. During the first 8 to 10 postoperative hours, it was almost always
necessary to give another 500 cubic centimeters, even to those dogs in
which no bleeding could ever be demonstrated. Intravenous fluids were
usually administered for the first 2 or 3 days, after which many dogs
tolerated a low protein diet. If the animals stopped eating, intravenous or
clysis therapy was reinstituted.

RESULTS

Tolerance of the devascularized liver to ischemia. The time between
removal of the cooled donor liver and its revascularization in the recipient
dog was 45 minutes, at the least, and in many instances 2 hours. After more
than 2 hours. ischemic liver injury occurred which almost always pre-
cluded success by any of the described means of reconstruction. When
blood flow was restored after ischemia of longer than 2 hours, the liver
became tense and dark in color. with histologic evidence of intense
congestion. Death followed in a few hours either from hemorrhagic
gastroenteritis, as a result of hemorrhage from small capsular tears in the
distended liver, or from acute hepatic failure.

In preparation of the donor liver, it was important that the liver be cool
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Fig. 4.— Technique of caval-caval anastomosis with posterior row
being sutured from within.
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Fig. 5.— Methods of venous reconstruction. a, Reverse Eck fistula.
b, Anatomic reconstruction with small portacaval shunt. ¢, Complete
anatomic reconstruction with closure of preliminary portacaval shunt.

before any ischemia occurred. For this reason. total body cooling (25 to 30
degrees C.) was carried out in the donor dog before the abdomen was
opened. In the event of accidental ischemia during dissection of the portal
triad or aortic pedicle, before the liver was further cooled by perfusion,
some protection was afforded.

After the liver had been perfused with cold Ringer’s solution, its
temperature was well maintained at approximately 10 to 16 degrees C.
after removal. Shown in Figure 6 is a typical warming curve of the interior
of a donor liver, in which the temperature rise was less than 2 degrees C.
in 1-1/2 hours.

The value of the external bypass during liver transplantation. In
performing the first 20 liver transplants, an external bypass was not used
during the period of portacaval occlusion, since in the previous work it had
been determined that short term occlusion in the presence of a portacaval
shunt was well tolearted (29). Survivals of as long as 6 days were obtained
with this technique, but in subsequent experiments the external bypass was
routinely used for several reasons. The portacaval occlusion was often for
as long as 2 hours, during the latter part of which profound hypotension
usually developed. At autopsy. many of the dogs had cardiac lesions
similar to the infarcts described by Tanturi after temporary portal occlu-
sion. Finally, hemorrhagic gastroenteritis proved to be a common postop-
erative complication, and it was not possible to know if this was due to the
acute portal hypertension during implantation or to splanchnic venous sta-
sis which developed postoperatively.

With the external bypass. severe hypotension did not develop. Some
fall in blood pressure occurred, but the mean pressure almost always
remained above 100 millimeters of mercury. The bowel remained pink.
Clotting of the siliconized tube did not generally occur during the bypass.

Acute effect of venous reconstruction with the reverse Eck fistula.
Twenty-six hepatic transplants were performed by the method of the re-
verse Eck fistula (Fig. 5a). Only 4 of the 26 dogs survived for more than
4 days. The other 22 animals died at varying times up to 4 days, in 11
experiments as a result of the inability of the transplanted liver to transmit
the required venous flow. with consequent hemorrhagic gastroenteritis.
The other early deaths were caused by hemorrhage in 3 dogs, portal
thrombosis in 3 dogs, atelectasis in 2 dogs, air embolus in | dog, and
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Fig. 6.— Rewarming curve of interior of donor liver exposed to room
temperature for 1-1/2 hours.

unknown etiology in 2 dogs.

Most of the unsuccessful experiments followed a highly characteris-
tic pattern. After revascularization, it became obvious that sequestration of
blood was occurring in the liver which became swollen, tense, and
extremely dark in color. Shortly after, large amounts of lymphatic fluid
escaped from the surface of the liver capsule. The portal vein and inferior
vena cava distended with pressures as high as 250 millimeters of saline.
Superficial lacerations in the transplanted liver began to hemorrhage, and
frequently the previously dry portal-portal or porta-caval anastomosis
began to ooze, sometimes uncontrollably. Within a few minutes, the bowel
and stomach lost their normal pink color and assumed a faintly cyanotic
hue. Within a few hours, large quantities of fluid accumulated in the gut —

at first clear and later blood-stained.

In such cases, a progressively increasing rate of blood transfusion
was necessary to maintain the blood pressure. Bloody diarrhea developed,
and the animals died in 5 to 15 hours, despite aggressive therapy. Histol-
ogic sections of the liver showed acute congestion and early disruption of
hepatic cord architecture (Fig. 7a). Sections of the large and small intestine*
revealed marked congestion and interstitial edema of the entire wall (Fig.
8a and b).

In other experiments, the animals survived the immediate postopera-
tive period, only to die 1 to 4 days postoperatively, usually from gastroin-
testinal hemorrhage. In these animals. there was histologic evidence of
persistent hepatic congestion with distention and coalescence of sinusoids
(Fig. 7b). Hepatic cell loss was apparent, especially in central areas.
Associated slough of intestinal mucosa and inflammatory infiltration of
intestinal villi occurred (Fig. 8c).

Four of the 26 liver transplants revascularized with the reverse Eck
fistula survived longer than 4 days, or long enough for homograft rejection
to be expected to occur. Maximum survival was 9 days.

Numerous complications characterized this group of animals. For-
mation of ascites was excessive, and dissection of the fluid through the in-
cision with wound breakdown occurred in all long term survivals. Pneu-
monitis and thrombosis of the vascular anastomosis were also late causes
of death. Only 1 of the long term survivors was able to eat.

Acute effect of anatomic venous reconstruction with addition of a
portacaval shunt. Fifteen transplants were performed by means of
anatomic reconstruction of the venous system with the addition of a small
portacaval shunt (Fig. 5b). The portacaval anastomosis was deliberately
constructed small — 4 to 7 millimeters — so that a definitely elevated
portal pressure would be necessary in order for large flows to cross the
shunt. In this way. it was hoped to decompress the liver and splanchnic
circulation in the event of high portal pressures., without unnecessarily di-
verting portal blood from the liver. Fifteen livers were transplanted in this
manner and 6 animals survived for more than 4 days. Nine dogs died in the
early postoperative period: 2 of hemorrhage. 4 of atelectasis, 2 of hemor-



CLIO CHIRURGICA

Fig. 7—Histologic changes in hepatic outflow block. a, Liver after 10 hours, showing congestion and early loss of architecture
with dilated sinusoids. b, Another liver at 36 hours showing persistent congestion and marked disorganization of hepatic architec-

ture. X 214.

rhagic gastroenteritis, 1 as a result of portal thrombosis. An important
contributory cause of death in many of these dogs was a distinctive
syndrome consisting of intractable vomiting and retching which began
immediately after operation and continued until the death of the dog. This
was thought, but not proved, to be due to acute liver failure.

With this technique, the acute congestion of the liver and bowel
described for the reverse Eck fistula was seen in only 2 experiments. Gen-
erally, the liver became soft and light in color after revascularization, and
the bowel remained pink except in those cases in which the shunt was
inadvertently made too small to be functional.

Despite the obvious disadvantage of reducing the blood flow to the
liver, this technique of reconstruction proved to be the most versatile in one
respect. It was possible to perform transplantation without closely match-
ing the size of the donor and recipient animals. Donors were used which
weighed as much as 8 to 10 kilograms less than the recipient animals, a
disparity in size which precluded success in the other two methods because
of the development of splanchnic and hepatic congestion.

Six of the 15 dogs with this type of venous reconstruction lived for

more than 4 days. Only 2 animals were able to eat consistently. Maximum
survival was 9 days. Although it is thought that homograft rejection
occurred, a variety of other complications were found at autopsy which
could have been independent causes of death.

Acute effect of anatomic venous reconstruction. Eleven dogs had
reconstitution of the liver in an anatomic manner, and 8 survived for more
than 4 days. The causes of early death were hemorrhagic gastroenteritis in
2 cases, and atelectasis in the third. When this technique was used, the acute
bowel congestion described with reverse Eck fistula reconstruction was
seldom encountered provided the weights of the donor and recipient dogs
were closely matched. However, efforts to use significantly smaller donor
than recipient animals resulted in acute bowel congestion and early death.

The clinical behavior of this group of dogs was the most satisfactory
of all techniques tried. All 8 long term dogs resumed oral intake promptly,
usually after 2 days, and continued to eat until shortly before death, which
was presumably due to liver rejection. The average long term survival
exceeded that obtained with either of the other methods, as did maximum
survival which was 20-1/2 days.

Fig. 8.— Intestinal changes resulting from outflow hepatic block in dogs with reverse Eck fistula. a, Small intestine after 10 hours
showing mucosal and submucosal congestion and submucosal edema. Note intact epithelium. X 11. b, Small intestine in another dog after
18 hours. There is congestion and loss of epithelium of distal portions of villi. X 44. ¢, Small intestine in a dog dying after 36 hours. Base
of villi have partially intact epithelium, but distal villi are edematous and congested with marked slough of epithelial covering. X 44.
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DISCUSSION

The unusual susceptibility of the liver to anoxia has undoubtedly
deterred progress in hepatic transplantation. Welch and associates (9), who
transplanted the whole organ to the pelvis of recipient dogs, pointed out
that the transferred tissue could not survive if devascularized for more than
30 minutes under normothermic conditions. Disclosures of the protective
effect of hypothermia on the ischemic liver by Raffuci, Bernhard, and
Huggins and their associates have made transplantation studies more
practical.

Despite the protection of hypothermia. undue prolongation of is-
chemia results in a characteristic liver injury in which the revascularized
organ entraps large quantities of blood. The inability of blood to escape is
probably due to constriction of small intraparenchymal hepatic veins as
shown by Deysach and Thomas and Essex. These vessels have been
demonstrated by Arey to have extraordinarily well developed muscular
coats in the dog. Similar hepatic congestion. aptly termed “blue liver
syndrome” or “outflow block.” has been described in the dog in a variety
of physiologic circumstances including: anaphylaxis and peptone shock
by Mautner and Pick. Simonds. and Weil: temporary devascularization of
the liver by Hines and Roncoroni and State and Lichtenstein: histamine
injection by Mautner and Pick and Bauer and his associates: perfusion of
the isolated liver by Makravarti and Tripod. Maegaith. and Kestens and his
associates; endotoxin shock by MacLean and Weil: and hemorrhagic
shock by Frank (6) and Wiggers and their associates.

With transplantation of the liver, the degree of ischemic injury is only
one of the influences which contribute to the grave complication of outflow
block. The most important secondary factor is the volume of venous blood
which is transported to the liver. In the normal dog. it has been shown by
Meyer and others that both the splanchnic and inferior caval venous return
can be directed through the liver without harmful effects. But the anoxic
transplanted liver apparently reacts to such augmented venous flow with
outflow block. In contrast, the blue liver developed infrequently when
venous inflow was normal or when a decompressing portacaval anasto-
mosis was retained as a permanent feature of the reconstruction. The
importance of regulating portal vein inflow in avoiding outflow block
during isolated liver perfusion has also been commented upon by McDer-
mott and associates (14), as well as numerous earlier workers.

Another factor contributing to the susceptibility to outflow block of
the transplanted or the isolated perfused liver may be the state of denerva-
tion in both instances. The confusing literature on vasomotor control of the
liver has been summarized by Child. The dominant autonomic influence
appears to be sympathetic, with reduction of the size of the liver and
increased outflow upon stimulation. Parasympathetic stimulation has
resulted in less clear findings. Similarly, epinephrine solutions cause
shrinkage of the liver with increased hepatic vein outflow, as shown by
Bauer and his associates and by Maegaith, while acetylcholine has a less
pronounced but reverse effect. From this information. it would seem quite
possible that the denervated liver undergoes vasomotor alterations which
promote stasis. Such a mechanism. in addition to contributing to outflow
block, could explain the necessity for the large transfusions which are
necessary postoperatively, even in the dogs which survive for long term
study.

The sequence of events in the bowel following outflow block in the
transplanted liver is of interest because of the resemblance of the pathol-
ogic changes of those seen in irreversible hemorrhagic shock. For many
years, the liver has been suspected of playing an important role in the
development of irreversibility. Numerous observers. including Selkurt
(25), Wiggers. and Friedman and their associates, have reported increased
hepatic vascular resistance after experimental hemorrhage. and it has been
reasonable to believe that consequent splanchnic pooling and reduction of
circulating blood volume would result. This concept was apparently
strengthened by the demonstration of Fine and his associates (7) that
viviperfusion of the liver during hemorrhage prevented the hemorrhagic
gastroenteritis of irreversible shock. However, Fine's group (6) also
demonstrated that decompression of the portal system with portacaval
shunt to prevent impounding of blood in the splanchnic system did not
prevent the intestinal lesions. Subsequently. attention has been focused on
other than hepatic factors in irreversibility. and recently the intestine itself
has been suggested as an important primary target organ in shock by
Schweinburg and his associates, Selkurt. and Lillehei.

The assessment of the relative importance of the liver and that of
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bowel in determining irreversibility of shock is still not settled, although
there is evidence that both play an important role. In the present study. an
experimental situation was present in which only the liver was subjected
to anoxia. The blood pressure generally was never below 100 before,
during. or immediately after liver was revascularized. Yet, in the dogs
developing outflow hepatic block. shock soon ensued which ultimately
was intractable to further transfusion and which eventuated in fatal
hemorrhagic gastroenteritis. In this situation. the damage inflicted upon
the liver by the transplantation would seem to be solely responsible for the
inception and development of irreversible shock.

SUMMARY

The homologous canine liver has been transplanted to recipient
animals in which total hepatectomy and splenectomy have been per-
formed. The longest survival after placement of the liver homograft was
20-1/2 days.

Protection from hepatic ischemia for as long as 2 hours was obtained
by cooling the donor liver to 10 to 20 degrees C. The arterial supply was
restored through a hepatic artery-aortic pedicle which was removed in
continuity with the liver and anastomosed to the descending aorta of the
recipient. Internal biliary drainage was established.

The volume of venous tlow transmitted to the transplanted liver has
been shown to be an important determinant of success. When this was ex-
cessive, as when both the portal and inferior caval flows were directed
through the liver, hepatic outflow block usually developed with conse-
quent fatal congestion of the hepatic and splanchnic beds. When the portal
flow was normal or reduced, outflow block rarely occurred.

An attempt has been made to relate the development of outflow block
as it occurred in the transplanted liver to other circumstances, including
hemorrhagic shock, in which similar phenomena have been observed.
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Studies on the rejection of the transplanted homologous dog liver

Surgery, Gynecology & Obstetrics, 112: 135-44, 1961
Thomas E. Starzl, Harry A. Kaupp, Jr., Donald R. Brock and James W. Linman

In a contemporary report, the technical problems and complications
encountered with homotransplantation of the dog liver were described
(15). As occurs with other vascularized homografts, the liver appeared to
be rejected by the host after a characteristic time interval, usually 6 to 10
days.

The present study is concerned with an analysis of events, both in the
homografted liver and the host, in 18 dogs which survived 4 or more days
after liver transplantation, long enough presumably for homograft rejec-
tion to occur. This included postmortem and tissue studies, as well as
chemical and hematologic determinations during life. Strong histologic
evidence has been obtained of widespread participation of the host reticu-
loendothelial system in the rejection, quite comparable to that seen after
bacterial and foreign protein immunization.

METHODS

The techniques used for liver transplantation have been previously
described (15). The homograft was positioned in the liver fossa, after
removal of the recipient dog’s liver, and splenectomy was performed.
Arterialization and internal biliary drainage were carried out with a
uniform technique in all 18 experiments. Venous pathways were recon-
structed with three variations: (a) anatomically, 8 cases: (b) anatomically
with the addition of a small portacaval shunt, 6 cases; and (c) by diversion
of both the splanchnic and vena caval flows through the liver, 4 cases.
Although the method used was profoundly influential in determining early
mortality, the type of venous connection was not an important factor in
most of parameters analyzed in the present study, and the results apply to
all dogs, unless otherwise stated.

Adult mongrel dogs were used. The donor and recipient were always
chosen for obviously difterent color and general appearance. In about one-
half the experiments, the donor and recipient were different sexes. Blood
studies were obtained preoperatively and every 2, 3. or 4 days thereafter,
and the removed blood was replaced with immediate transfusion. In a few
animals, transfusions were also given for the treatment of late gastrointes-
tinal hemorrhage. All chemical studies were standard determinations,
made in a clinical laboratory. Autopsies were performed promptly, usually
within an hour and never longer than 8 hours after death. and the specimens
fixed in formalin. Hematoxylin-eosin stains were always used, and in some
cases additional tissue stains were employed.
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RESULTS

Survival. Survival times in 18 dogs are shown in Figure 5. Ninety per
cent of the deaths occurred between the fifth and the tenth days. The longest
survival was 20-1/2 days. Although many other factors contributed to
death, evidence will be presented that graft rejection played an important
role in most cases.

Clinical behavior. The dogs with the most sastisfactory course were
those with anatomic venous reconstruction. They were usually able to eat
after the second postoperative day. Diet generally consisted of brown sugar
water and bread, but some of the dogs were hungry for and allowed to eat
meat. Although the dietary intake of dogs with other than anatomic venous
connections was poor, physical activity of the different groups of animals
was frequently normal for the first 4 or 5 days.

On the sixth or seventh day, jaundice developed in every experiment,
usually within 12 to 24 hours after it was noted that the urine had become
dark. Some of the dogs continued to eat, but usually dietary intake was
sharply reduced. Jaundice was followed by death in 2 to 4 days in all but
1 animal in which the jaundice receded after the eleventh day. Terminally,
pallor of the gums was often seen, and vomiting was common in both
feeding and fasting dogs.

The clinical behavior of the longest survivor (No. 65) requires
separate comment. Jaundice developed in this animal on the sixth day, and
the dog appeared to be critically ill for 4 days. He continued to eat,
however, and after the eleventh day improved with continued clinical and
chemical regression of the jaundice (Fig. 6) until death after 20-1/2 days.
This was the only unequivocal instance of improvement after signs of liver
malfunction had occurred.

Rectal temperatures and femoral pulse rates were taken twice a day.
All animals had low grade fever during most or all of the survival period.
This was seen by the first day after operation and persisted without spikes
(Fig. 7). There was no deviation from this pattern during the presumed
rejection period. Correspondingly, pulse rates were not subject to wide
variation after the immediate postoperative tachycardia had subsided (Fig.
7).

Most of the dogs lost about .25 kilogram in weight per day after
operation. In some cases, the tissue loss was undoubtedly greater, since the
development of ascites was often prominent.

Blood chemistry. Fasting blood sugars were obtained before and after
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Appearance of liver homografts at varying times after transplantation.
Fig. 1.— Five days: left, X 42; right, X 263.

Fig. 2.— Nine days: above, X 42; below X 263.

Fig. 3.— Ten days: above, X 42; below X 263.

Fig. 4— Twenty and one-half days: above, X 42; below, X 263.
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Fig. 5.— Survival in dogs living more than 4 days. Note high
mortality between fifth and tenth day.

operation. Samples were taken in the morning, after an 8 to 12 hour
withdrawal from food or intravenous fluids. Initially, blood sugars re-
mained at a normal level. However, at varying times, from 4 days on, blood
sugars as low as 15 to 25 milligrams per cent were observed (Fig. 8). With
longer suvivals, a definite correlation was evident between survival time
and degree of hypoglycemia (Fig. 8). In most dogs, a dropping blood sugar
was a preterminal event, but in the longest survival the blood sugar fall
reversed itself as other liver chemistries improved (Fig. 6).

The time of development of chemical jaundice was very definite. By
the fifth day, only 1 dog had arise in bilirubin, but by the sixth day all tested
dogs had become jaundiced (Fig. 9). The increase in the direct bilirubin
fraction was less but paralleled the total rise (Fig. 9). Comparable rises
were seen with alkaline phosphatase, starting on the fourth or fifth day (Fig.
10).

Total proteins were not predictably altered by transplantation. An
example is shown in Figure 11 with determinations from the 20-1/2 day
survivor, in which major shifts in either the total or the albumin-globulin
fraction did not occur. Thymol turbidity tended to increase, but incon-
stantly. Blood cholesterol rose (Fig. 12), remained stable, or fell with about
equal frequency. Blood urea nitrogen remained normal in all dogs until
terminally, when in 3 of 11 animals studied a sharp rise occurred (Fig. 12).
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Fig. 6.— Blood sugars and bilirubin in 20-1/2 day survivor (No. 65). Note
improvement in chemistries after eleventh day.
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Fig. 7.— Fever and pulse of dog 76. Animal had no complications. Cause
of death probably homograft rejection.

Hematologic studies. Complete blood counts were obtained before
and at varying times after operation. Because of transfusions, analysis of
erythroid values was not meaningful. All animals, except 1, had rises in the
white count, sometimes as high as 40,000. The rise was specifically due to
granulocytosis with a marked neutrophilia. No cellular abnormalities were
noted in the peripheral blood, and in particular plasma cells were not seen.

Urine studies. All but 1 of the dogs excreted adequate urine until just
before death. In 3 of 8 animals tested, albuminuria developed after 2 to 4
days and persisted. Analysis of bile products disclosed differences in
urines collected before and after 4 complete postoperative days. In 8
specimens collected from different animals before the fourth day, bile was
detected in only 2. After the fourth day, 13 of 14 urines contained bile.
Before the fourth day, half of the specimens contained urobilinogen (more
than 1.0 Ehrilich unit), and after the fourth day urobilinogen was detected
in only 5 of 14 samples.

Gross pathologic findings. The homografted liver had characteristic
gross findings. It was usually larger than normal with a tan appearance and
firm consistency. Although it had no other attachments than the various
anastomoses, there were no instances of dislocation of the organ from the
liver fossa. On section, the tissue cut with a firm and gritty sensation. The
transected surface had a nutmeg appearance, such as seen with chronic
heart failure. In every case, the cholecystojejunostomy and enteroenteros-
tomy were intact.

Thrombosis of a vascular anastomosis occurred in 4 of the 18
experiments, twice in the aortic graft and once each in the portal vein and
inferior vena cava. In 1 dog, the aortic suture line disrupted after 5 days. In
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Fig. 8.— Fasting blood sugars (dots) in all dogs not treated with
intravenous glucose. Solid line connects average values for each day. Note
that severe hypoglycemia sometimes developed as early as the fourth day.
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Fig. 9.—Scattergram showing pattern of onset of jaundice. Dots are
individual total bilirubin determinations. Solid line connects average total
bilirubin for each day. Dashed line represents the average of the corre-
sponding direct bilirubin determinations. Note absence of chemical jaun-
dice until sixth day.

the 10-1/2 day survivor, aortic rupture may have occurred, but it was not
possible to be certain of this at autopsy.

The abdomen contained from 25 to more than 1,000 cubic centime-
ters of bloodstained fluid. Ascites was most prominent in animals in which
both caval and portal flow had been transmitted through the liver. Wound
infection, a complication in 5 of the 18 dogs, occurred in animals with
severe ascites in which the fluid dissected through the incision. Significant
pleural effusion occurred in only 1 dog.

Some of the host organs regularly exhibited gross abnormalities. The
lungs invariably had a peculiar firm leathery consistency. In addition, some
of the animals had atelectasis, pneumonitis, or pulmonary edema. In 6 of
the hearts there was focal epicardial necrosis, the lesions being confined to
the right ventricle. Usually, superficial sloughing or ulceration was found
in some portion of the gastrointestinal tract, most prominently in the
duodenum. In 6 of the 18 dogs, multiple shallow duodenal ulcers were
encountered, and in 2 more. duodenal ulcers were amost perforated. The
kidneys and adrenal glands were normal. Host lymph nodes in the mesen-
tery, mediastinum, and elsewhere were generally enlarged.

Microscopic findings. As noted previously (15), hepatic architecture
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Fig. 10.— Alkaline phosphatase levels in 8 dogs. Note marked rise
after fourth day.
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was well preserved during the first few days after operation, unless hepatic
congestion or other complications of revascularization occurred. After 4
days, alterations developed in all liver homografts which were usually
related quantitatively to the period of survival. At first, hepatic cell loss was
absent or minimal (Fig. 1). However, even in dogs surviving only 4 or 5
days, a mononuclear infiltrate of plasma cells and lymphocytes appeared.
These cells were most prominent in the periportal areas but were also seen
diffusely throughout the parenchyma (Fig. 1). Endothelial and adventitial
proliferation of small arteries was often seen.

After 6 days, undisturbed hepatic architecture was found in only 1
homograft (dog 20), from a 9 day survivor. The only striking change in this
exception consisted of a periportal and diffuse mononuclear infiltrate (Fig.
2), consisting of plasma cells and lymphocytes. In all other experiments,
there was more or less extensive hepatic cell loss, sometimes most
prominently around the central vein (Fig. 4). In other instances, the
parenchymal loss was general and so extensive that residual liver cells
could be identified only with difficulty (Fig. 3). The liver was in these cases
almost completely replaced with a massive mononuclear infiltrate. Con-
gestion of the homograft completed the picture, often with extravasation
of red cells into the structureless tissue (Fig. 3). In a few animals,
necrotizing arteriolitis was seen. The presence of bile pigment in the
hepatic cells was an inconstant finding (Fig. 4).

The longest survival had homograft changes which were less well
developed than many of the 6 to 10 day animals. After 20-1/2 days, a sem-
blance of organized structure remained (Fig. 4). Parenchymal loss was
chiefly around the central veins. The diffuse and periportal mononuclear
infiltrate, comprised chiefly of plasma cells (Fig. 4), was comparable to
that found in the shorter survivals. Many of the intrahepatic bile ducts were
denuded of epithelium. Connective tissue stains did not reveal the presence
of fibrosis. Reticulum stains showed good preservation of the reticular
pattern.

In 7 experiments, enlarged lymph nodes from the posterior medi-
astinum were studied. In all cases. there was more or less cortical thinning
with a decreased number of follicles (Fig. 13) which contained principally
lymphocytes and monocytes. Lymph pulp was increased with a large
number of plasma cells in the medullary cords. Supporting tissue around
the nodes was infiltrated with plasma cells.

Aggregates of plasma cells and other mononuclear cells were found
in all host kidneys. These were principally in the cortex. usually in a per-
iglomerular or perivascular position (Fig. 14a). There was endothelial and
adventitial proliferation of the small vessels, often with edema. In one-
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Fig. 11.— Total protein and albumin/globulin fractions in dog 65.
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Fig. 12.— Cholesterol and blood urea nitrogen in dog 65. Terminal
uremia was seen in minority of animals.

third of the cases, a more diffuse plasma cell and mononuclear response
was also found throughout the kidney. In addition, a moderate to marked
plasma cell involvement was noted in the perirenal (Fig. 14b) and periad-
renal tissues.

Pulmonary abnormalities included passive congestion, pulmonary
edema, atelectasis, and pneumonitis. However, in 15 of 18 experiments, a
specific abnormality was noted. There was thickening of the pulmonary
alveolar wall, apparently due to endothelial and histiocytic proliferation in
the septa (Fig. 15). A light plasma cell infiltrate was usually present in the
parenchyma with focal accumulations around small blood vessels. Some
vessels had changes similar to those described in the kidney. Multinu-
cleated giant cells were very numerous (Fig. 15).

Bone marrow studies were made. In every experiment, increased
numbers of plasma cells and lymphocytes were found. In some cases, these
infiltrates were moderate, but in other dogs (Fig. 16) the relative and
absolute increases in plasma cells and lymphocytes were striking and
extensive.

Skeletal muscle from the foreleg was studied in all 18 dogs. No
diffuse or focal plasma cell response was found in any case.

Findings in the heart and gastrointestinal tract were related partially
to traumatic artefact. Focal myocardial infarcts often occur as a direct
result of operation (15). In the later dogs, organizing infarcts or mononu-
clear infiltrates were seen in all experiments. In the gastrointestinal tract,
hyperemic sloughing and gastritis or enteritis were seen in various experi-
ments. A diffuse plasma cell and lymphocyte infiltration was always
present, often to a marked degree.

Causes of death. The precise mechanism of death was often difficult
to determine, not only because the findings with homograft rejection are
not specific, but because of the frequent coexistence of serious postopera-
tive complications. In 5 dogs, rejection appeared by exclusion of other
factors to be the sole reason for death. In all dogs surviving more than 6
days, it was thought that rejection of the homograft was in process at the
time of death, in view of the histologic and chemical evidence of hepatic
deterioration.

Controls. Three types of controls were available for assessing the
role of operative trauma or surgical artefact in the foregoing results. The
first of these involved analysis of dogs which died after liver transplanta-
tion as the direct result of operative trauma, in from a few hours to a day
or so after surgery. In these animals, hepatic architecture was preserved,
except when “outflow block™ had occurred. There was no infiltrate in the
livers. Fresh focal infarcts were found in the myocardium. The histologic
changes in the bone marrow, kidney, lymph nodes, and lung described for
longer surviving animals were not present.

In 4 control dogs, cholecystojejunostomy with enteroenterostomy
was performed after ligation of the common duct. The dogs were sacrificed
at5, 13, 14, and 15 days. Histologic studies of the liver were either normal
or disclosed a minimal periportal polymorphonuclear infiltrate. In no case
did bilirubin or alkaline phosphatase rise, nor were other chemistries
changed. All other organs were normal.
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Fig. 13.— Mediastinal lymph node from dog 65. X 82. Note cortical
thinning.

Finally, in 4 more dogs, sham operation was performed involving
autografting the liver. The steps employed were essentially the same as
with homograft experiments, except that the dog’s own liver was returned
to the liver fossa. Postoperative chemical studies did not show the abnor-
malities described after homografting. The dogs did not become jaundiced
or ill. The animals were sacrificed after 7 to 15 days. Focal myocardial
infarcts or infiltrations were present in all 4 animals. Liver architecture was
completely preserved, and mononuclear infiltrates were not present. The
histologic abnormalities noted in the foregoing in the bone marrow, lung,
kidney, and lymph nodes were not found.

DISCUSSION

Dempster, Moore and associates (12, 13), and other students of
whole organ transplantation have recognized the need for delineating
changes ascribable to the presence of a homograft from those alterations
which result from surgical trauma. Some nonspecific artifacts were found
in the present studies. For example, the control studies indicated that the
lesions in the myocardium were explicable by the trauma of massive
surgery. However, the changes in the chemistries and the consistently
noted pathologic findings in the liver, bone marrow, kidneys, lungs, lymph
nodes, and possibly gastrointestinal tract seem clearly related to the
placement of the homograft.

The metabolic studies provided a means of following the repudiation
of the liver graft by the host animal. It has been shown by Mann and
subsequent observers that dogs will die in 1 or 2 hours after hepatectomy
if continuous intravenous glucose is not provided. Under the same condi-
tions, continued survival after replacement of the recipient’s liver with a
homograft was incontrovertible proof of hepatic graft function. Function
was complete initially, but measurable deterioration began on the fourth to
sixth day, with the onset of jaundice, the rise in alkaline phosphatase, and
the tendency toward hypoglycemia. The high direct blood bilirubin com-
ponent, in conjunction with the elevated serum alkaline phosphatase and
urinary bile, suggested obstructive jaundice. Since extrahepatic obstruc-
tion was ruled out by control studies, it was concluded that obstruction was
diffuse and intrahepatic. Such an occurrence was not hard to envision in
view of the distorted, firm, and enlarged liver found at autopsy. In previous
studies on liver homografts transplanted into the pelvis, Welch and his as-
sociates (7) noted the cessation of bile flow after 4 days. From the present
study, it appears that such an impaired liver can continue at a reduced level
of efficiency to sustain life for many additional days.

Comparisons are evident between the present results and those
obtained by Simonsen and Dempster with homotransplantation of the kid-
ney. Survival times were somewhat longer with the liver, since mean
survival with kidneys was 4 days. Kidney transplants exhibit an immediate
gradual functional deterioration with a rising blood urea nitrogen from the
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Fig. 14.— Host kidney from dog 76 showing: a, perivascular mononuclear aggregate of cells and vascular changes, X 232;
b, cellular response in perirenal tissue, X 232. Aggregates were mostly plasma cells.

first day. The liver appeared to function normally for about 4 days, but its
subsequent deterioration was similarly gradual. Evidence was presented
by Dempster that the terminal event in the kidney was small vessel spasm
with consequent inability of the organ to transmit blood, a general concept
of rejection that has been strengthened by Edgerton’s observations with
skin grafts. Conceivably, a similar mechanism in the liver accounted, by
means of splanchnic pooling, for the late gastrointestinal hemorrhages and
mucosal sloughing seen in some dogs in the present study. At autopsy, both
the kidney and liver homografts were abnormally large, pale, and firm.

Histologic findings were also comparable in many respects. In the
kidney, cortical changes were dominant with early perivascular and per-
iglomerular infiltrates, and later with edema, hemorrhage, more marked
cellular infiltration, and structural disorganization. In the liver, aggregates
of plasma cells and lymphocytes centered principally around the intrapar-
enchymal portal triads, but the major parenchymal loss was frequently
around the central veins. The ultimate degree of architectural loss was
generally greater in the livers.

The precise mechanism of homograft rejection is not known. As a
result of the penetrating analyses of Medawar (10, 11), the theory of
acquired immunity has become a widely accepted explanation. The theory
holds that a homograft acts as an antigen to evoke an antibody response
from the host which causes rejection of the graft and confers a permanent

Fig. 15.— Host lung from dog 68 showing proliferative process in
alveolar septa, and giant cells. X 225.
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immunity to all tissues from the same donor. The interval between place-
ment and rejection of the graft is accounted for as the time necessary for the
antigenic substance to get to and mobilize a response from the antibody-
forming centers. Algire has shown that invasion of the graft with host
lymphocytes is necessary for rejection. The principal evidence that rejec-
tion is due to an acquired host immunity was the demonstration by
Medawar (10) that a second graft from the same donor is rejected in an
accelerated fashion.

In the present study, the fate of the liver homograft has been shown
to be comparable to other transplanted organs or free grafts in that it is
ultimately rejected by the host. The converse, namely an effort of the
graft’s antibody mechanism to kill the host, has been the subject of lively
interest since Simonsen and Dempster suggested the possibility with
kidney transplants. Both Billingham and Brent’s “runt disease” and
Trentin’s “secondary homologous disease” are thought to result from the
attack of mature homografts upon fetal and irradiated hosts respectively.
In the case of the liver, which has been shown by Berg and others to
constitute well over half, and perhaps more than 90 per cent, of the
splenectomized dog’s reticuloendothelial system, any reaction against the
host would be expected to be magnified.

Fig. 16.— Bone marrow in dog 65, after 20-1/2 days. X 392. Note
large numbers of plasma cells.
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From a functional viewpoint, there was no consistent evidence that
any of the host organ systems were seriously challenged by graft initiated
cellular or humoral antibodies. Renal and hematopoietic functions were
most reliably monitored. Urinary output was generally good. and rises in
blood urea nitrogen occurred terminally in only 3 of 18 dogs. Postoperative
granulocytic response, presumably of host bone marrow origin, was
adequate and sometimes prodigious. Except for complications related to
surgery, cardiac or pulmonary system deterioration did not occur.

Histologically, however, host organs known to possess reticuloendo-
thelial elements were universally infiltrated with lymphocytes and espe-
cially plasma cells in the same general manner as the graft itself. In
addition, active proliferation of fixed mesenchymal tissue in and around
blood vessels was prominent, a finding which is alsocommon in a rejecting
graft. It would be tempting to regard these findings as evidence of a graft
attack on recipient organs, especially since such multiorgan changes have
not been noted after placement of smaller and less immunologically active
homografts.

Admittedly, no definite conclusion can be reached, but certain evi-
dence at the present time is against this concept. As noted previously,
function of the host organ systems was not impaired. Secondly, if mononu-
clear cells were originating and migrating from the homograft to host
tissues, one would expect a ubiquitous distribution. Instead, such cells
were found only in those tissues which were themselves capable of a
reticuloendothelial response. The recipient skeletal muscle, for example,
had no infiltrate in any of the 18 animals. Finally, it has been shown by
Bjornboe that prolonged and intense stimulation with various bacterial or
protein antigens will cause a universal reticuloendothelial response, aston-
ishingly similar to that described in the present study, and Kojima has
shown the same thing with a pure lipid antigen. Consequently, at present
it seems most reasonable to believe that the histologic changes in host
organs predominantly represent an exhuberant response to the massive
antigenic stimulation of the liver homograft.

An alternative possiblity is that the widespread alterations comprise
a composite picture in which both graft versus host and host versus graft
reactions have played a significant role. Studies in which either the liver
graft or the host are rendered immunologically defenseless by irradiation
should eventually clarify the issue.

SUMMARY

Dogs in which livers have been replaced with hepatic homografts
usually die in 5 to 10 days. Liver metabolism is not detectably abnormal at
first, but gradual deterioration of function commences on the fourth or fifth
day.

There was histologic evidence of rejection in all dogs dying after 4
days. This ranged from minimal mononuclear infiltration to almost com-
plete destruction of parenchyma. In the longest survivor, 20-1/2 days,
histologic changes were less profound than in many animals dying earlier.

Widespread histologic changes were found in the host reticuloendo-
thelial system, involving the bone marrow, kidneys, lungs, lymph nodes,
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and other tissues. These consisted of fixed tissue proliferation and infiltra-
tion of mononuclear cells, principally plasma cells. These changes were
thought to be due to a general host reticuloendothelial response to the
antigenic stimulus of the homograft.
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The same principles used for orthotopic liver transplantation were extended to the transplanta-
tion of all of the abdominal viscera as originally reported in abstract at the American College of
Surgeons.” The perioperative mortality was 85%. The liver as part of an organ cluster was not
rejected as vigorously as after liver transplantation alone, possibly because of the large antigen
mass of the complex graft. Although graft-versus-host reactions were not well understood in 1960,
these were recognized for the first time to have been caused by a solid organ graft. Twenty-seven
years later, almost exactly the same operation was performed successfully in a child with a “short
gut” syndrome and hepatic failure.

* Starzl TE and Kaupp HA Jr: Mass homotransplantation of abdominal organs in dogs. Surgical Forum 11:
28-30, 1960
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Homotransplantation of multiple visceral organs

American Journal of Surgery, 103: 219-29, 1962
Thomas E. Starzl, Harry A. Kaupp, Jr., Donald R. Brock, George W. Butz, Jr. and James W. Linman

Recently, considerable information has been obtained on the behav-
ior of liver homografts, by Moore et al. [8] and in our own laboratory [10,
11]. The large and immunologically active liver homografts were rejected
in roughly the same time sequence as smaller and less complex tissues. In
our studies, the manner of rejection differed from the usual situation in that
widespread changes were evoked in the host reticuloendothelial system,
involving the lungs, kidneys, lymph nodes, bone marrow and other organs.
The functional response of the transplanted liver was substantially the
same, both in Moore’s studies [8] and in our own [11]. In all our animals,
jaundice developed by the fifth day, and the animals died from one to
sixteen days later.

In the present study, other abdominal viscera were added to the liver,
to constitute a relatively enormous multiorgan graft consisting of the liver,
spleen, pancreas, omentum, stomach, small bowel and colon. The behavior
of the liver as a constituent of the multivisceral graft was compared with
that previously studied with homotransplantation of the liver alone. Since
the graft contains the major portion of the reticuloendothelial system of the
body, particular attention was paid to the possiblity of a graft versus host
reaction.

METHODS

Adult healthy dogs from 10 to 20 kg. in weight were used in thirty-
eight transplantation experiments. The animals were dewormed, passively
immunized against distemper, and prepared for surgery with a two or three
day bowel preparation, using cathartics and 2 gm. of neomycin sulphate per
day. All recipient dogs were females, and most donors were males. The
donor dogs were 1 to 5 kg. lighter than the recipients. The animals were
anesthetized with 25 to 30 mg. sodium pentobarbital and placed on
respirators. Arterial pressures were monitored continucusly during and
after operation.

Blood chemical and hematologic studies were made before and at
intervals after surgery. After death, complete autopsies were promptly per-
formed and the tissues prepared for histologic study.

TECHNIC OF OPERATION
Preparation of Donor Tissues. Using two surgical teams, the
operation was started in donor and recipient dogs at the same time. The
donor animal was first cooled to 28° to 30° C. by immersion in an ice bath.

32

The abdomen was opened and the entire abdominal aorta mobilized,
ligating and dividing all branches, except the superior mesenteric artery
and coeliac axis. (Fig. 1.) Mesenteric and other posterior parietal connec-

Fig. I.— Schematic view of the transplanted tissues and their
anatomic relation to the host. The grafted tissues are not shaded.
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Fig. 2.— Addition of portacaval shunt to operation depicted in Figure

tions, including the afferent fibers to the coeliac and superior mesenteric
ganglia, were severed. The stomach was transected at the esophagogastric
junction (Fig. 1) and closed in two layers. The colon was transected in the
descending or sigmoid portions. A No. 17 gauge needle was inserted into
the portal vein, and the liver was perfused with 1,000 cc. iced lactated
Ringer’s solution. During the last half of the perfusion, the dog was bled
to death. The vena cava was then transected above and below the liver. The
aorta was cut free well above the coeliac axis. The specimen was immedi-
ately removed and immersed in a bath of iced lactated Ringer’s solution for
at least three minutes.

Procedure in the Recipient Dog. While the homograft was being
prepared, the recipient animal was opened with a long midline abdominal
incision. The rectum was mobilized, transected and closed in two layers
within 1 or 2 cm. of the anus. (Fig. 1.) The visceral attachments to the
posterior parietes were severed, and the coeliac axis and superior mesen-
teric artery were ligated and divided. The stomach was divided leaving a
small cuff at the diaphragm for subsequent anastomosis to the donor
stomach. (Fig. 1.) The femorojugular venous bypass described by Kaupp
etal. [4] was inserted, and the vena cava was grasped with Potts clamps and
severed above and below the liver. The liver, stomach, pancreas, spleen,
small bowel, colon and omentum were then removed en bloc.

The donor organs were removed from the ice bath, positioned and
revascularized. The vena cava was anastomosed above and below the liver
(Fig. 1), following which, the occluding clamps were released. The aortic
homograft was attached to the abdominal aorta by an end to side anasto-
mosis, and the specimen was arterialized. (Fig. 1.)

In five of the thirty-eight dogs, a portacaval anastomosis was also
constructed between the recipient vena cava and the donor portal vein.
(Fig. 2.) Gastrgintestinal continuity was reestablished with a two layer
gastrogastrostomy proximally and an end colostomy distally.

Postoperative Care. The animals required constant nursing care for
the first twelve to twenty-four hours after surgery. Frequent endotracheal
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Fig. 3.— Abdominal roentgenogram of Dog. No. 18 on the sixth
postoperative day. Dog had been on oral intake for four days.

suctioning was necessary. Large quantities of blood and fluid were
required continuously during this period. Although demonstrable blood
loss was often less than 300 or 400 cc., no less than 2,000 cc. were given
in any of the successful experiments in addition to 500 to 1,000 cc. saline
solution. Infusion with levoarterenol was commonly employed during the
first few postoperative hours. The administration of intravenous fluids was
discontinued after the first two days, and the dogs were allowed to eat a diet
consisting of sugar water and baby food. One million units of aqueous
penicillin were given every twelve hours until death.
RESULTS

Period of Ischemia of the Homograft. In most cases, the period of
devascularization was from sixty to seventy minutes. There were no sur-
vivors when ischemia exceeded ninety minutes.

Operative Mortality. Thirty-eight experiments were performed.
Only five dogs lived longer than twenty-four hours after operation. All ani-
mals which did not die on the first day lived for five and a half days or
longer. The remaining thirty-three died as an immediate consequence of
surgery. Inevery early death, massive gastrointestinal hemorrhage was the
primary cause of death.

Early Course After Homografting. The recipient animals generally
remained in good condition during evisceration, placement of the graft and
anastomosis of the vena cava. With restoration of the arterial supply to the
graft, all dogs became profoundly hypotensive, usually with a blood
pressure of 60 mm. Hg or lower, despite rapid transfusion. At least 1,000
cc. of whole blood was necessary to restore the blood pressure. Initially, the
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Fig. 4.— Development of chemical jaundice with rise in alkaline

phosphatase, seen in three of the five long-surviving dogs.

color of the stomach and bowel was pink, but after thirty or forty minutes,
faint cyanosis developed as blood sequestration occurred in the graft.
Large quantities of clear or straw-colored fluid transuded the lumen of the
gut. Lymphatics on the surface of the stomach and intestine became
distended and formed serous blisters. After a time, the liver became dark
in color and firmer than normal. Secondary bleeding from vascular
anastomoses often developed. Slow infusion with levoarterenol was
sometimes effective in combating the shock state Chlorpromazine,
Arfonad,® reserpine and Pitressin® were of no value.

After closure, a profuse serous diarrhea ensued necessitating con-
tinuous blood and fluid therapy. In most animals, the diarrhea became
bloody, and death followed from massive gastrointestinal hemorrhage in
one to twenty-four hours. In the five surviving dogs, the diarrhea abated
after twelve to eighteen hours. Further intensive care was not required.

In the early deaths, hemorrhagic gastroenteritis was invariably pres-
ent at autopsy. All levels of the gastrointestinal tract were involved, but the
most profound changes were usually in the duodenum. Histologic studies
showed congestion, extravasation of blood, edema and sloughing of the
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Fig. 5.— Absence of jaundice in two of the five long-surviving dogs.
Note rise in alkaline phosphatase.

34

140+
]
— 120} °
2
%'oo
] -
E s .
= !
. < ° °
o
& 80t§ ) ®
2
w
el L]
g 6o} ° * .
o
o
€ 4o} . d
=
v
o
(S
20+
o J
0 I 2 3 4 5 6 7 8

Days after transplantation

Fig. 6.— Fasting blood sugars in the five long-surviving dogs. Note
usual absence of pronounced hypoglycemia.

alimentary tract. The other graft organs were also congested. Multiple
punched-out duodenal ulcers were common.

The gastrointestinal hemorrhages were apparently not due to acute
elevations of portal pressure. In five dogs, a portacaval shunt (Fig. 2) was
placed between the donor portal vein and the recipient vena cava. Four of
these animals died of alimentary bleeding.

Maximal Survival. The five dogs surviving the immediate postopera-
tive period lived for five and a half, six, seven, nine and nine days, respec-
tively. Fluid requirements abruptly decreased after the first day, and no
parenteral therapy was given after forty-eight hours. High carbohydrate
diet consisting of brown sugar solution and baby food was started on the
third day. Vomiting was rare until just before death.

Physical activity of the dogs was somewhat reduced, but otherwise
they seemed normal. Liquid colostomy drainage was continuous but not
excessive in quantity. Terminally, in all dogs tarry or frankly bloody fecal
drainage developed. The transit time of ingested material was rapid, and
food was often undigested. Abdominal roentgenograms usually did not
show an abnormal gas pattern. (Fig. 3.)

Most animals were febrile during their entire course. Pulse rates rose
just before death. The dogs lost weight rapidly. After four to eight days,
activity became sharply reduced, followed by vomiting and death in twelve
to twenty-four hours.

Chemical Studies. In three of the five long-surviving dogs, jaundice
developed on the fourth or fifth postoperative day. (Fig. 4.) Jaundice was
progressive and involved parallel increases in both the direct and indirect
reacting bilirubin. Corresponding rises occurred in the alkaline
phosphatase. (Fig. 4.) In the other two animals which lived for nine days,
the bilirubin remained within normal limits. (Fig. 5), although the alkaline
phosphatase increased. (Fig. 5.)

Determinations of fasting blood sugars were performed at frequent
intervals postoperatively. Hypoglycemia occurred uncommonly. (Fig. 6.)

Amylase values were abnormally high in three of five dogs. In all five
animals, cholesterol levels rose, and in every case at least 30 mg. per cent
esters were present at the time of the last determination before death.
Protein and albumin: globulin ratios followed an unpredictable pattern.
Blood urea nitrogen was elevated in only one animal. Calcium and
phosphorus levels were within normal limits.

In all five dogs extreme electrolyte aberrations developed with
severe hyperchloremic acidosis. Terminally, bicarbonate fell to as low as
7 mEq./L. and chlorides were as high as 120 or 130 mEq./L.

Urine Studies. Persistent albuminuria developed by the third day.
The albumin loss was 4 plus at all times from the third day on. Concentrat-
ing power was retained, however, throughout the entire course, and
shifting urinary pH’s were demonstrated as late as the eighth day.
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Fig. 7.— Liver after nine days, from Dog No. 18, in which jaundice did not develop. A, magnification X 65; B, magnification X 350.
Fig. 8.— Liver after seven days, from Dog No. 4, in which jaundice developed. A, magnification X 65; B, magnification X 350.
Fig. 9.— Donor spleen, after nine days, from Dog No. 19. A, magnification X 65; B, magnification X 350.
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A

B

Fig. 10.— Donor lymph node from mesentery of graft in Dog No. 26. Animal lived five and a half days. A, magnification

X 30; B, magnification X 600.

In the three dogs with jaundice, urobilinogen disappeared from the
urine by the fourth day, and bile appeared. In two dogs without jaundice,
urinary bile was not detected, and urobilinogen was excreted until death.

Hematologic Studies. Since the circulating red blood cell mass was
maintained by blood transfusions, the peripheral erythroid values could not
be used as parameters of myeloid erythropoietic activity or blood loss. In
the immediate postoperative period, each animal manifested a moderate
leukocytosis due to a relative and absolute neutrophilia. Rather prompt
subsidence of the leukocytosis was observed. In the animals which sur-
vived for nine days, the leukocyte counts had fallen on the sixth and seventh
days to 4,500 and 4,700 per cu. mm., respectively. On the day before death,
the white blood cell count was 4,200 per cu. mm. in one of these dogs.
However, it had risen to 17,000 per cu. mm. in the other. Alterations in
thrombocytes were not detected in these relatively short-term experiments.

Autopsy Findings. In the long-term survivals, postmortem examina-
tions revealed abnormalities in both donor and recipient tissues. Two of the
five dogs had small pleural effusions. Despite the fact that no intravenous
fluid therapy was given after forthy-eight hours, each dog had severe
generalized pulmonary edema. In two cases, there was also focal atelecta-
sis. In all animals, the right ventricle had patchy granular areas, principally
subepicardial. These lesions were previously shown to be due to the trauma
of massive surgery [10].

The abdominal cavities contained 250 to 800 cc. of fluid. In some
animals, this material was serous, and in others it was bile or blood stained.
The gastrointestinal tract had profound changes. In all cases, there were
mucosal or submucosal hemorrhagic areas at some level of the alimentary
tract, usually associated with slough or edema. The changes were most
marked in the duodenum and were accompanied by multiple deep ulcers

Fig. 11.— Small intestine of Dog No. 4, seven days after transplan-
tation (magnification X 18). Note congestion, edema and superficial
slough.
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in four dogs. In three dogs, the bowel was constricted; in the other two, it
was dilated and appeared almost necrotic. In two animals, there was fat
necrosis and other evidence of pancreatitis.

The transplanted livers were moderately enlarged and cut with a firm
granular sensation. The spleens were slightly enlarged, somewhat mushy
and generally dark. The kidneys and adrenals were normal in four dogs and
congested in the fifth.

The gastrointestinal anastomoses healed well. There were no rup-
tures of the suture line. Venous anastomoses remained patent, but in two
dogs there were partially occluding thrombi at the aortic anastomoses.

Mesenteric lymph nodes were greatly enlarged and edematous. In
two animals, the mesenteric lymphatics were injected with methylene
blue, but no lymphatico-venous communications could be demonstrated.
The recipient lymph nodes, of which the mediastinal group were most
extensively dissected, were not enlarged.

Histologic Findings in Homograft Tissues. The architecture of the
liver was relatively well preserved. The two dogs which lived for nine days
and did not become jaundiced had almost normal livers. There was slight
central cell loss in some areas, and none at all in others. (Fig. 7.) The
periportal mononuclear infiltrate, which was so prominent with ho-
mografts of the liver alone [11], was absent in some sections and present

Fig. 12.— Duodenal ulcer in Dog No. 18, after nine days (magnifi-
cation X 25).



CLIO CHIRURGICA

Fig. 13.— A, bone marrow from normal dog showing active gran-
ulopoiesis and erythropoiesis (magnification X 900). B, marrow from Dog
No. 26, showing a cellular specimen with extensive replacement of normal
myeloid elements by a relative and absolute increase in lymphocytes,
reticulum cells and plasma cells (magnification X 900).

to a rather minimal degree in others. (Fig. 7.) Fatty metamorphosis which
was thought to be due to nutritional depletion was present.

The three dogs which survived for five and a half, six and seven days
and in which jaundice developed had more pronounced histologic abnor-
malities. There was a significant degree of central cell loss. (Fig. 8.)
Periportal aggregates of mononuclear cells were more prominent. (Fig. 8.)
However, even in this group, architectural distortion was far less than has
been observed with transplantation of the liver alone.

Architecture of the spleen was preserved, although considerable
congestion was present in four of the five animals. (Fig. 9.) Malpighian
corpuscles were present (Fig. 9), but were sometimes compressed by
congestion of the red pulp or partially replaced with a multitude of plasma
cells. In the dogs which survived nine days, giant cells (Fig. 9B), which
resembled megakaryocytes, and increased numbers of normoblasts were
observed. In two dogs diffuse sheets of mononuclear plasmacytoid cells
Wwere seen in the red pulp.

The lymph nodes in the mesentery of the graft were studied. There
Was some distortion of the peripheral lymph channels because of the nec-
essary ligation of the central drainage pathways near the coelic and
mesenteric ganglia. Proteinaceous material and numerous macrophages
filled the distended lymph vessels. The cortices were anatomically pre-
served with demonstrable follicles. (Fig. 10.) However, the follicles were
reduced in size and number and infiltrated with a variable number of
Plasma and reticulum cells. (Fig. 10B.) The pulp also contained an in-
Creased number of plasma and reticulum cells. Throughout the nodes in
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tation (magnification X 350). Note pulmonary edema and proliferative
thickening of alveolar septa.

two dogs, anomalous plasmacytoid cells with an abundant pink cytoplasm
were present. ;

All portions of the gastrointestinal tract had similar changes, al-
though these were most extensive in the duodenum. There was congestion
of the entire wall of the viscus, usually with edema. (Fig. 11.) The mucosa
was commonly ulcerated focally (Fig. 11), and in some cases there was
massive slough. The duodenum in four dogs had deep punctate ulcers. (Fig.
12.) The wall was infiltrated with polymorphonuclear cells in the cases
with slough, and there was always some degree of infiltration with
mononuclear cells. In four of the five dogs, there was acute pancreatitis
which was indistinguishable from that produced by a variety of experimen-
tal methods. In the fifth animal, there was pancreatic perivascular infiltra-
tion of plasma cells and evidence of fixed tissue proliferation.

Histologic Findings in Recipient Tissues. Marrow examinations
revealed cellular specimens with striking abnormalities. (Fig. 13.) Normal
myelopoiesis was largely replaced by relative and absolute increases in
plasma cells, lymphocytes and reticulum cells. Plasma cells comprised
approximately 15 to 20 per cent of all nucleated cells. In addition to the
marked decrease in erythropoiesis and granulopoiesis, megakaryocytes
although present were relatively infrequent.

Pulmonary edema was present in all animals. (Fig. 14.) Proliferation
and thickening of the alveolar septa were present. In one animal, alveolar
thickening was marked (Fig. 14), and multinucleated cells resembling
megakaryocytes were seen. The kidneys showed no perivascular infiltra-
tion of mononuclear cells. However, there were occasional plasma cell
aggregates in the perirenal and periadrenal tissues. There were focal
myocardial infarcts with varying degrees of organization.

Recipient nodes from the mediastinum showed thinning of the cortex
and a decreased number or total absence of follicles. (Fig. 15.) The nodes
contained increased numbers of plasma and reticulum cells, often atypical.
(Fig. 15B.) Skeletal muscle appeared normal.

COMMENTS

Previous studies in several laboratories have clarified the behavior of
homografts of the individual organs which make up the complex graft used
in the present study. The bowel [6], liver [8,11] and spleen [8] are usually
rejected in five to ten days. The technical problems of transferring the
multivisceral graft are less than with transplantation of the individual
organs. Only three vascular anastomoses are involved, and these are of
large caliber vessels. Despite this, the rate of success in obtaining dogs for
long-term study was only five in thirty-eight, or 13 per cent.

In the failures, the usual cause of death was congestion and hemor-
rhage in the intestinal tract. The bowel congestion was apparently not due
to acute portal hypertension, because the addition of portacaval shunts did
not prevent its development. Similarly, the congestion could not be ex-
plained by excessive ischemia. Lillehei et al. [6] have shown that segments
of the bowel can tolerate three or four times more ischemia than was in-
flicted under the conditions of these experiments.
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Fig. 15.— Recipient lymph node from mediastinum of Dog No. 36 after six days. A, magnification X 30; B, magnification X 600.

The failures may by explained by the denervation of the graft. The
neuroanatomic state of the graft is depicted in Figure 16. All preganglionic
fibers of the parasympathetic system were severed. The sympathetic
ganglionic neurons were transported with the graft (Fig. 16) but were
separated from all connections with the central nervous system. Popielski
[9], Berger and Lium [1, 7] and Lillehei and Wangensteen [5] have studied
the effects of sympathetic denervation of the bowel in dogs. After
extirpation of the coeliac and mesenteric ganglia, mucous or bloody diar-
rhea commonly developed. The bowel became edematous and hyperemic
with mucosal and submucosal petechial hemorrhages and slough. These
changes are comparable to those seen in the present study. An additional
contributory factor may have been the obstruction to outflow of lymph in
the graft.

The behavior of the liver in the present studies is of interest when
compared with the fate of single whole organ hepatic homografts as studied
by Goodrich [3], Moore [8], Starzl [11] and their associates. In both types
of experiments, most of the dogs which survived surgery lived for five to
ten days. The events leading to death were not, however, entirely similar.
When the liver was transplanted alone, bile production ceased after four or
five days and, in our experience, jaundice invariably developed by the fifth
or sixth day. In most cases, death was thought to be due to cessation of
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Fig. 16.— State of denervation of multiple organ graft.
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function of the graft. In three of the multiorgan grafts, a similar pattern of
early jaundice was seen. In the other two animals, however, jaundice did
not develop during the nine days of survival. Urobilinogen persisted in the
urine of these two dogs.

Some differences in the histologic appearance of the two kinds of
liver homografts were also noted. The liver, when transplanted alone, was
in our experience [11] commonly the site of extensive parenchymal
destruction at the time of death. In every case, periportal aggregates of
mononuclear cells were prominent. As part of the multiorgan homograft,
hepatic parenchymal destruction was extensive in only one animal.
Mononuclear cell aggregates in the periportal area were usually not
prominent, and in the dogs in which jaundice did not develop, this
histologic feature was virtually nonexistent.

The response of the host to the presence of the multiple organ graft
also differed in some respects from the host reaction to the single organ
liver homograft. After homografts of the liver, pulmonary edema occurred
uncommonly [11]. Prompt and sustained leukocytosis developed. Despite
cortical thinning and an increased number of plasma cells, the recipient
lymph nodes retained a recognizable architecture [11]. In dogs with the
multiple organ graft, pulmonary edema of such severity developed even-
tually that it may have been the direct cause of death in every case. The
majority of these dogs ultimately had decreases in the white blood cell
count. The increases in bone marrow plasma and reticulum cells were more
striking, and there was apparent suppression of normal bone marrow
activity. Finally, the architecture of the recipient lymph nodes was altered
markedly. A definite cortex could rarely be identified, and the follicles
were entirely absent in some dogs.

The difficulty of evaluating the inter-reaction between immunologi-
cally competent host and graft tissues has been emphasized by Billingham
[2]. Histologic changes in donor or recipient organs could represent
activity by either host or recipient tissues or both. Despite this limitation
in the interpretation of data, there is evidence that the relation to the host
of the multiple organ graft is quantitatively different than that of the single
organ liver graft. The greater degree of structural and functional preserva-
tion of the liver in the multiple organ graft suggests mitigation of the
rejection process.

Conversely, evidence for a graft versus host rejection response is
stronger in the recipients of multiple organs than in those receiving the liver
alone. In animals receiving the liver alone, there was no evidence of
functional deterioration of any of the host organ systems. After multiple
organ grafts, there was evidence of host organ failure. Examples included
suppression of bone marrow activity and the invariable development of
pulmonary edema. However, the precise roles of graft and host tissues in
the production of these changes cannot be ascertained from our data.
Evaluation of the extent of host versus graft and graft versus host reactions
will depend on studies in which either the host or the graft is rendered
immunologically incompetent by radiation or other means.
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SUMMARY

It was technically possible to perform simultaneous homotransplan-
tation of multiple visceral organs including the liver, spleen, pancreas,
omentum and the entire gastrointestinal tract. Arterialization of the cooled
graft was accomplished through the donor aorta which was removed with
the graft and attached to that of the recipient dog. Gastrointestinal hemor-
rhage after surgery accounted for a high operative mortality and was
thought to be due to denervation of the graft.

The five dogs which survived the immediate trauma of surgery lived
for five and a half to nine days. After the second day, these animals were
physically active and able to resume oral alimentation. In three dogs, there
was metabolic evidence of rejection of the liver. In two others, jaundice did
not develop.

These observations were compared with chemical, hematologic and
pathologic data obtained in previous experiments involving homotrans-
plantation of the liver alone. In some cases, there was less evidence of host
versus graft rejection after the multiple organ transplants. Other data in the
present study suggested the possibility that a significant graft versus host
reaction may have been an important contributory cause of death.
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In the late autumn of 1967, Dr. Carl Groth, then a fellow in
transplantation at the University of Colorado, was photographed with
three of the first human survivors after liver replacement. The child on
Dr. Groth's knee lived for 400 days before dying of metastases from the
hepatoma for which she was originally treated.

In unmodified dogs, the changes in hepatic blood flow caused by rejection were measured with
a xenon washout technique. Flow invariably was reduced with rejection. The flow alterations were
correlated by Professor K.A. Porter of St. Mary's Hospital and Medical School, London with light
microscopic and ultrastructural changes detected in serial biopsies. A more coherent and dynamic
view of rejection emerged from these studies. Porter still is at St. Mary’s where he is Professor of

Pathology.

Kendrick A. Porter is Professor of Pathology, The St. Mary's
Hospital and Medical School, London. In September 1963, Ken
Porter and TES (then at the University of Colorado) met at a meeting
about renal transplantation held at the National Science Foundation
inWashington, D.C. The results being obtained with renal transplan-
tation in Colorado were so striking that Dr. Porter came to Denver to
review what was going on there. From that visit came a collaboration
that has lasted for more the two decades. Dr. Porter's chapters in
Starzl's books on renal (1964) and hepatic (1969) transplantation
were monographs in their own right. Dr. Porter's talents soon turned
to an assessment in various experimental models of the effect upon
liver morphology of portal venous as opposed to systemic blood.
The histopathologic changes became the most important end
points in many of the complex experiments that were used to
examine the hepatotrophic hypothesis (see Part IV). As befits an
Englishman, Dr. Porter's principal side interest is gardening.
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Studies of blood flow and ultrastructural changes in rejecting

and nonrejecting canine orthotopic liver homografts

Surgery, 63: 658-68, 1968

Carl G. Groth, K. A. Porter, Jean B. Otte, Pierre M. Daloze, Thomas M. Marchioro,
Lawrence Brettschnider, Thomas E. Starzl

It has long been thought, on the basis of observations with vital
microscopy, that a sudden decrease occurs in the blood flow of skin
homografts at the time of their rejection.'*? There is evidence that the same
is true in homotransplanted whole organs. In 1953, Dempster* demon-
strated a striking loss of small branches of the arterial tree in renal
homografts which were excised during their rejection and studied by
means of angiography. More than 10 years later, Kountz and associates’
and Williams™ and their associates obtained serial flow measures in canine
kidney homografts with a radioactive-hippuran technique. In untreated
recipients, there was a decline in total renal flow which was most dramatic
at the time of rejection.

Shortly after, it was reported that rejection after clinical renal
homotransplantation was accompanied by changes which could be readily
explained only by ischemia. These included a drop in urine sodium
concentration, an increase in urine urea and creatinine concentration, olig-
uria, a reduction in creatinine clearance, and arterial hypertension.’ The
findings, which simulate those which can be produced experimentally by
partial occlusion of a renal artery, were in patients who had developed
rejection while receiving azathioprine therapy. They were quickly re-
versed with the addition of prednisone. Subsequent studies in dogs have
confirmed both that a reduction in blood flow is coincident with renal
homograft rejection’***'** and that this change can be prevented or
reversed with appropriate immunosuppressive therapy.®'®

Such studies have raised the possibility that ischemia is an important
general mechanism of rejection. In the present study this question has been
examined in liver transplants by determining hepatic blood flow in both
treated and untreated recipients of orthotopic homografts. In addition, a
Separate electron microscopic study was made with serial liver biopsies
from untreated recipients, with the special objective of looking for ultras-
tructural abnormalities in either large or small blood vessels which could
explain hemodynamic changes.

Methods
Experimental groups. Mongrel dogs, with an average weight of 8
t0 16 kilograms, were immunized against hepatitis and distemper and used
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as homograft recipients. Orthotopic hepatic transplants were performed, as
previously described,” with pentobarbital anesthesia combined wih the
tranquilizer, phencyclidine hydrochloride. Dogs that died of technical
complications or intussusception were excluded. Serum bilirubin, alkaline
phosphatase, serum glutamic oxalacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT), and complete blood counts were
obtained frequently in all animals. The patency of vascular anastomoses
was established at autopsy.

Group 1. The liver flow was studied in 10 unmodified recipients. In
8 of these, serial postoperative measurements were done daily or every
other day until the death of the animal; in the other 2, measurements were
done only on the first posttransplant day. In 9 of these experiments the liver
blood flow was also measured in the donor animal on the day before
transplantation.

Group 2. Fiverecipients were administered antilymphocyte globulin
(ALG) and azathioprine. ALG was given daily for 5 days pretransplant and
30 days after operation; subsequent injections were twice a week. The
preparation and the dosage of ALG was the same as in previous reports
from this institution.*"* Azathioprine was given daily from the day of
transplantation. The dose varied between 1 and 8 mg. per kilogram of body
weight per day, depending on the white blood cell count of the animal.
Blood flow measurements were done for as long as 19 days, usually every
third day.

Group 3. Five untreated recipients were used for pathologic studies.
The donor liver was biopsied before transplantation. Post-operatively,
biopsies were obtained every second or third day until death. Each tissue
sample was divided into 3 pieces. The first piece was immediately diced
up into tiny fragments, fixed in osmium tetroxide, processed, and embed-
ded in Araldite. Sections 0.5u thick were cut, stained with Azur II, and
examined by light microscopy. Later, very thin sections were examined in
a Siemens Elmiskop 1A electron microscope. The second piece was snap-
frozen at-70°C., and sections cut on a cryostat were examined in ultraviolet
light after treatment with fluorescein isothiocyanate-conjugated antisera to
canine IgG and complement. The third piece was fixed in 10 percent
formalin, processed, and embedded in paraffin wax. Sections were exam-
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Fig. 1.— The placement of indwelling catheters in the portal and
hepatic arterial systems in the donor (A) and the recipient animal (B). Note
that the gastroduodenal artery in the donor is tied to ensure delivery of the
isotope solely to the liver.

ined by ordinary light microscopy after they had been stained with
hematoxylin and eosin, van Gieson’s method for elastic and methyl green
pyronin.

Flow studies. The liver blood flow was studied in the unanesthetized
state by measuring the washout of the inert, radioactive gas, xenon-133.
The procedure was essentially the same as that used by Hollenberg and
Dougherty.* Approximately 500pc of Xe'* dissolved in 1 to 3 ml. of
isotonic saline was rapidly injected through indwelling catheters in the
portal and the hepatic arterial systems (Fig. 1), giving a peak radioactivity
over the liver of 30,000 to 100,000 counts per minute. To obtain return to

background radioactivity between the injections, 10 to 30 minutes were
required. The washout of the isotope was monitored externally with a
collimated, 1 inch sodium iodide crystal scintillation detector mounted
above the liver approximately 1 cm. from the dog. A linear rate meter and
a recorder were used.

To obtain the disappearance rate constant, K, the curves were
replotted in a semilogarithmic system where K= log 2,

T,, being the half time of disappearance. In most insnlﬁ'lces the first 9/10 of
the semilogarithmic plot was an apparently straight line, only the last part
being curved (Fig. 2, A). In some others, the plot was a curved line through-
out (Fig. 2, B). The first type was regarded as an essentially one-compart-
ment system, and T was assessed directly from the straight part of the plot.
In the other type a second compartment was subtracted graphically,and T |
, for this and the resulting first compartment were assessed. The flow in the
second compartment was always less than 20 percent of that in the first, and
in the results only the flow values for the first compartment are given.
Knowing K, the blood flow was calculated as follows*:

Flow (ml. per 100 Gm liver per minute)* = L X 100 X K
P

Where L is the partition coefficient between tissue and blood (this was
calculated for the prevailing hematocrit according to Veall and Mallett®
with the relative solubility values of Xe'* in plasma, erythrocyte, and liver
given by Conn."), and P is the specific gravity which for the liver is 1.02."

If the solubility of Xe'* in liver tissue were to change during
rejection, a systematic error would be introduced in the flow calculations.
The relative solubility of the isotope in normal and rejected liver tissue was,
therefore, compared in two experiments, in vitro. After the livers had been
perfused with lactated Ringer’s solution until they became clear of blood,
equal aliquots of homogenized tissue were mixed with equal amounts of
Xe' in gas sampling tubes at 37° C. for 30 minutes. The average ratio
between the activity in homogenates of normal liver and rejected liver
homografts were 0.91 and 1.02, respectively. It was concluded that the
same solubility value could be used throughout without inducing an error
exceeding 10 percent.

Concomitant with the blood flow studies, cardiac output was meas-
ured by an indicator dilution method with Xe'* as the tracer substance."” An
isotonic saline solution of the isotope was infused at a known constant rate
(R) into the systemic venous circulation, and samples were taken in the

* It should be emphasized that flow values obtained on portal and arterial
injection (designed FPI and FAL, respectively) do not represent an absolute measure
of fractional flow from either source, as will be discussed later.

50,000 A 50,000
10,000 10,000
CPM ¢
5,000 5,000
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.
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. 2
1000 1000
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Fig. 2.— Semilogarithmic plots of typical disappearance curves following injection of Xe133. Usually most of the plot was a straight line (A). In some
instances, however, it was a curve that could be resolved into 2 compartments (B).
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ulmonary artery through a cardiac catheter. After counting the activity per
milliliter in the infused solution (I) and in the mixed venous blood (B), the
cardiac output was calculated according to the formula:

Cardiac output milliliters per minute =1 y p
B

Results

Liver blood flow in normal dogs. The mean FPI and FAI in 19
normal dogs studied with the present technique were 221+ 52 (SD)
milliliters per 100 Gm. tissue per minute and 178 + 50 (SD) ml., respec-
tively.

yLiver blood flow in untreated recipients. In the 9 experiments in
which studies were obtained before and one day after transplantation, the
hepatic blood flow was usually slightly lower in the recipient than it had
previously been in the donor. The declines in FPI and FAI were of the same
magnitude. Part of the difference in flow could be accounted for by lower
cardiac outputs in the recipient animals. Mean values are given in Fig. 3.

Of the 8 dogs that were studied serially after transplantation, 7 died
of rejection after 6 to 10 days, with a mean survival of 8 days. In these
animals, there was a progressive deterioration in liver function.
Postmortem microscopic examination of the livers showed typical features
of rejection.” A decrease in liver blood flow occurred concomitantly with
the deterioration in hepatic function (Fig. 4). The decreases in FPI and FAI
were ultimately 41 and 54 percent, respectively. The mean changes in the
cardiac output were small (Fig. 4) and could not account for the changes
in flow.

One of the untreated recipients lived for 22 days and ultimately died
with pneumonia and wasting. Until death the dog’s liver chemistries were
normal, except for an elevated alkaline phosphatase. There was no histol-
ogic evidence of rejection. During the first 3 postoperative days, this
animal had a subnormal liver blood flow as well as a reduced cardiac
output. Subsequently, both values became supernormal for a few days and
then settled within normal limits until the last day of study.

250 (9) (9)
o § r-
Xx
T8 FPI
£ & 225
S
E €
~
5 €
2 2004 . FAI
= 3 T
39
Q ~
T o
< o 757 %@\_ [
g9 ey
33
150 J
~
1000 100 10 - 3
Y
w| &GP
2
<
@
~
500 SO0 51
2
=~ € =2E
$28338
DEXT§ S
=S S = o
OW o @E
(G-
082 I8 o
DONOR RECIPIENT
DAY BEFORE DAY AFTER
TRANSPLANT ~ TRANSPLANT

Fig. 3.— Liver blood flow as measured by portal injection (FPI) and
hepatic arterial injection (FAI) in the donor and recipient on the days before
and after transplantation. Cardiac output and liver function are also shown.
Mean values + SE in 9 experiments are depicted.

Liver blood flow in recipients given immunosuppression. One of
the 5 dogs treated with ALG and azathioprine died with typical features of
rejection 13 days postoperatively. None of the remaining animals had a
clinically diagnosed rejection during the first 20 days. One died after 14
days of an anaphylactic reaction during a blood transfusion. One died after
4 months and 4 days due to an intestinal volvulus; histologically, the
homograft was normal except for a few mononuclear cells in the portal
tracts. The other 2 are still alive after 7 months.

The changes in blood flow in the dog that died of early rejection were
similar during the first 9 days to those in unmodified recipients; the flow
decreased concomitantly with a deterioration in liver function. However,
on the eleventh posttransplantation day, the flow improved at the same
time as the liver chemistries had begun to return toward normal. The
cardiac output was unchanged during these events. On the thirteenth post-
operative day, the day of death, there was again a drop in blood flow along
with a deterioration in liver function. At this time, cardiac output was also
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Fig. 4.— Liver blood flow, cardiac output, and liver function in 7
unmodified recipients that died of rejection. The mean values + SE are
shown, as well as the number of observations (in parentheses) for each day.
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Fig. 5.— Liver blood flow, cardiac output, and liver function in a
recipient receiving immunosuppression. The animal died of rejection 13
days after transplant. Note the concomitant improvement of flow and liver
function on Day 11, indicating reversibility of the flow changes.

Fig. 7.— Biopsy, 4 days after transplantation, of an hepatic homograft in an untreated dog. Electron micrograph showing a central hepatic vein.
Lymphocytes (ly), platelets (p), and fibrin (f) lie beneath the endothelial lining (end) of the vessel. Fluid and cells lie in the perivascular space (per = pericyte;
m = macrophage; /u = lumen of vein). (Lead stain. x 2,250.)
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markedly decreased (Fig. 5).

The remaining 4 animals, which had little or no evidence of rejection
as judged by liver function tests, did not have any significant changes in
blood flow or cardiac output during the study period of 13 to 19 days (Fig.

Serial pathologic changes in rejecting liver homografts. The 5
untreated dogs had evidence of a typical rejection, as judged by liver
chemistries. All died in 4 to 9 days. The biopsies obtained on Day 2 showed
slight dilatation and congestion of the centrilobular sinusoids and damage
to a variable number of the hepatocytes in the central zones of the lobules.
In the injured cells there was dilatation and destruction of the rough
endoplasmic reticulum, clumping of swollen mitochondria, and shedding
of cytoplasm. Macrophages containing ingested fragments of cytoplasm
and organelles were present in the tissue spaces. These cells, together with
neutrophil polymorphonuclear leukocytes and occasional lymphocytes,
were common around the portal and central veins. The lymphocytes were
ordinary, small lymphocytes, with few organelles in their cytoplasm. No
immunoglobulins were detected at this stage.

By the fourth day cellular infiltration was marked around the portal
and central veins. Large lymphoid cells with pyroninophilic cytoplasm that
was full of polyribosomes, but lacking in rough endoplasmic reticulum,
were common and could be seen beneath the endothelium of the veins
(Figs. 7 and 9) and in the space of Disse. Some were touching the endothe-
lial cells. The tenuous walls of many of the centrilobular sinusoids
appeared disrupted (Fig. 8), and fibrin lay in the venous subendothelial
spaces (Figs. 7 and 9). A few plasma cells with abundant rough endoplas-
mic reticulum were present, particularly in the portal tracts. The centrizo-
nal hepatocytes were now necrotic, and in one hepatic homograft the

centrilobular bile canaliculi lacked microvilli and contained bile plugs.
Immunofluorescence showed no deposits of immunoglobulin G and
complement in the vessel walls, but the cytoplasm of several of the
infiltrating cells “stained” positively for IgG.

The later biopsies were less instructive. Necrosis of hepatocytes was
widespread, and large numbers of lymphoid cells, many macrophages,
some polymorphs, and plasma cells were present in the portal and central
zones and lying between the necrotic hepatocytes. The lumina of several
of the central veins were completely blocked by collections of infiltrating
mononuclear cells. Cholestasis was pronounced in the better-preserved
peripheral areas of the lobules. In one hepatic homograft, 8 days after
transplantation there was deposition of IgG and complement in the walls
of several small arteries, and, ultrastructurally, a homogeneous, finely
granular deposit was present between the endothelium and the internal
elastic lamina. By light microscopy a few of these affected arteries showed
“fibrinoid necrosis” of their walls. No deposits of immunoglobulin or
complement were found in the other homografts.

Discussion

Techniques for liver blood flow determination during rejection must
be independent of liver function. The measurement of the clearance of inert
radioactive gases fulfills this requirement and has the further advantage of
permitting daily studies with a minimum of manipulation of the animal.
The method does not differentiate clearly between the fractional contribu-
tion to total liver blood from the hepatic arterial and portal venous sources
since there is variable presinusoidal or intrasinusoidal communication of
the 2 vascular systems."? Consequently, the washout of the isotope is not
due solely to tissue perfusion by the vascular system which receives the

Fig.8.— Biopsy of canine hepatic homograft, 4 days after transplantation. Electron micrograph showing a centrilobular sinusoid. The endothelial lining
(end) is ruptured at the point marked with arrow. The space of Disse is wider than normal and contains a red cell (rbc) and fluid (f7). A lymphoid cell (ly)
anq two erythrocytes (rbc) are present in the lumen (/) of the sinusoid. The adjacent hepatocytes (hep) are injured, as shown by swelling and clumping of
their mitochondria and loss of their rough endoplasmic reticulum. (Lead stain. x 6,000.)
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Fig. 9.— Biopsy of untreated canine hepatic homograft, 4 days after transplantation. Electron micrograph showing part of wall of a vein
in a small portal tract. The wall is infiltrated by lymphocytes (ly), macrophages (), and fibrin (f) (/u = lumen of vein; end = endothelial lining

cells.) (Lead stain. x 6,000.)

injection. Nevertheless, the fact that the flow values actually differ with the
route of isotope administration indicates that the intrahepatic mixing is in-
complete.>"

The results obtained with this method after homotransplantation of

the liver show that total liver blood flow decreases significantly at the time
of rejection. Conversely, the decline was not seen in one untreated animal
which did not have arejection, and it was prevented altogether in other dogs
which received adequate immunosuppression. On one occasion, flow fell
during rejection in a treated animal and was later restored when liver
chemistries began to improve.
Some indirect evaluation of the importance of relative changes in portal
and hepatic arterial circulation can be deduced from observations of
Hollenberg and Dougherty.’ They found that total occlusion of the hepatic
artery decreases both the FPI and FHI to about 2/3, while occlusion of the
portal vein decreases FHI to approximately 1/3 of control values. The
recorded changes in our animals would thus seem to be best explained by
a decrease in both portal and arterial flow. The decrease might well,
however, be more marked in one of these systems than in the other.

In those animals which had clinically evident rejection, the reduction
in liver blood flow did not precede the characteristic abnormalities of liver
function. The temporal relation between flow alterations and the biochemi-
cal changes was almost absolute. Thus, the order of events was not
completely comparable to that reported in rejecting canine kidney ho-
mografts in which renal blood flow has been noted prior to any deteriora-
tion in function.*'*

Nevertheless, the findings confirm earlier suspicions that there is an
important component of ischemia in the rejection of liver homografts. On
the grounds of histologic findings, it was initially suggested that blood flow
was choked off at a sinusoidal level.** Subsequently, Moore and his
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associates’ proposed, on the basis on angiographic evidence, that lesions
of larger vessels within the portal tracts were responsible for devasculari-
zation of discrete, rather large areas of hepatic parenchyma. The hypothe-
sis was weakened, although not refuted, by the rarity of structural abnor-
malities of these larger vessels in the liver homografts of either treated or
untreated recipients.” In the latter study, the possibility was raised again,
on the basis of preliminary electronmicroscopic observations, that injury
to the sinusoidal bed was responsible. In some areas, mononuclear cells
were found to be fused to, and presumably damaging, the centrisinusoidal
endothelium. The possible analogy was pointed out between these findings
and the peritubular capillary lesions described by Kountz’ and Porter'' and
their associates in rejecting renal homografts.

The fact that blood flow is rapidly restored upon reversal of rejection
could be explained by an initial mechanism of heightened vasomotor
reactivity, although an attempt by Moore and his associates’ to affect the
course of rejection by intra-arterial administration of a vasodilating agent
was not successful. Consequently, the principal effort in the present study
was to find an anatomic explanation for the hemodynamic changes. The
findings with electronmicroscopy suggest that the reduced blood flow is
mainly due to damage to the veins and sinusoidal bed of the homograft. The
sinusoids appear to have actually disrupted, while the central veins became
narrowed by masses of cells in their lumina and by cells and fibrin lifting
the endothelium from the vessel wall. The portal veins showed similar
changes in their walls, but their lumina were less frequently filled with
infiltrating cells. Platelet aggregates were not seen in these vessels.

These findings are compatible with the hypothesis that acute rejec-
tion in the untreated hepatic homograft is predominantly cell mediated. We
have no evidence that circulating antibody plays a significant role at this
time. Deposition of IgG and complement on and in vessel walls was not
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apparent until 8 days after transplantation, at a time when the rejection
process was far advanced. Paronetto and associates,' in their studies on
auxiliary hepatic homografts without a portal blood supply, also found that
gammaglobulin did not appear in the walls of the hepatic arteries until the
second week after transplantation. There is still no proof that the lymphoid
cells damage the vascular endothelium of the hepatic graft, but it is
probable that this occurs. No evidence was obtained in these orthotopic
liver grafts of the periportal “piecemeal” necrosis described by Paronetto
and co-workers."

Summary )
The blood flow in orthotopic canine liver homografts was investi-

gated in awake animals with a Xe ™ washout technique. Cardiac output was
also studied. Ten dogs which received no immunosuppressive treatment
lived for as long as 22 days (mean 8.5 days). With the onset of rejection,
as diagnosed by elevations in bilirubin, SGOT, and SGPT, there was a
significant decrease in both components of liver blood flow which could
not be accounted for by changes in cardiac output.

These findings were correlated with the immunofluorescent and
ultrastructural findings of five additional experiments in which biopsies of
homografts were obtained before and every second day for 4 to 8 days after
orthotopic liver homotransplantation to untreated recipients. It was found
that lymphoid cell infiltration of the grafts commenced at about 4 days after
transplantation and resulted in damage to the walls of the portal and central
veins and to the centrilobular sinusoids. Localization of immunoglobulin
G and complement in the homograft was a rare and late phenomenon.

Another 5 recipients were given immunosuppression with horse
antilymphocyte globulin and azathioprine. When there was no biochemi-
cal indication of rejection, the liver blood flow was essentially unchanged
in animals studied for as long as 19 days after transplant. The findings in
these 3 experimental groups indicate that decreased blood flow and con-
sequent ischemia is an important factor in the rejection of liver homografts,
that such changes can be prevented by effective immunosuppression, and
that an anatomic basis for the flow alterations could be the disruption of the
centrilobular sinusoidal walls and the intraluminal and subendothelial
accumulation of host lymphoid cells in the central and portal veins.
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This picture of Henri Garnier was taken at Garnier's winter home
in April 1978, at the time of the Franco-American Surgical Conference
in Marakesh, Morocco. Six weeks previously, Garnier had undergone
a cholecystectomy in Paris, at which time the liver was thought
normal. However, ten days after this picture was taken, symptomatic
hepatic metastases from a bronchogenic carcinoma were discov-
ered. Garnier died during the following Christmas season.

The French surgeon, Henri Garnier, dreamed of clinically applying orthotopic liver transplanta-
tion. In'his 1965 publication,” he described the technique of liver transplantation in pigs. In the follow-
up paper by Cordier, Garnier and others, Garnier documented the long survival (>35 days) of an
animal without immunosuppression. The work was known to the English workers in Bristol and
Cambridge. Garnier died during the Christmas season, 1978, with widespread metastases from a
bronchogenic carcinoma.

*Garnier H et al: CR. Acad Sci (Paris), 260: 5621-23, 1965
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La greffe de foie orthotopique chez le porc. Premiers résultats

Orthotopic grafting of the liver in pigs. First results
Mem. Acad. Chir. (Paris), 92: 799, 1966

Gaston Cordier, Henri Garnier, Jean-Paul Clot, P. Camplez, J.-P. Gorin, Ph. Clot, J.-P. Rassinier,

M. Nizza and Roger Lévy
Translated by John Novier

For almost two years we have been trying to perfect the orthotopic
grafting of the liver in pigs.

This animal was chosen because of the relative similarity of the
hepatic anatomy and biliary ducts with that of man.

In the first experimental series dealing with 23 animals, we studied
the various technical problems relating, above all, to various venous shunts
and vascular and biliary-enteric anastomoses. These examination of these
problems in 23 autografts performed under normothermia have yielded
the following results:

— 18 peri-operative deaths

— 4 survivors of 2, 3, 9 and 26 days, respectively

— 1 long term survival

This series was the subject of a communication to the Academy of
Sciences on 24 May, 1965, communication made by our mourned mentor,
Dean Gaston Cordier.

Today, we will discuss the results obtained in 20 orthotopic grafts
without any immunosuppression.

We have used pigs of the Large-White species that weigh an average
of 60 kgs.

1. Anesthesia.— Half an hour before the operation, the two animals
are premedicated with an injection of 25 mg of alimemazine (théraléne),
100 mg of atarax, and 1/4 of a mg of atropine.

At first the animal was given fluothane for a few minutes through a
special mask. As soon as it lost consciousness, it was placed on its back.
A vein of the ear was catheterized enabling us to inject 0.50 g of penthotal
and 15 mg of D-tubocurarine. After oxygenation, the animal was intu-
bateq. (sometimes not without difficulty) and placed on a R.P.R. type
respirator (frequency 24 per minute and average tidal volume of 550 cm?).
A polyethylene gastric catheter was inserted.

In several pigs we placed an indwelling urinary catheter. The proce-
dure was very difficult, but it enabled us to monitor urinary output during
and after the operation which was always excellent: 1,500 cm® during the
Operation and 2,000 during the first twenty-four hours. The urine never was
hemorrhagic.
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Anesthesia is maintained by repeated, small injections of penthotal,
and by perfusion at 2 per 100 of viadril in glucose solution. Because of the
irregularity of electrical conduction of the pig heart, cardiac function is
stabilized by pronestyl.

Moreover, at the outset of the operation the animal receives 2.5 mg
of heparin per kilo.

2. Resuscitation and perioperative monitoring.— Glucose solu-
tion, 10 per 100, and blood are perfused through a venous catheter. This
catheter provides, among other things, a venous access for reversal of
anesthesia. We use porcine blood taken the day before. The problem of
blood group incompatibility is not as prominent as in man. Although the
pig has several blood groups (more than 50), the cross-matching tech-
niques have demonstrated the frequency of agglutination. Yet, a more
extensive study of this problem is presently in progress. The E.K.G. and
blood pressure are monitored.

— Blood pressure is monitored by means of a catheter placed in the
femoral artery and connected to an electronic manometer.

— Blood loss is replaced as carefully as possible. Two phases of the
operation are monitored with particular care:

a) Recipient hepatectomy because the liver weighs approxi-
mately 1,500 g and removal of this organ results in a loss of approximately
800 cm’ of blood.

b) Removal of clamps and “hooking-up” of the transplanted
liver. When the anastomoses are complete, we perfuse 12 g of hemocaprol
and then 8 g again at the very end of the operation.

3. Upon waking up, the pig is placed under an electric blanket. As a
matter of fact, the temperature of the animal is then low, approximately 32°
C (normal temperature 38’ C), and it seems to us that the pig tolerates
hypothermia very poorly. In order to avert a decrease in temperature, as
soon as the liver is connected we transfuse the recipient through a site other
than the liver with blood warmed in a double boiler to 30°C.

The pig is watched continuously during the first 24 hours. Blood
pressure is maintained by infusions of glucose solution, 10 per 100 and 30
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per 100, to which we add insulin (10 to 15 .U.) and by blood transfusions.
During the first night, we also infuse 250 cm' of THAM and 500 cm*
of mannitol. When the outcome is favorable, the animal eats again spon-
taneously at the end of 24 hours. For about eight days, he will receive 10
million units of penicillin. The thoracic drain is removed at 24 hours.

4. The operative protocol , the source of many disappointments, has
been modified several times. We report here the protocol,used presently,
that has been proposed by Starzl and his associates. The procedures are
performed by two surgical teams so that the donor liver can be transplanted
immediately following the recipient hepatectomy.

A) Regarding the donor: With the animal placed on its back, we
make a right thoracoabdominal incision.

The various vessels are dissected. This presents no problem for the
suprahepatic vena cava which has a very long intrathoracic segment. On
the other hand, the subhepatic vein often is very difficult because it is
accompanied by a strip of hepatic parenchyma which extends inferiorly.

At the level of the hepatic hilum, it is common to find rather large
lymph nodes that should be removed. Yet, dissection of the hilum is not
particularly difficult except in cases of anomalous arteries or bile ducts as
with duplicate right hepatic arteries and right hepatic ducts.

Vessels are dissected 5-6 cm, and dissection of the hepatic artery is
extended to the level of or beyond the origin of the gastro-duodenal artery.

After freeing the vessels and the suspensory ligaments of the liver, a
large cuff of diaphragm is prepared where the suprahepatic vena cava
passes through it. To do so, it is necessary to tie several diaphragmatic
vessels.

Once the graft is freed, both common iliac veins and one common
iliac artery are cannulated for the purpose of extracorporeal cooling. This
extracorporeal circulation is begun approximately twenty minutes before
the recipient hepatectomy.

B) Regarding the recipient. The same approach is used, but, first, we
isolate the two jugular veins which, in swine, are very large as well as the
left femoral vein and the femoral artery on the same side in which we have
inserted a catheter for measuring arterial pressure.

The dissection of the various hepatopetal and hepatofugal vessels is
fairly similar to that performed on the donor. Also, we dissect the hepatic
artery which is always of sufficient size to permit anastomosis.

In particular, we must exercise care regarding hemostasis since the
animal is heparinized and also with regard to lymphatic stasis since there
are many lymphatics the loss of fluid from which can be considerable.
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Fig. 1.— Curves of urea, cholesterol, bilirubin, transaminases.

Before proceeding to the recipient hepatectomy, several shunts must
be established.

a) A femoro-jugular shunt between the left femoral vein and the left
jugular vein in order to decompress the vena caval system below the
clamped subhepatic vena cava.

b) A spleno-jugular shunt between the splenic vein and the right
jugular vein. We still perform a splenectomy. The purpose of the shunt is
to decompress the portal system when this vessel is clamped. Once the
hepatectomy has been performed, the donor liver, cooled and weighed, is
placed in the recipient. In order to place the graft into the circulation,
anastomoses are performed in the following order:

— suprahepatic vena cava: the anastomosis is made with two con-

tinuous everting sutures of 4-0 silk,

— subhepatic vena cava: same technique,

— portal vein: same technique,

— then, the hepatic artery; this last anastomosis is made with

interrupted sutures of 7-0 silk.

For a time, we altered the sequence of anastomoses as follows:

— suprahepatic vena cava,

— portal vein,

— subhepatic vena cava,

— hepatic artery.

This sequence, however, regularly resulted in a few minutes in
ventricular fibrillation and death.

Actually, the average time of hepatic ischemia does not exceed 30
min, on the average. The cuff of the diaphragm is then sutured with
interrupted sutures of 1-0 flax. Biliary drainage is created either by
cholecystoduodenostomy or by choledochoduodenostomy.

As soon as the liver is functioning again, the two shunts are clamped
and the cannulae are removed.

The wound is closed one hour after the transplanted liver has been
functional and after a specimen of the liver has been taken in order to
determine the state of the hepatic parenchyma at this stage.

The thorax and abdomen are drained.

The total operative time is approximately four hours and thirty
minutes.

C) Graft preservation during the ischemic period remains to be
solved. We have resolved this problem by decreasing the temperature of
the liver by extracorporeal circulation with an oxygenated thermal ex-
changer.
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Fig. 2.— Study of glycemia in animals 007 and 0011.
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We utilize the following circuit:

__ The pump is filled via two venous catheters introduced into the

common iliacs after separation of the return circulation of the lower

extremities.

Once the blood has been arterialized, it is cooled and returned by
perfusion into one of the common iliac arteries. The catheter is passed high
enough into the aorta to prevent too much fluid from leaking out. Also, as
extracorporeal circulation is initiated, we clamp the supradiaphragmatic
aorta and the suprahepatic vena cava.

Perfusion is monitored by determinations of:

— frequency of pulsation and, by means of this, the circulatory flow,

— temperature of the cooling bath,

_ rotational speed of the oxygenator disks,

— time of perfusion,

— liver temperature measured by means of a thermocouple con-
nected to a galvanometer by a quartz thread; the probes are introduced into
the right and left lobes.

It should be noted that in order to prime the pump we use 3 liters of
isotonic sodium chloride, and that losses of fluid within the intracorporeal
circuit are corrected by additions by equal quantities of the same fluid.
Thus, the blood is considerably diluted.

The following conditions are standard:

— OQutflow: 70 pulsations/minute, or 2.15 liters

— Bath temperature: mean, 7°C

— Approximative outflow of oxygen: 11 liters/mn

— The time of perfusion is determined by surgical requirements. The
mean is 30 minutes, but in fact 15 minutes are sufficient to bring the liver
to the desired temperature (see graphs).

Generally, the temperature is between 18 and 20°C. It is useless to
cool the graft more than this considering the relatively short duration of is-
chemia. Moreover, when the liver is very cold it can effect cardiac function.

Utilizing this technique, we are able to transplant a liver that is
perfectly pink throughout. We intend to continue to use this procedure.

Results
Our 20 attempts of orthotopic transplantation have yielded the
following results:
— 7 perioperative deaths,
— 7 deaths within the first twenty-four hours,
— 3 deaths after thirty-six hours,
— | death after forty-eight hours,
— 2 survivors of thirty-five and twenty-one days respectively.

1. We have an explanation for the 7 perioperative deaths.

A. In three cases death occurred as a result of ventricular fibrillation.
This fibrillation has always appeared at the same moment, i.e., when we
place the liver in the circulation after having completed the anastomoses
of the suprahepatic vena cava and the portal vein. Removal of the clamps

from those two vessels causes, within a few minutes, a slowing down of the
heart and then irreversible fibrillation in spite of the use of a defibrillator.
This type of accident never has occurred again when we first anastomosed
the suprahepatic vena cava and then the subhepatic vena cava before
anastomosing the portal trunk. It is possible that, after removal of the
clamps from the portal trunk, a considerable volume of refrigerated blood
passes from the hepatic parenchyma to the heart and causes fibrillation.

When we first reestablish continuity of the vena cava system, the
liver becomes warmer progressively; owing to this fact, at the time of the
removal of the clamps from the portal trunk, the hepatic parenchyma has
reached a higher temperature. Furthermore, the blood which has gone
through the liver is still warm, because it is mixed with blood which came
from the inferior vena cava system. The impact on the heart then is small
or altogether absent.

B. One death was caused by a total volvulus of the small intestine
during intraoperative manipulation.

In fact, we take the measure of placing all the intestinal ansae in a
“small intestine bag” in order not to be hindered by them. In this instance,
this resulted in an irreversible volvulus of the small intestine.

At the present time, we are satisfied to protect the small intestine in
cloths soaked with tepid saline.

C. Three deaths are attributable to portal hypertension, and this
constitutes one of the most difficult technical problems to be resolved. In
fact, as is the case with dogs, pigs do not tolerate portal hypertension.

We have tried to resolve this problem by placing a shunt between the
splenic vein and the right jugular vein, but this procedure is not always
satisfactory, probably because the flow in the shunt is insufficient. Little
by little, the small intestine assumes a venous coloration and becomes
totally inert.

Thanks to supportive techniques, we are able to maintain a normal
arterial pressure in the animal, but after a certain time it drops progres-
sively. Shock ensues, even when we had time to perform the anastomoses
and, consequently, decompress the portal system.

In pigs, unlike dogs, it is anatomically feasible to establish a tempo-
rary portacaval shunt.

For this reason, we are considering the placement of a shunt originat-
ing directly in the portal trunk or the temporary clamping of the superior
mesenteric artery.

2. This portal hypertenstion very likely is the cause:

A. Among the three deaths that occurred during the first 24 hours,
shock developed progressively and eventually led to death. No significant
hemorrhage occurred in these instances although in each the bowel became
purplish red.

B. In three other cases, postoperative death was related to hemor-
rhage. As a matter of fact, autopsy demonstrated an copious volume of
blood in the peritoneal cavity, 2 liters or more. In each case, we found a
small dehiscence of the continuous everting suture on the posterior sub-

Fig. 3.— Hepatic scintigraph of the control animal.
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Fig. 4— Hepatic scintigraph made on the twelfth day on subject 007.
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hepatic vena cava. This anastomosis is the most difficult to perform
because it is practically impossible to isolate perfectly the two venous
segments inasmuch as in certain instances an actual sheath of hepatic
parenchyma extends inferiorly as far as the region of the renal veins.

Nevertheless, after unclamping, the anastomoses always are sealed
perfectly. It is possible that thrombolytic phenomena are involved in the
onset of this hemorrhage.

Up to now, it has not been possible to examine the coagulation
aspects of this procedure, but shortly we intend to address this problem.

C. Finally, one death within the first twenty-four hours is related to
an error in postoperative care, as the animal was not monitored adequately.

3. Itis more difficult to explain the three deaths that occurred between
the twenty-fourth and thirty-sixth hours.

It is possible that in one of these cases bronchial congestion devel-
oped and that in another case a fulminant hemorrhage took place as the
animal struggled when blood was taken.

We have no explanation for the third death. We lost an animal at
forty-eight hours as a result of an accident. The pig died of suffocation.

4. The two survivors of thirty-five and twenty-one days have been
studied on the biologically: urea, cholesterol, bilirubin, transaminases.

A.The blood urea, normally approximately 0.15 g per liter, never was
markedly elevated, 0.30 in one case, 0.75 in another.

Cholesterol, normally 1.50 g, on the other hand, tended to remain
relatively low.

Bilirubin, normally 10-12 mg per liter, remained at the upper limit of
the normal range until late in the postoperative period.

In the animal who lived thirty-five days, the levels increased from the
twenty-eighth day to reach 27.5 mg on the day of death.

With regard to the transaminases, in one case they remained normal,
or sub-normal: 35 units; in the other case they were elevated moderately:
70 units (Fig. 1).

We also studied the level of sugar, normally 1 g per 1000. At first, the
levels were extremely low: 0.40 or 0.50 per 100 and reached more normal
levels numbers, 0.80 g, around the twenty-fifth day (Fig. 2).

B. In one of our animals on the tenth day we performed hepatic
scintigraphy (see plates). Thanks to the courtesy of both Professor C. Kell-
erson and Professor A. Desgrez the picture that we obtained was close to
that of the control animal (Fig. 3 & 4). The kupfferian clearance measure-
ments in the transplanted animal demonstrated extremely rapid purifica-
tion, perhaps faster that in the control animal. At autopsy, we noted that in
both cases anastomoses were perfectly patent, the liver was moderatly
decreased in volume and of pale coloration; at autopsy the weight was 300-
400 g less than the weight at the time of transplantation.

C. Histological study of the parenchyma demonstrated the following
(Dr. C. Calmettes):

“The cellular architecture is disrupted by edema. Cells appear to be
very retracted, sometimes irreversibly altered. These changes are diffuse.
All the vessels contained in the fragments are dilated considerably. In some
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places, there are small foci of old hemorrhagic necrosis. Other samples,
kidneys, lungs, heart, are normal.”

Two facts should be noted:

a) Autopsy of the animal who lived thirty-five days revealed a well-
defined approximately 1 cm diameter perforation of the greater curvature
of the stomach. Such a perforation also has been noted by Starzl and
perhaps is related to certain ulcers observed after portacaval anastomosis.
It is possible that the transplanted liver loses its power to detoxify certain
metabolites, but this remains to be proven.

b) The two long term survivors seem to have been unusually long
considering the unexpected appearance of phenomenum of rejection. At
first, we thought that the animals were “brothers”, but a careful investiga-
tion ruled out this hypothesis.

Consequently, at present we have no satisfactory explanation for this
prolonged survival, except for the possible role of splenectomy in the
attenuation of immunologic responses. A more detailed study for this
purpose will be undertaken.

Conclusions

The authors report their experience, unique to their knowledge,
regarding the orthotopic transplantation of the liver in pigs.

For the time being, this experience confirms the conclusions of other
groups that have examined this problem in dogs.

Surely, the present results on pigs are poor, but this is due, in great
part, to the fact there exist no or very little data concerning experimentation
in this animal; each step of this research has raised as many original
problems.

On the other hand, since technical problems have been overcome
after many disappointments, it would appear that the great anatomical and
physiological similarity between the pig and human livers justifies this
study.

We express our gratitude to Doctors F. Le Goazio, E. Besins, as well
as to Miss A. Aurousseau, M.-J. Perrot, G. Supernant and I. Lagoutte for
their very valuable collaboration.

(Study No. 8 of the Department of Surgery, C.H.U. Pitié-Salpetriére
Hospital [Professor Agrégé, M. Mercadier], work performed in the labo-
ratory of applied radiology of Jouy-en-Josas [Director: M. M. Nizza],
Department of Sanitary Protection of the C.E.A. [Director: Dr. H.
Jammet], Institut d’'Immunologie et de Carcinogenetique de Villjuif
[Director: Professor G. Mathé]).
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J. H. Peacock

This picture of John Terblanche was
taken in the surgical research laboratories
of the University of Colorado during his sab-
batical leave in Denver in 1977.

J. H. Peacock was a senior lecturer at the University of Bristol in England. With him was a young
South African surgeon, John Terblanche, now Professor and Chairman of the Department of Surgery
in Capetown. Peacock and Terblanche were aware of Garnier’s work and quickly reproduced and
extended it. Their pig experiments provoked some of the most interesting discussions at a Colston
International Congress on Liver Disease held in Bristol in 1967.

Peacock is retired and lives in Ubley, near Bristol, England.
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Orthotopic homotransplantation of the liver in the pig

In: Read, A. E. (ed.): The Liver. London, Butterworth & Co., Ltd., 1967, pp. 333-6
J. H. Peacock and J. Terblanche

The purpose of this paper, which is the first of three to deal with the
experiences of a team in Bristol working over the last 15 months on experi-
mental liver transplantation in the pig, is to introduce the reasons for our
choice of this animal, to detail some of the difficulties we have encountered
and to give the results in a relatively small series of forty-one animals in
which this procedure has been attempted.

Although we have had fairly extensive experience of clinical liver
surgery, we were new to the field of transplantation in general and the liver
in particular, and as a result our aims were essentially unambitious and
twofold only.

1. To establish the technical experience and ancillary services neces-
sary for us to undertake liver transplantation with a reasonable degree of
success.

2. To study the process of rejection in the pig’s liver.

Our excuses for presenting somewhat prematurely the limited amount of
data that we have available in the form of three papers stem partly from the
belief that some of the difficulties we have encountered are peculiar to the
pig and as such may be of value to other workers who may contemplate
using this animal but mainly from the fact that Professor K. Porter, who was
to have read a paper this afternoon cannot unfortunately be here, and we
have as a result persuaded two other members of our group Drs. A. C. Hunt
and M. O. Symes to extend somewhat the contributions they would
otherwise have made.

The pig as an experimental model

The pig was chosen as the experimental animal for a number of
reasons. It is omnivorous, easily obtainable, cheap to maintain and like
man has no hepatic vein sphincters." Moreover, preliminary anatomical
and biochemical investigations indicated not only that the jugular, iliac and
splenic veins were suitable for by-pass systems, but also that the blood
biochemistry with minor exceptions was essentially comparable to that of
man. Further factors which influenced us were that fresh blood was
available daily in quantity at two local abattoirs, and that a University
School of Veterinary Science existed which was prepared not only to help
us in maintaining a continuous supply of animals but also to actas aholding
centre should we be fortunate in achieving long term survivors.

The animals used are outbred and equivalent to a random sample of
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humans. They have been obtained from two distinct sources. The recipi-
ents are bred at the Veterinary Farm and are a cross between a Large White
boar and a Wessex sow. The donors are bought from a number of breeders
through local markets and are crosses between either a Large White or a
Landrace boar and crossed Large White/Landrace sows. The weight of the
animals used initially was in the region of 20-30 kg, but during the later
stage of the programme it was found easier from the point of view of
cannulation to use animals of a somewhat larger size and 35-40 kg animals
are now regarded as being most suitable.

Technique

The transplant is undertaken by two teams working simultaneously
on donor and recipient animals. Anaesthesia is induced with halothane
through a nose cone and maintained after intubation on closed circuit gas,
oxygen and minimal halothane. Vena caval and portal by-pass systems are
inserted between the iliac and splenic veins in the abdomen and the two
jugular veins in the neck. The portal by-pass is more critical in the pig than
in the dog, as occlusion of the portal vein for four minutes can lead to
circulatory collapse in some animals. The arterial blood pressure, central
venous pressure and E.C.G. are monitored continuously and half hourly
estimations of blood pH, O, saturation, PCO_ and glucose are made during
and after operation. The donor liver is prepared by isolation of its major
vessels, the hepatic artery being left attached to a 5 in. segment of thoracic
aorta. The liver temperature is lowered to between 6°-12° C by perfusion
through the portal vein of 8 litres of ice cold Ringer lactate at 1 litre/minute
immediately the arterial supply to the liver is disconnected. Both donor and
recipient animals are heparinized using a dose of 1.5 mg/kg/body weight
and only fresh heparinized blood is used for transfusion. All the anasto-
moses are by standard techniques and biliary drainage is by a chole-
cystoduodenostomy. Prior to closure a splenectomy is performed. Hepatic
out-flow obstruction has not been seen except in one animal in which there
was an increase in systemic venous pressure due to the presence of a large
pulmonary embolus from the by-pass line.

Results
Twenty-five animals survived the technical procedure out of forty-
one in which it was attempted. In the first twenty, seven only survived,



CLIO CHIRURGICA

TaBLE 1.

ORTHOTOPIC HOMOTRANSPLANTATION OF THE PORCINE UIVER (ANALYSIS OF RESULTS)
41 TRANSPLANTS ATTEMPTED

OPERATIVE DEATHS WITHIN
DEATHS 24 Hrs. SURVIVORS
SERIES TRANSPLANT | SURVIVAL TIME TRANSPLANT
1-20 |21—-41 | 1-20 | 21— 41 No (Days) DATE
T16 1-5
T21 35
134 35
129 4-0
T30 4-5
13 3 3 6 137 4-5
17 55
733 55
T40 60
T41 75
T23 8-0
127 10- 0
736 210
T15 28-0
TOTALS 16 9 T35 330
T 6 15-6-66
TaBLE 2.
PATHOLOGICAL FEATURES AT POST-MORTEM OF 15 SURVIVORS
Survival Transplant
Pathological findings at post-mortem
time (days) No.
15 T16 Intraperitoneal Haemorrhage
35 T21 Liver Necrosis Thrombosed Arterial Supply
35 T34 G.1. Haemorrhage Oesophagogastric Ulceration
40 T29 Necrotic Gastric Mucous Membrane Rt. Pleural Effusion
4-5 T30 G.1. Haemorrhage Oesophagogastric Ulceration
45 T37 G.1. Haemorrhage Oesophagogastric Ulceration
55 T7 Massive Pulmonary Emboius
55 T33 Patchy Liver Necrosis Multiple Peripheral Pulmonary Emboli
6-0 T40 G.1. Haemorrhage Oesophagogastric Ulceration
75 T41 G.1. Haemorrhage Oesophagogastric Ulceration
80 T23 No Definite Cause of Death Found ?Liver Rejection
10-0 T27 No Definite Cause of Death Found ?Liver Rejection
210 T36 G.1. Haemorrhage Oesophagogastric Ulceration
28-0 TS Severe Unexplained Anaemia
330 T35 G.1. Haemorrhage. Qesophagogastric Ulceration
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three of these dying within the ensuing 24 hours. This high mortality rate
we attribute mainly to our own inexperience, to the initial use of relaxants
which led to post-operative difficulties with respiration, to citrated blood
which appeared to induce block of the cardiac conducting system and to not
using heparin so that by-pass systems clotted and cardiac failure or
pulmonary emboli ensued. In the second series of twenty-one transplants,
eighteen survived although six of these died within 24 hours, mainly from
haemorrhage, which has led us to reduce our heparin dose to its present
level.

The survival times of the remaining sixteen animals range from 1-1/
2 days to 9-1/2 months. (Table 1.) Two of the early deaths at 1-1/2 days and
3-1/2 days respectively were due to intraperitoneal haemorrhage and
thrombosis of the aortic segment respectively and as such should be
regarded as technical failures.

The fourteen animals left constitute the group from which informa-
tion has been obtained. Thirteen of these survived for periods ranging from
3-1/2 days to 33 days and one remains alive at 9-1/2 months. The
histological appearances of the livers of these animals together with
biochemical data on liver function will be presented subsequently by Dr.
Hunt, but the main causes of death found at autopsy are shown in Table 2.
In only two of these animals, numbers 23 and 27, were the post-mortem
findings such that no adequate cause of death was established and liver
rejection alone might possibly be said to have been the main cause of death.
Two other animals died at 5-1/2 days from pulmonary emboli, the sources
of which were never detected and a further animal died at 28 days from a
completely unexplained anaemia. The remaining eight animals all died of
gastric complications, seven being due to oesophagogastric ulceration and
severe gastrointestinal haemorrhage. In the eighth animal there was
extensive and pulmonary collapse.

Oesophagogastric ulceration in the pig is not comparable to the
gastrointestinal haemorrhage seen in canine liver transplants due to hepatic
out-flow block, as it is a species hazard which occurs naturally in pigs.2 The
area of pig’s stomach, just below the cardia, is predisposed to ulceration
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owing to the fact that a long tongue of squamous oesophageal epithelium
which is devoid of protective mucus glands extends through the cardio-
oesophageal sphinter into the body of the stomach. Although the exact
cause of ulceration, as in man, remains unknown experimentally the
lesions have been induced by histamine and by withholding feeding for
three days." In addition they have been produced by changes in fat content
of the pig’s diet.*

Unfortunately it now constitutes the single greatest danger to our
transplanted animals and experiments are currently proceeding to see
whether it can be controlled.

Summary

To summarize this the first of these three papers therefore; a series of
sixteen pigs is presented in which orthotopic homotransplantation of the
liver has been successfully accomplished. Two of these died at 1-1/2 and
3-1/2 days respectively from technical complications of the operation. The
remaining fourteen animals have survived for periods ranging from 3-1/2
days to 9-1/2 months and one of these is alive today.

No definite pattern of liver rejection has been established and in all
but two of the animals a cause of death was present at autopsy other than
liver rejection. Four of the animals have survived for periods longer than
10 days, the survival times being 21, 28, 33 and 298 days respectively.
Gastrointestinal haemorrhage due to oesophagogastric ulceration has been
the main cause of death being directly responsible for seven of the deaths
in this series of animals.
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Sir Roy Calne's contributions to liver transplan-
tation are so well represented in this collection of
articles that further comments would be superflu-
ous. In 1983, Calne published a book on his expe-
rience which was reviewed for the Annals of Sur-
gery 200: 108, 1984 by one of the authors (Thomas
E. Starzl) who concluded by saying "... the book
provides insight and background about liver trans-
plantation about which no new group could afford
to be ignorant. It also has provided an accidental
look at the creativity, courage in the face of terrible
adversity, and vision of its author who is one of the
great surgical scientists of the world."

Roy Calne, Professor and Chairman of the Department of Surgery at Cambridge University,
extended observations on pig liver transplantation beyond those of the Paris and Bristol workers. In
doing so, he speculated that the liver is a tolerogenic organ, a concept that still is being explored.
Calne’s group has used the pig model since for experiments in immunology, organ preservation and
hepatic physiology. The work with pigs led to the opening of the historically important Cambridge-
King’s College (London) clinical liver unit which Calne has operated in collaboration with the

hepatologist, Professor Roger Williams.
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Observations of orthotopic liver transplantation in the pig

British Medical Journal, 2: 478-80, 1967
R.Y. Calne, H. J. O. White, D. E. Yoffa, R. R. Maginn, R. M. Binns, J. R. Samuel and V. P. Molina

Recent advances in renal transplantation permit excellent therapy in
many patients, and surgeons are now turning to the possibility of clinical
transplantation of other organs.

Initial liver transplantation experience was obtained in the dog with
the use of methods previously described by Moore et al. (1960) and Starzl
et al. (1960). Following the reports of Garnier et al. (1965), Cordier et al.
(1966), and Terblanche et al. (1967) on orthotopic liver transplantation in
the pig, we began on this animal in July 1966.

Materials and Methods

Nineteen liver transplants have been performed in large white pigs
(20-30 kilograms) under halothane anaesthesia via an endotracheal tube.
Donor and recipient were littermates in some cases; in others there was no
relationship. The surgical technique was similar to that of Moore et al. and
of Starzl et al.; however, minor modifications of the shunting procedure
and arterial anastomosis were incorporated in certain experiments. In the
first 11 operations, during the interruption of flow through the portal vein
and inferior vena cava, blood from these two systems was shunted via
catheters in the splenic and left femoral veins respectively joined toa T tube
which connected to another catheter introduced into the left internal
jugular vein. In the twelfth experiment two shunts were used — one from
the splenic vein to the left jugular vein, the other from the right renal vein
to the right jugular vein. The right kidney was removed. In the remaining
seven operations catheters were inserted directly into the cut ends of the
portal vein and inferior vena cava and connected respectively to the left and
right jugular veins. In all cases the animals were heparinized while the
shunts were open and the heparin was reversed with protamine at the end
of the procedure. In the operations where the splenic vein was used, a
splenectomy was performed.

In the first six experiments the donor liver was removed with the
hepatic artery, coeliac artery, and a length of abdominal aorta which was
anastomosed end-to-side to the abdominal aorta of the recipient. It was felt
that this large vessel, with all but one of its outlets ligated, was haemody-
namically unsatisfactory and its dissection added considerably to the time
of the donor operation. Therefore in the subsequent experiments the
coeliac artery with a Carrel patch of aorta was removed in continuity with
the hepatic. In experiments 7-11, 13, 14 the coeliac artery of the donor was
anstomosed to the side of the coeliac artery of the recipient. In experiment
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12 the coeliac artery of the donor was anastomosed to the end of the right
renal artery after the kidney had been removed. In the remaining five
operations the coeliac artery was anstomosed with a Carrel patch directly
to the abdominal aorta close to the origin of the coeliac artery of the
recipient. In experiments 15 and 16 the coeliac artery was brought behind
the stomach to the left side of the aorta. This resulted in tension, so in
subsequent operations the coeliac artery was anastomosed direct to the
right side of the aorta by the shortest route. .

The anaesthetized donor pig was cooled to 33° C. in a bath of iced
water prior to surgery. When the liver dissection was completed the animal
was exsanguinated via the aorta. The blood was collected in ACD bags and
used for transfusion into the recipient. The blood was neither grouped nor
cross-matched. The liver was perfused via the portal vein with 2 litres of
Ringer/lactate solution at 4° C. with a perfusion pressure of | metre of
saline. During the operation and postoperatively, in addition to blood
transfused from the donor, the recipient pig was given sodium bicarbonate
and dextrose solution through an intravenous catheter in a suitable neck
vein. One gramme of chloramphenicol was given intravenously during the
operation and | megaunit of penicillin intramuscularly. The animals that
survived the operation were given an ad lib. diet of commercial pig-food
and water; they did not receive immunosuppressive agents. Venous
samples of blood were taken for biochemical and haematological investi-
gation at irregular intervals after operation. Postmortem examination was
carried out on the animals. The thoracic and abdominal cavities were
examined and sections of liver, lymph nodes. spleen in non-splenecto-
mized animals, lungs, stomach, small intestine, and kidneys were exam-
ined histologically.

Results

The results are summarized in the Table. There were six operative
deaths. The causes are shown in the Table. with the exception of experi-
ment 10, where the cause of death was undetermined. This animal died at
the end of the operation while the operative incision was being sutured.
Five died within the first 36 hours. One of these animals had peritonitis and
clot in the hepatic artery and donor section of aorta. In the other experi-
ments the cause of death was not determined, but was presumed to be liver
failure. In one of these cases the liver had been preserved for four and a half
hours in ice before transplantation. Two animals died at three days. One
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Orthotopic Liver Transplantation in the Pig

. Venous Arterial : i ical
E”’fﬂ,‘.‘ml Donor Shunts Anastomosis Survival Mx;{gy:ccggn Comments
e : . .
ittermate Splenic and femoral | Aorta end-to-side 29 h 0 Ca f death undetermined
1 Li to jugular bdominnd e ours use of death undete:
2 » » » » » 7 months Minimal Intestinal obstruction due to adhesions
3 » 5 » » » Died on table Venous shunt clotted . R
3 . » " » » 5 1 Air embolus via suprahepatic caval anastomosis
5 . » » » » 3 ‘wun [ Liver preserved 4} hours in ice before transplantation
6 » » » » 24 ,, 0 Peritonitis and thrombosis of hepatic artery and
aorta
7 ,, coelfi::el .end-to-side | Died on table 0 Air embolus via jugular vein when removing catheter
o iac
” . 7 days + Cystic duct inadvertently tied
3 Unrelated » » " » Died on table 0 Pneumothorax
10 Littermate » » » s » » » 0 Cause of death undetermined .
11 » » ”» » ”» 14 days + Liver abscesses, peritonitis, necrosis of stomach, clot in
. . . left gastric arte
12 “ Splenic t:nzfugular. Coeliac  end-to-end 9, + emia. Gastrointestinal haemorrhage
Ri gulgh‘ r to to right renal
jugular
13 Unrelated Portal to jugular. Cocliac end-to-sideto | 30 hours 0 Cause of death undetermined
I.V.C. to jugular coeliac da Thro dh Tw
» 3 days [\] mbos epatic artery. 0 intussusceptions
15 " I Coellac end-to-side | Died on table 0 Hypothermia
to aorta
16 » » » » » 6 hours 0 Cause of death undetermined
17 Littermate ”» » » » 16 days + Anaemia. Gastrointestinal haemorrhage
18 Unrelated » » 2 » 12, + » » R
19 Littermate - » » » 3, ] Cystic duct inadvertently tied

had a thrombosed hepatic artery and two intussusceptions, the other had
obstructive jaundice following inadvertent ligation of the cystic duct
together with the common bile duct.

Five animals lived between 7 and 16 days. In each of these there was
microscopical evidence of rejection. This consisted of focal necrosis of
liver cells and round-cell infiltration of the portal triads. One of these
animals died from obstructive jaundice due to ligation of the cystic duct
with the common bile duct, another of multiple sepsis after necrosis of the
anterior wall of the stomach due to embolization of the left gastric artery.
The other three developed a syndrome of wasting and very severe anaemia
due to bleeding from the gastrointestinal tract with melaena. The source of
the haemorrhage was not determined with certainty in any of these animals,
but it was thought to be from multiple superficial erosions of the gastric and
duodenal mucosa.

The remaining animal lived with a transplant from its littermate for
seven months after operation. Though it was extremely robust and ate well,
itdid not gain weight to the same extent as control animals and it grew more
hair on its skin than normal. This animal died suddenly from intestinal
obstruction due to adhesions. The liver parenchyma was remarkably
normal at postmortem examination. There was a minimal increase of
fibrous tissue in the portal triads with a light infiltration of mononuclear
cells.

The chemical and haematological examinations of the blood were
related to the clinical assessment and histological findings. Thus clinical
Jaundice was associated with a raised serum bilirubin, liver necrosis with
raised S.G.O.T., S.G.P.T. and alkaline phosphatase, and melaena and
pallor with low haemoglobin.

Discussion and Conclusions

. In common with the French and Bristol workers, we have found the
Pig an extremely satisfactory experimental animal for orthotopic liver
transplantation experiments. The pig withstands the surgery well and the
liver appears to be rejected more slowly in the pig than in the dog, allowing
more time for study of the animals, without necessity for immunosuppres-
sive therapy. Halothane anaesthesia was effective; the animals were kept
fairly light throughout the procedure and were usually on their feet within
a fc“{ hours of the operation. In those animals surviving more than a week
classical liver failure did not appear to be the cause of death. However, the
gastrointestinal haemorrhage may well have been due to inadequate liver
fu‘nction, though the exact mechanism has not been determined. It will cer-
tainly be of interest to study the gastric secretion, metabolism of histamine,
the haemodynamics of portal venous flow, and the composition and distri-
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bution of bile in these animlas. Peptic ulceration is a common complication
of orthotopic liver transplantation in dogs. The Bristol workers have also
observed gastrointestinal haemorrhage in pigs with orthotopic liver trans-
plants and have demonstrated superficial mucosal erosions in the caridac
portion of the stomach. A perforated duodenal ulcer was the cause of death
of one of the pigs in the French experiments.

In our pig herd skin grafts are rejected aggressively when the donor
and recipient are unrelated (Binn, 1967), and even in littermates rejection
is the rule, though skin grafts may persist up to three weeks. The mecha-
nism of acceptance of an orthotopic liver transplant in our longest-
surviving animal at seven months and a similar animal of the Bristol group
at nine months (Peacock, personal communication) has not been deter-
mined. Though splenectomy has little effect on the survival time of
transplanted tissue in most species that have been studied, it is possible that
splenectomy in pigs with liver transplants may influence the outcome of
the transplant.

This early experience encourages us to pursue further studies with
liver transplantation in the pig.

Summary
Our preliminary experience with orthotopic liver transplantation in
the pig is reported. Of the 19 operations performed 13 animals survived the
procedure and six lived for a week or more. One pig with an orthotopic liver
transplant from a littermate lived for seven months after operation without
any immunosuppressive therapy and died from intestinal obstruction, with
minimal microscopical evidence of liver damage.

We wish to thank Dr. Marek Zakiewicz for the help he has given with the
anaesthesia of the pigs, and we acknowledge the excellent technical assistance that we
have received from the staff of the Department of Surgery, University of Cambridge,
and the Agricultural Research Council at Babraham. We are most grateful to Dr. R.
D. Keynes for providing facilities at the A.R.C., Babraham.
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Tom Marchioro was born in 1928, and grew up in Butte,
Montana. His colorful life included jobs in mines, on construc-
tion gangs, and in odd jobs while working his way through
college and medical school. He went to St. Louis University,
School of Medicine and had his residency in St. Louis Univer-
sity, the Henry Ford Hospital in Detroit, and the University of
Colorado. Many of his contributions to transplantation are
distributed throughout this book.

This was the first systematic attempt to preserve organs by continuous hypothermic perfusion,
using the cadaver as the perfusion chamber and providing flow and oxygenation with a mechanical
heart/lung machine. The method was used clinically in the mid-1960’s before brain death became
a condition of organ donation. Cadavers with no heart beat could be cooled quickly and effectively
with this technique. These first efforts at continuous perfusion formed the basis of the in situ cooling
technigues that now are used universally as the initial step in modern-day, multiple-organ procure-
ment (cf. Part Il1).

Today Marchioro is a Professor of Surgery at the University of Washington and Chief of
Transplantation. Huntley, a gifted laboratory technician and administrator, runs a floral shop in
Golden, Colorado. Waddell, who was Chairman of the Department of Surgery at the University of
Colorado, “retired” to Silver City, New Mexico where he has an active surgical practice in the desert
country where he grew up.
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Extracorporeal perfusion for obtaining postmortem homografts

Surgery, 54:900-11, 1963
T. L. Marchioro, R. T. Huntley, W. R. Waddell, T. E. Starzl

Successful organ homotransplantation is dependent upon the availa-
bility of satisfactory grafts. Paired organs, such as the kidney, may be
obtained from living donors, whereas hepatic and cardiac grafts for human
use can only be obtained post mortem. Cadaveric renal homografts have
been largely unsuccessful to date.*"'*'*?' The major cause of early failure
was probably ischemic damage. This report describes an experimental
method of procuring and temporarily preserving postmortem homografts
of kidney and liver, and documents the clinical use of the technique in 4
cases.

METHODS

Thirty-two dogs weighing 9 to 20 kilograms were used. After the
animals were anesthetized with 30 mg. per kilogram of pentobarbital intra-
venously, the femoral vessels on one side were exposed. Heparin, 3 mg. per
kilogram, was injected intravenously, and aortic and inferior vena caval
catheters were inserted through the femoral artery and vein (Fig. 1). The
animals were then sacrificed with an overdose of pentobarbital. Respira-
tory arrest preceded cessation of hearbeat by 5 to 15 minutes. Perfusion was
subsequently begun one to 22 minutes after the disappearance of palpable
pulses, when it was certain that the animal was dead.

The catheters were connected to an extracorporeal perfusion system
consisting of a disposable bubble oxygenator, a single De Bakey pump, and
a heat exchanger (Fig. 1). Venous outflow was by gravity drainage. The
Oxygenator was primed with lactated Ringer’s solution in all experiments
except 2 hepatic transplants in which 5 percent dextrose in water was used.
The perfusate was precooled to 15° C. by recirculation through the heat
exchanger. One gram of procaine chloride was added to each liter of the
perfusate. In prolonged perfusions, heparin 1.5 mg. per Kilogram, was
added hourly. One third the original dose of procaine was added every 3
hours. With perfusions of 8 hours or more it was frequently necessary to
add extra priming solution to the reservoir.

Pilot studies were first performed to determine suitable flow rates.

€ procedure was then standardized with initial flow rates of 40 to 60 ml.
per kllggram per minute, and gradual reduction to 5 to 20 ml. per kilogram
Per minute. as the esophageal temperature fell below 20° C. Organ
®mperature was maintained between 12 and 15° C. thereafter by adjusting
the temperature of the perfusate (Fig. 2).
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All animals receiving renal homografts had bilateral nephrectomies.
The donor left kidney was transferred to the right pelvis and the donor right
kidney to the left pelvis of the host. Each recipient received only one
kidney. The renal artery was anastomosed end to end to the iliac artery of
the recipient and the renal vein end to side to the iliac vein. In animals
receiving hepatic homografts, the liver was transplanted orthotopically
after recipient hepatectomy.’*"* Postoperatively, azathioprine (Burroughs-
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Fig. 1.— Technique of extracorporeal cadaver perfusion.
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Fig. 4 — Patterns of injury in dogs observed following transplanta-
tion of a perfused hepatic homograft, and of a liver obtained after sacrifice
of a living donor. Total time from death to reimplantation for the perfused
organ was 140 minutes as compared to 55 minutes for the graft transplanted
immediately after sacrifice (acute transplant).

Wellcome 57-322, Imuran) was administered to prevent rejection. Results
were judged by function of the grafts and by subsequent histologic studies.

In clinical use, insertion of the catheters was not done until the
patient’s death had been verified by the attending physician. In these
instances, heparin was added to the perfusate in an amount equal to 3 mg.
per kilogram of body weight of the proposed donor. Total time to make the
necessary incisions, insert the catheters, and begin perfusion has not
exceeded 15 minutes from death in 4 clinical applications.

RESULTS

Pressure-flow studies. Blood pressure monitoring was found to be
of no value in determining flow adjustments. In order to maintain an
arterial pressure of 50 to 70 mm. Hg, flow rates as great as 600 ml. per
kilogram per minute were required, resulting in acute swelling or even
rupture of the various organs. Flow rates were therefore arbitrarily limited
to 40 to 60 ml. per kilogram per minute, and gradually reduced to 5 to 20
ml. per kilogram per minute as the temperature fell to 20° C. Under these
conditions of perfusion, arterial pressures never exceeded 20 mm. Hg and
were usually unobtainable. Despite the low flow perfusion, cooling was
relatively rapid (Fig. 2).

Degree of cooling. Five animals were cooled to 2 to 10° C. by the
low-flow technique. These temperatures were usually reached in less than

Total time
Perfusion Time to | from death Survival
started Flow rates reach to revascu- post trans-
Dog | post mortem| (ml./Kg.) 15° C. larization Urine flow plantation Cause of
no. (min.) High-low (min.) (hr., min.) started (days) death
1 5 40-20 45 (to 2,15 Immediately 36 Gastrointestinal
21° C.) bleeding
2 5 60-20 24 4, 20 Immediately 31 Pneumonia
3 4 19.5- 45 90 4, 42 Immediately 10 Intussusception
4 12 32-15 6 3, 31 Second day 10 Pneumonia
P.O.
5 8 30- 7 10 6, 15 Immediately 10 Pneumonia
6 8 30- 7 10 6, 20 Immediately 16 Pneumonia
7 5 40-15 70 13, 6 Immediately 13 Pneumonia
8 5 40-15 70 14, 33 Immediately 11 Pulmonary
emboli
9 5 30-15 45 11, 12 Immediately 52 Pneumonia
10 5 30-15 45 14, 23 Immediately 23 Pneumonia
11 5 50-15 122 13, 27 Immediately 7 Pneumonia
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Table II. Hepatic homografts

Total time
Perfusion from death to
started Flow rates Time to revascu-
post mortem (ml./Kg.) reach 15° C. larization Survival Cause of
Dog.. no. (min.) high-low (min.) (hr., min.) |post transplant death
1 i 60-20 24 23 No Hemorrhage
2 &t 3, 54 No Hemorrhage
) ) 50-25 18 4, 22 No Hemorrhage
4 Immediate 15S-32.5 17 29 No Hemorrhage
5 7 32-15 28 s 4 days Bile peritonitis
6 8 33- 3 22 3,38 No Hemorrhage
s 4 195-45 90 3, 42 5 days Intussusception
8 Immediate 29-12 19 8, 18 2 days Hemorrhage
9 3 40-15 8 4, 55 3 days Hemorrhage
10 2 27-12 10 4, 47 24 hr. Hemorrhage

45 minutes. Renal homotransplantation was then performed. Immediately
after revascularization, the organs assumed a mottled pink and blue hue
with islands of cyanotic tissue interspersed among areas of normal paren-
chyma. During the next hour, the kidney gradually became grossly normal
in appearance. Nevertheless, none of the grafts produced urine and all 5
animals died with uremia within 2 to 3 days.

When temperatures were kept at 15° C. or above, such mottling of the
kidney did not occur, and urine production was prompt. In the definitive
series to be described, temperatures were, therefore, not allowed to fall
below 15° C.

Renal homografts. Eleven renal homografts were performed after
cadaver perfusion of 1 to 14 hours (Table I). In 5 of the 11 cadavers,
perfusion was carried out for 11 or more hours. Perfusion time for the entire
series averaged 7 hours and 33 minutes. Revascularization in the recipient
dog was usually completed within 30 minutes after removal of the kidney
from the perfused cadaver.

Ten of the 11 animals produced urine immediately and maintained
good urinary volumes until death. The eleventh animal was anuric for 2
days, with subsequent diuresis.

Renal function was assessed by urine volumes and blood urea

Fig. 5.— Typical injury observed in livers perfused for more than 2 hours. Note the marked centrilobular congestion and parenchymal necrosis (x 32).
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nitrogen (BUN) determinations. The animals receiving kidneys which had
been perfused for 6 hours or more showed sharp postoperative rises in the
BUN (Fig. 3). This subsequently returned toward normal. With perfusion
of less than 6 hours, this pattern of early azotemia was not prominent (Fig.
3).

Survival ranged from 7 to 52 days (Table I). Mean survival time was
19.9 days. Death most commonly resulted from pneumonitis, with 8 dogs
dying of this complication. Six of the animals were uremic at the time of
death. Histologic sections of the transplanted kidneys removed post
mortem showed varying degrees of mononuclear cell infiltrates with
minimal evidence of rejection. In no instance was there evidence of histol-
ogic renal damage which could be directly attributed to the perfusion.

Hepatic homografts. Hepatic homografts were transplanted in 10
animals after perfusions ranging from 71 to 416 minutes (Table II). Revas-
cularization after removal of the liver required an additional average time
of 72 minutes. Hepatic function after transplantation was inferred from the
ability of the animal to awaken from pentobarbital anesthesia and survive
without supplemental glucose therapy.

Five animals survived the immediate postoperative period. Severe
hepatic damage was observed in all, as evidenced by sharp rises in serum
glutamic oxalacetic acid transaminase (SGOT) and bilirubin levels (Fig.
4). Three of these animals later died of hemorrhage at 24 hours, 2 days, and
3 days postoperatively.

Consistent clotting defects were encountered in all animals. In-
creased fibrinolysin, decreased plasma fibrinogen contents, and increased
thrombin times were uniformly observed. The significance of the clotting
defects is reflected in the high death rate from hemorrhage (Table II). Five
animals died from this cause either on the operating table or immediately
postoperatively; another 3 which survived the procedure had extensive
hemoperitoneum at autopsy. The incidence of fatal hemorrhage increased
with increased length of perfusion of the donor liver. Six of the 8 animals
that died from this cause had received hepatic homografts from donors that
had been perfused in excess of 2 hours (Table II).

Histologic sections taken post mortem correlated well with the
clinical observations. All livers showed moderate to marked centrilobular
congestion and hepatic cell necrosis (Fig. 5) without evidence of rejection.

Fig. 6.— A, Appearance of homografted cadaveric left kidney 24 days after transplantation. B, Ca-
daveric contralateral kidney immediately after cessation of perfusion (x32).
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Clincal use of cadaveric renal homografts. The first homograft
was obtained from a patient who was thought to have a brain tumor, but
who was subsequently shown at autopsy to have died of acute bacterial
endocarditis. His blood pressure was 60 mm. Hg or less for 4 hours prior
to death. Cadaver perfusion was not satisfactory, the maximal flow rates
being 15 to 20 ml. per kilogram per minute. Revascularization of the
kidney in the recipient bed was accomplished 106 minutes after death. The
homograft functioned for 2 weeks postoperatively, although at reduced
efficiency. The BUN fell from 176 to 119 mg. percent, and then rose again
after 12 days. Death of the host from sepsis occurred on the twenty-fourth
day after transplantation. Histologic sections of the transplanted kidney
showed severe interstitial hemorrhage and the presence of proteinaceous
material in the tubules. There was minimal mononuclear infiltrate (Fig. 6).
Sections obtained from the opposite donor kidney after perfusion revealed
normal architecture (Fig. 6). There was no evidence that septic emboli in
the transplanted tissue contributed to the unfavorable outcome.

Postmortem hypothermic perfusion in the second case failed within
a few minutes after its inception. The patient, who died of subarachnoid
hemorrhage, was severly dehydrated terminally, and probably had a low
blood volume. Adequate venous return could not be obtained. The kidney
was revascularized in the recipient bed 124 minutes after death. Renal
function did not return. Twelve days later, the graft was removed, after it
had ruptured following relatively minor trauma to the recipient patient in
a fall from bed. Histologic sections showed typical rejection (Fig. 7).

Clinical use of two cadaveric hepatic homografts. The first organ
was obtained from a 3-year-old child who died in the operating room
during resection of a medulloblastoma. The recipient was another 3-year-
old child with terminal biliary cirrhosis secondary to congenital atresia of
the bile ducts. The time from death to the institution of extracorporeal
perfusion was 15 minutes. For the preceding 30 minutes, open cardiac
massage was performed. Initial perfusion flow rates were 30 to 50 ml. per
kilogram per minute and cooling proceeded rapidly. Perfusion was then
reduced to 10 to 20 ml. per kilogram per minute. After 2 hours, venous
return began to decline and during the next 110 minutes perfusion ceased
altogether. The temperature of the liver at the time of perfusion failure was
15° C. After an additional 45 minutes, the liver was removed. Orthotopic
revascularization in the recipient took 85 minutes.

Following restoration of blood supply to the donor liver, a bleeding
diathesis developed with hypofibrinogenemia and fibrinolysis. Despite the
administration of fresh whole blood, fibrinogen, and epsilon-amino-
caproic acid, the hemorrhage could not be controlled. Histologic sections
of the transplanted liver showed well-advanced, non-specific autolysis
which could not be attributed to ordinary postmortem changes (Fig. 8).

The second liver homograft was obtained from a 55-year-old man
who died from a cerebral glioma. The recipient was a 47-year-old man in
whom a primary hepatoma had been found at operation one week earlier.
Several measures were taken to shorten the necessary time for and to
improve the quality of perfusion. The recipient was prepared for the
homograft by a preliminary operation, 24 hours before definitive trans-
plantation, at which time his own liver was freed of all attachments except
the bile ducts and vessels. Intravenous infusions of glucose were given to
the prospective donor in order to maintain hepatic glycogen. Immediately
after death had been certified, acute expansion of the intravascular volume
Wwas achieved by forced transfusion of whole blood and plasma. Finally, the
thoracic aorta was occluded just above the diaphragm (Fig. 1).

Perfusion at 40 ml. per kilogram per minute was begun 5 minutes
after death, and gradually reduced to 20 ml. per kilogram per minute during
thft next 45 minutes, during which time the body temperature fell to 15° C.
Dissection and extirpation of the donor organ required 94 minutes. After
removal, 500 c.c. of cooled lactated Ringer’s solution was used to wash out
residual blood. The liver was then carried to the recipient operating room
and revascularized in the ensuing 63 minutes. Bile flow through the
lrar}sected donor common duct was noted shortly thereafter. Epsylon-
amino-caproic acid, fibrinogen, and fresh blood were administered during
transplantation. Bleeding was not a major problem.

In spite of the success of perfusion and the short time from death of
the donor to revascularization of the liver in the host, evidence of hepatic
damage was observed in the first few postoperative days with rises of
SGOT to as high as 1,150 units and an early rise of bilirubin to 12 mg.
percent. Liver function tests gradually returned toward normal until death
Occurred on the twenty-second postoperative day as a result of multiple
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pulmonary emboli. Histologic sections of the liver showed preservation of
architecture (Fig. 9). There was some increased fibrosis and bile stasis. No
damage due to perfusion was seen, nor was there unequivocal microscopic
evidence of rejection.

DISCUSSION

The beneficial effects of hypothermia in preventing ischemic dam-
age to tissue have been documented for several organs, including kid-
ney,*¢4!%55 Jjver,'“!*1¢17 Jungs,? and heart.’ Perfusion of isolated organs with

Fig. 7— A, Homografted cadaveric right kidney removed 12 days
after transplantation. Note rejection. B, Contralateral donor kidney ob-
tained at conclusion of perfusion (x32).
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Fig. 8.— Photomicrograph of first clinical hepatic homograft. The patient died on the operating table. Note advanced hepatic cell necrosis (x32).

various solutions had also been shown to prolong function. The technique
described here incorporates the advantages of both hypothermia and
perfusion. The practicality of the method is considerably increased by the
use of the electrolyte- or glucose-primed disposable bubble oxygenator,
thereby eliminating the need for blood typing. The resultant hemodilution
reduces viscosity'* and promotes increased renal blood flow.” Moreover,
oxygen is available to the tissues in quantities equal to those obtained from
whole blood.” The favorable effect of procaine on renal perfusion at low
temperatures has been demonstrated by Kiser and his colleagues.®

Extracorporeal perfusion in cadavers differs from that in the living
patient. Serious organ damage resulted from overperfusion when it was
attempted to maintain arterial pressures which would be clinically accept-
able. Apparently there is a rapid and complete loss of vascular tone shortly
after death, making the maintenance of significant arterial pressure impos-
sible except with exorbitant flow rates. The use of low flows in combina-
tion with hypothermia provides some protection against hydrostatic
damage to the organs from the pump system. While low-flow perfusion has
metabolic disadvantages, it has appeared to be satisfactory for short-term
preservation.

Although others have been able to obtain satisfactory renal function
after storage of kidneys at low temperatures (1 to 4° C.) for as long as 8
hours,*"* we were unable to do so with continuous perfusion at these
temperatures. Renal homografts cooled below 10° C. failed to function.
When temperature was controlled at 15° C. all renal homografts were
functional (Table I). The use of extremely low temperatures with continu-
ous perfusion appears to be harmful. The mechanism of injury is unknown,
but the gross appearance of the kidneys was strongly reminiscent of
frostbitten extremities.

Although satisfactory cadaveric renal homografts have been consis-
tently obtained with the use of the low-flow perfusion at temperatures of
15° C. for as long as 14 hours after death, there are limitations to the
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method. Kidneys perfused for longer than 6 hours showed temporarily de-
pressed renal function. The liver has been shown to be even more
susceptible to postmortem injury. This is evidenced by the high failure rate
in the animals perfused over 2 hours (Table II). Even with perfusion for less
than 2 hours, serious hepatic damage occurs, as shown by elevation in
SGOT and bilirubin levels, and by the development of coagulation defects.

Comparing the animal results with the clinical material, it is apparent
that success depends as much on the terminal course of the donor as it does
on the perfusion. Renal homografts obtained from animals sacrificed with
normal cardiovascular dynamics have been uniformly successful. Cadav-
eric perfusion in such dogs requires no special precautions. In <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>