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ccasionally in medicine a single individual makes a contribution of
uch magnitude and significance that it clearly represents a new di-
ction in the field. Such is the case in this monograph devoted to
nsplantation of the liver which originally appeared in Current
oblems in Surgery. Dr. Thomas Starzl and his colleagues, for-
rly of the University of Colorado and now of the University of
sburgh, have, by their many seminal contributions, had a great
uence on the entire field of transplantation; but it is transplanta-
n of the liver which has gained these scientists their widest recog-
on.

'he operation began as an idea.only 30 years ago and the seem-
ly painful and slow steps which subsequently led from early clin-
trials to the current stage of development are remarkable. Today,
procedure is performed in a number of medical centers around
world, in all age groups of patients, and for a wide variety of in-
tions—a tribute to the remarkable efforts and the persistence of
tarzl and his group.

this volume, Dr. Starzl and Dr. Demetris cover all aspects of he-
¢ transplantation, including the technical points of the replace-
t operation, the prevention of rejection, and the complications
L of the operation and of the postoperative immunosuppressed
- In the closing parts of this treatise, the authors review the
emerging technique of multiple organ transplantation, auxil-
ransplantation, and the practical limitations of the procedure,
ding organ donation and economic factors.

s contribution is authoritative and excellent, and will surely be-
classic in the field.

Samuel A. Wells, Jr., M.D.

Professor and Chairman

Department of Surgery

Washington University School
of Medicine
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INTRODUCTION

iver transplantation has had intellectual as well as practical
ations in all aspects of hepatology. In 1955, when the concej
nsplanting a whole liver was first mentioned in the medic
re,' the specialty of hepatology still had ambiguous bou
d purposes. This account will show how such a seemingly
idea as transplanting a liver became a practical reality
eby helped shape the specialty of hepatology during th
ing 30 years. During the same period, transplantation fo
nges in practically every aspect of hepatology and liver su
extent that it is no longer possible to have a liver disease ¢
out hepatic transplant capability.

ransplantation (live
ochoieju my (o



The liver can be transplanted as an extra (auxiliary) organ at an
ectopic site or in the normal (orthotopic) location after removal of
the host liver (Fig 1). This review will be preoccupied with the
orthotopic procedure. However, there has been renewed interest in
the auxiliary operation, which will be discussed separately at the
end of this monograph. In addition to the potential clinical value of
auxiliary hepatic transplants, efforts to define the optimal way of
revascularizing auxiliary liver grafts opened a new field of physio-
logic and biochemical research by demonstrating that splanchnic
venous blood possesses specific liver supporting (hepatotrophic)
qualities > ® }

As we develop the subject of orthotopic transplantation, we will
provide a running historical perspective since even the earliest ma-
jor publications on this subject are less than 30 years old, and many
are still of current interest. However, particular attention will be paid
to the massive literature that has developed since June 1983, when
the conclusion was reached by a Consensus Development Confer-
ence that orthotopic liver transplantation had become a service as
opposed to an experimental procedure.* ,

- DEVELOPMENT OF THE
REPLACEMENT OPERATION

The distinction between creative and delusional thinking us
becomes clear only in retrospect. The idea of liver replaceme:
surfaced in 1956 with a publication by Dr. Jack Cannon, who
working at the new Department of Surgery, University of Califo
Los Angeles (UCLA)® Because it was suspected at that time tha
liver might play a role in rejection, Cannon apparently hope
hepatic homograft would be more kindly received than othe:
planted organs since presumably it would not contribute to
destruction. There was no journal devoted to transplantat
1956, and abstracts or brief articles in this field were publish
appendix to Plastic and Reconstructive Surgery; which w
Transplantation Bulletin. Cannon’s article in Transplantatior
was less than one page long. It did not have a title, and de
of the procedure or even of the animal species used were
Cannon referred to “several successful operations” but wit
vival of the recipients. e

Even for nonhistorians, Cannon’s one-page article ma
special fascination of a solitary dot on a nearly empty ca
which a complex mural was to quickly and unexpectedl
There was no identifiable reason in 1956 to hope that ar
gan could be transplanted successfully, including the ki
less more complicated grafts such as the liver, heart, or
- The most unattainable ingredient of potential success wa
tion of rejection of transplanted tissues and organs. Th
urmountability "of this ‘biologic" barrier ‘undoubted!
esearch efforts at liver replacement. Nevertheles:




The technical requirements for liver transplantation in dogs are al-
most too complex for simple categorization. However, two cardinal
requirements for perioperative survival emerged from this work
more than 30 years ago. The first was adequate preservation of the
homograft during its procurement and the period of devasculariza-
tion® The second was decompression with veno-venous bypasses of
the obstructed recipient splanchnic and systemic venous beds dur-
ing the anhepatic period when the host liver was being removed and
the new liver was being inserted.® ®

We will consider these principles as they have been applied clini-
cally under the general headings of donor and recipient operations
and then discuss the more conventional surgical components of
liver transplantations including recipient hepatectomy, graft revas-
cularization, biliary tract reconstruction, and hemostasis.

DONOR HEPATECTOMY AND INITIAL COOLING

Hypothermia and Core Cooling ;

Steps in the development of liver graft procurement and preserva-
tion have been few. However, these steps have had an importance
beyond their application for liver replacement, since the principles
involved are germane to the preservation of other whole organs. The
first innovation of core cooling by infusion of chilled lactated Ring-

“er’s solution into the portal vein may have been the most important.®
Before core cooling was used, survival of dogs after liver transplanta-
tion was virtually never obtained, but afterward, success became al-
most routine.?

At an even earlier time, it was appreciated by cardiac surgeons
that hypothermia protected ischemic tissues and organs below the
level of aortic*?> and renal pedicle®® crossclamping. To our knowl-
edge, Lillehei and associates were the first to use hypothermia in
transplantation.'* They immersed dog intestinal grafts in iced saline
before autotransplantation or homotransplantation. Later, the extent

of hypothermic protection from ischemia was quantified by Sicular

and Moore, who reported that enzyme degradation in hepatic slices
was greatly slowed by refrigeration.'”

The cooling of organs with fluids infused via the vascular system
was such an obvious expedient that failure to do it can only be de-
scribed as surprising. Even more inexplicable was failure to core
cool kidney transplants. This was not done until long after the initial
research with canine liver transplantation had been completed.
Then, as a direct result of our experience with the dog livers,. we in-
troduced core cooling of kidney grafts into clinical practice. At first,
we had protected human renal homografts by inducing total body

ia of i _donors, but before long, we replaced

this cumbersome and potentially dangerous method with infusio
of chilled fluid into the kidney immediately after its removal.'®

Today, core cooling is the first step in the preservation of all whole
organ grafts, and it is most often done with the organs in place by
some variant of the in situ technique originally described by Mar
chioro and associates.'” These investigators used a heart-lung appa
ratus that contained a heat exchanger to cool the carcass of dogs be-
fore beginning organ removal and to maintain hypothermic perﬁi'
sion thereafter. This method (Fig 2) for the immediate or continuous
in situ hypothermic perfusion of cadaveric livers and kidneys :
used clinically long before the acceptance of brain death conditions'?; "
the technique has had a renaissance recently for procurement
thoracic organs.®?° Ackerman and Snell?* and Merkel and col

Arterial inflow

-

—Inf. mesenteri
y a.

Heat exchanger

FIG 2.
First tgchnique of in situ cooling by extracorporeal hypothermic pérstion.' The ¢
were inserted via the femoral vessels into the dorta and vena cava as soon as
after death. Temperature control was provided with"a heat exchanger, Crossclamp
the thoracic aorta limited perfusion to the lower part of the body: This method of
organ pll'ocure,r‘neynt was used.from. 1962 to. 1969, before:the acceptance of
The preliminary stages of this approach provided the basis for subseq in
tgchglques.‘;(Rgdra;vn from Starzl TE: Experience in Renal TrénSplahfétion W




leagues® popularized much simpler methods of in situ cooling of
cadaveric kidneys with cold electrolyte solutions infused into the
distal aorta.

Core Cooling for Multiple-Organ Procurement

An extension of these primitive in situ cold infusion techniques
has allowed removal of all thoracic and abdominal organs, including
the liver, without jeopardizing any of the individual organs.*® The
techniques of organ procurement and preservation used clinically
came from the laboratory procedures as described earlier. However,
much further development was required for the procurement of
multiple organs from human cadaveric donors that were expected
to provide kidneys, hearts, pancreases, and other tissues as well as
livers.

In the first trials of multiple-organ procurement, in situ cooling
was not used. The individual organs were skeletonized, and after all
of the dissection was completed, the kidneys were removed and
cold perfused on the back table. At a second stage, the liver and
heart were removed simultaneously. The removal of all four organs
was a rare event, and the first time the kidneys, liver, and heart were
removed from a single donor was on April 17, 1978 during a visit by
the University of Colorado team to the University of Minnesota.

It quickly became obvious that in situ cooling of organs was going
to be necessary if extrarenal organ transplantation were to flourish.
During the times when the numbers of liver or heart transplants
were small, the annoyance caused for renal transplant surgeons by
multiple-organ procurement was relatively minor. As multiple-organ
procurement became routine, a major educational effort was re-
quired to recruit the cooperation of kidney transplanters. The in situ
procedures were developed in Denver, and when the Colorado team
moved to Pittsburgh, these were demonstrated throughout the east-
ern two thirds of the United States. At the request of the Surgeon
General of the United States, Dr. C. E. Koop, a description of the new
operation of multiple-organ procurement was published ** Modifica-

tions of this procedure have been made for unstable donors and’

even for donors whose hearts have ceased to beat>* In less than 5
years, multiple-organ procurement, using techniques that are inter-
changeable not only from city to city but from country to country,
had become standardized in all parts of the world. ;

A complete midline abdominal and thoracic incision is made (Fig
3). The aorta at the diaphragm is encircled so that it can be cross-
clamped when the core cooling is begun. The distal aorta is used as
an entry site for the fluid infusion (Fig 4). By coordination of the fluid
‘infusion and the crossclamping of the great ves S

ion and ligation of appropriat al branc

Suprasternal
notch

Cut at fusion of
pericardium &
diaphragm

Cut falciform
lig.

//
r——~——T Pubic symphysis
FIG 3.

Total midline incision used for cadaveric donors.
Obstet 1984; 158:223~230.)

(Redrawn from Starz! TE: Stirg G

can be made to go selectively to those organs (including"th
that are to be used (see Fig 4). The portal vein of the liver al:
fused after a catheter is placed into it through the syply,é
f)ther major tributary (see Fig 4). Core cooling of the thora
1s accomplished with the same principles 2 .
There is little point in providing further details of the don.
ation. Those interested in procurement procedures sho
the description of the originally described technique® or
tive method called the rapid flush technique,?* which ¢
unstable donors or even for donors who develop a car
(see.the next section). With the rapid flush method, almos
Section is performed initially. The organs are quickly chi
washed free of blood in situ by aortic infusion and infusi
a distal portal branch such as the inferior mesenteric ve
then be removed swiftly in a bloodless field: ‘

Liver Prokcurementkln' NanaHeart-’Béating ‘Donors
~ When liver transplantation was first performed.
clinically, it was thought that the liver

arm ischem h
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FIiG 4.

Principle of in situ cooling used for multiple organ procurement. With limited preliminary
dissection of the aorta and of the great splanchnic veins (in.this case the splenic vein),
cold infusates can be used to chill organs in situ. In this case, the kidneys and liver were
to be removed. Note the aortic crossclamp above the celiac axis. (From Starzl TE, Hakala
TR, Shaw BW Jr, et al: Surg Gynecol Obstet 1984; 158:223—230.)

FIG 5.

It there is not time to insert a splanchnic venous catheter for infusion, the rapid
_cold fluid into the acrta alone will promptly cool the liver since the sup

venous blood contributes to the hepatic cooling (see Fig 6): All that is necessar
sert the catheter into the distal aorta and to crossclamp the aorta at the diaph

' Stgrzl TE, twatsuki S, Shaw BW Jr, et al: Transplant Proc 1985;.17:250=258. Us
mission.) .

years, particularly with the demonstration by Huguet and associates
that the human liver can tolerate at least 1 hour of warm ischemia
with relative impunity*® Studies in normal dogs have shown that
the portal triad usually can be crossclamped for at least 2 hours
without mortality, providing there is perfect decompression of the
obstructed portal venous drainage.”®
If a cardiac arrest occurs in a patient considered to be a good do-
nor, it is possible to quickly open the abdomen; encircle the proxi-
mal aorta at the level of the diaphragm, and cannulate the terminal
abdominal aorta or one: of.the: iliac: arteries’ (Fig 5).:Within: 5 or 10
minutes, core cooling can be started with ‘an infusion of cold solu-
tion. The aorta is crossclamped near the diaphragm. The inferior
‘ essed by incising it. The liver becomes
_rapidity. Within 2 or 3

(minﬂutes, the liver becomes palpably cold. At the same time
te;stmes become blanched from the superior mesenteric arte
Sion, and blood in the portal vein that has passed

splanchnic capillary bed b
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Core cooling of the liver with aoriic infusion alone. Note that the body (and liver) tempera-
ture becomes cryoprotective within 2 or 3 minutes after beginning the aortic infusion. The
hematocrit of the portal venous blood is quickly diluted, meaning that the liver is being

perfused with the increasingly asanguinous” cold blood returning from the splanchnic
venous bed.

ment can be carried out at a more leisurely pace. This is facilitated
by the fact that there is now a bloodless field. We have used this
technique to recover satisfactory livers from many donors with ab-
sent or ineffective heartbeat.*” The method has been used with con-
siderable success in Sweden, which did not have “brain death” laws
until recently.*® Our experience and that of the Swedish workers un-
der these circumstances have been almost as good as with the stan-
dard procurements in cadaveric donors with beating hearts. How-
ever, a high level of skill is required to prevent the loss of these
organs; and discriminating judgment is necessary about ‘which or-
gans have a good chance of being satisfactory. Only surgeons expe-

rienced in procurement of donor organs will be capable of this kind
of work.

Donor Anomalles : , ~

In at least one third of the human donors, arteria anomahes lel
be encountered whereby some or all
branc 1es of,the left gastric

Sup. mesenteric
a.

FIG 7.

A common anomaly in which a right hepatic artery originates from the superior mesentertc
artery. This right artery always is posterior to the portal vein.

of these techniques have in common the conversion of multiple ves-
sels into a single trunk by back-table dissection and anastomoses
(Figs 8—10). Uniting the celiac axis and superior mesenteric artery as
shown in Figure 10 may leave an excessively long vessel and a bulge
at the site of the fold-over anastomosis. Consequently, if thls prmCI—

R.h.a.
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FIG 9.
Alternative methods to reconstruct the anomaly shown in Figure 7. The proximal (left) or

distal (right) end of the superior mesenteric artery containing the anomalous right hepatic
artery is anastomosed to the graft celiac axis. The open end is sewed to the recipient ce-

liac axis.

ple is employed, an end-to-end celiac axis to superior mesenteric ar-
tery anastomosis may be preferable (see Fig 8 or 9).

Vascular Homografts :

An integral part of the donor operation should be procurement of
free grafts of the iliac arteries and veins, since these can be used to
reconstruct anomalies or damaged vessels of livers (Fig 11), kidneys,
and other organs. At the time of procurement, these grafts are
placed in a solution developed at the University of Wisconsin (UW
solution), where they can be used for at least 1 or 2 days or possibly
longer. When arterial grafts are needed, they are usually based below
the recipient renal arteries. They can be brought anterior to the pan-
creas (Fig 12) or behind the pancreas through tunnels created by
finger dissection (Fig 13). Vein grafts will be discussed later.

Ex V-ivo Perfusion After Initial Cooling ,
With one approach, a continuous circulation has been |
with a cold perfusate primed with blood and oxygenated w

hyperbaric oxygen chamber.*” This method, which rigi
used for kidneys by Ackerman and Barnard,*® has permitted
essful preservation of dog livers for as long as 2 c élyé, k

MEANS OF SUBSEQUENT PRESERVATION lied clinically with remarkable success in sever
he pre-brain death era.®® When Belzer and associat

In dogs, the liver can be transplanted successfully as long as 6 to liminate the h lobi : il

12 hours after cooling with lactated Ringer’s solution and storage at i e hemoglobin and hyperbaric chamber compon

4°C.>° Further extension of this period and improvement of safety Yy preservation, - their asanguinous perfusion techniq
ended on one of two pr trateg fro i vnal grafts become a worldwide standard




Arterial graft from
infrarenal aorta

'antepgncreatic roupe for a vascular graft placed onto the infrarenal abdomina
€ graft is brought either to the right or left of the middle colic vessels; anteri

ncreas, and beneath the pyloris. (From Tzakis AG, Todo S, Starzl
T
89; 2:121. Used by permission.) =T Tran

FIG 11.

By 1979, all of the demonstrated grafts had been used clinically. The use of vascular
grafts has been life saving, and liver transplantation should never be attempted without an
emergency assortment of these grafts. (Redrawn from Starzi TE, Halgrimson CG, Koep LJ,
et al: Surg Gynecol Obstet 1979; 149:76--77.)

Slush Techniques

The alternative strategy for the subsequent preservation of kid-
neys, livers, and other organs has been the instillation of special so-
lutions (Table 1) such as those described by Collins and co-workers**
or the plasma-like Schalm solution.** The original Collins solution or
modifications of it have been used for almost 20 years for the so-
called slush techniques of kidney preservation in which the organ is
packed in an ice chest at 4°C after its infusion. The experimental
work of Benichou and colleagues® and Wall and associates** with
the Collins and Schalm solutions opened up the possibility in 1976
of ‘¢linical sharing of livers between cities but within narrow time
limitations. The outer limit of safety for human livers was generally
set at 8 hours in spite of the fact that dog livers could be maintained
for much longer than this with the Collins and Schalm solutions.

The'UW Solutlon for SIush Preservat ion



Amons
Bicarbonate (mM/L}
Chloride (mM/L)
Lactate (mM/L)
Phosphate {mM/L)
Lactobionate {(mM/L)
Cations
Calcium (mM/L)
Sodium (mM/L}
Potassium (mM/L}
Magnesium (mM/L)
Colloids and osmotically
active agents
Hydroxy ethyl starch

(gmvL)
Proteins (gm/L) - - - 652 90 of solution are required for a multiple organ procuremen
;’2‘;2:(‘;:; tgﬂ“z B _ _ 17—3 - i75 4; ts, exclusive (?f thg thorac;ic organs. Because it has bee
Glucose (gm/L) 194 . _ . _ 99 thg[‘{;/\/ solution is superior to previously used solutions fi
Others ney " as well as the liver, there can no longer be any objt
Adenosine (gm/L) — — 1.34 — — — his use of UW solution.
Glutathione (gnvL) —_ — 0.922 — — — though the extension with the UW solution of accep b
Insulin (units) —_ — 100 - - - hemia from 6 or 8 hours out to 1 day does not seem lik
Allopurinol (gm/L} - - oBe - — - - n, the effect has been phenomenal. Until 18 months ago
Antibiotics and steroids blems dominated the use of cadaveric livers that had
Ampicillin (mg) — — - ;o 250 50 ac o
Sulfamethoxazole (mg) B N 40 I . - 1oved, transported to their destination, and revascularized
Trimethoprim (mg) _ — 3 — — —_ verriding sense of urgency. With the longer preservation tim
Dexamethasone (mg) — — 8 — — — as been made practical with the UW solution, countrywid
Methyl prednisolone — — — — 250 500 orldwide networks of organ sharing have been set up. The con
(mg) uences in the future should be a reduction in organ wastage
S;mOIall‘y (mOsm/L) 37?4 27:3 323'4 30;4 T 30;'4 greater flexibility for use of grafts that can be trimmed to the ap

priate size for pediatric recipients, and more efficient recipien
d preparatlon The use of slower propeller planes instead.

*From Todo S, Podesta L, Ueda Y, et al: Clin Transplant 1989; 3:253—259. Used by permission.
+EC = Euro-Collins; LR = Lactated Ringer's; UW = University of Wisconsin; UM1 = University of Min
nesota I; UM2 = University of Minnesota II; UM3 = University of Minnesota IIl.

has become feasible.
An explanation for the effectiveness of the UW solution has ,
provided by Belzer and Southard.*® The UW solution contains m
than 10 ingredients (see Table 1). Important components and the
effects are (1) lactobionate and raffinose to prevent cell swelling,
hydroxyethyl starch to support colloidal pressure, (3) allopuri
and glutathione to inhibit oxygen free-radical generation, and (4).
enosine to enhance adenosine triphosphate (ATP) synthesis aft
reperfusion. In studies performed in our laboratory, the difference in
the performance of different solutions may provide sketchy insig
into the relative importance of some constituents.”® These studies

pancreas,*® kidney,*”** and heart,"® possibly by mechanisms com
mon to all organs (see later).”® The superiority of the UW solution to
any previous infusion solution for preservation of the liver has been
established in clinical trials5*~** In our trials,**~** the livers infused
with UW solution performed better even though they were preserved
on the average for almost twice as long as livers preserved with
Euro-Collins solutions. The livers in UW solution permitted a higher
rate of graft survival, and they had a lower rate of primary nonfunc-
tion, hepatic artery thrombosis and retransplantation. They ap-
peared to be safe for at least 1 day and possibly longer.

16



1mb1b1t10n of water by cells, have seemed to be the essential ingr
ents without which the effectiveness of UW solution is lost.>® Othe
have come to the same conclusion ** *° :

Much remains to be learned about liver preservation, the effects
ischemia on hepatic function and the hepatic microvasculature, a
the role of these factors in the early and late postoperative course
recipients. We will return to these subjects further on. In the mea
while, a discussion of slush preservation would be incomplete wit
out mentioning the potential dangers of the preservation solutior
For example, the bolus of potassium washed out during the repe
sion of a liver containing Collins' or UW fluid has caused a numb
of cardiac arrests. It also should be noted that other ingredien
than potassium in present-day preservation solutions may impose
risk. Prien and associates have shown that bradycardia or even mo
serious arrhythmias are caused in recipients of kidneys preserv
with UW solution if these organs are not washed out first.** They b
lieve that the offending agent is adenosine, which is known to be
rhythmiagenic. Aside from this consideration, and the elimination
potassium, the preservation fluid should be washed out of liv
grafts before they are placed into the recipient circulation to elim
nate air bubbles entrapped in the graft.®> Moen and co-workers have
shown that sodium can be substituted for potassium-in the UW so
lution.®” This change will make safer the reperfusion of liver grafts b
eliminating the potential bolus of potassium at the time of reperfu

ena cava. (From Starzl TE, Bell RH, Beart RW, et al: Surg Gyneco/ Ob
41:429-437. Used by permission.)

sion. ponsibility still rests with a single surgeon who must unde
_each part of the operation.
A right subcostal incision is almost always used for the remp
RECIPIENT OPERATION operation (Fig 14), but its exact location is dictated by previou

upper quadrant incisions and by the size and conﬁguration‘
liver. An upper midline extension has been particularly valuabl
the upper midline extension is made, the xiphoid process usual
excised since better access to the hepatic veins and suprahep
vena cava can be obtained. In the majority of cases, the patients
up with a bilateral subcostal incision, with a superior midline T
tension (see Fig 14). Thoracic extensions are almost never neede

Once the abdomen is entered, an effort is made to find a plane
dissection just outside of the liver capsule if there are major
sions. Movement away from this plane invites disruption of v
_that may be large enough to cause unpleasant or even lethal h
rhage during the preliminary dissection.

The component parts of the recipient operation are so dissimil
that a single surgeon operating from skin to skin may find it difficul
to adjust to the changing pace. Removal of the diseased liver can b
one of the most bloody and stressful experiences in a surgeon'’s life
Yet, the subsequent performance of the vascularanastomoses can b
among the most delicate and sophisticated, especially in very small
children: Obtaining perfect hemostasis subsequently is often a te
dious third phase that, if not accomplished, will ruin all that ha
gone before. At the end, success depends on adequate biliary trac
reconstruction. In some centers; various parts of the procedure ar
being done by independent and fresh teams. However, the total re

18



_anastomoses e homograft, the port

1nastomo he 1 , porta €Nna cav;
are crossclamped (Fig 15). The choice of the dog in 1958 a

the spe

the need for heparinization.® ®

Such passive bypasses were used for several patients in the first
clinical trials®” °*; however, either the bypasses clotted and did not
function at all or, far worse, clots were released from the bypass tub-
ing and passed to the lung, causing lethal pulmonary emboli®* In
addition, it quickly was appreciated that the human can tolerate ob-

struction of the inferior vena cava and portal vein better than the
dog, that other species, including the pig, were more like humans in
this respect, and that even in the dog venous crossclamping could
be made safer by the expedient of bile duct ligation several weeks in
advance.®® The logical conclusion from this last observation was that

cies to develop the operation focused attention immediately on the
need to decompress the acutely obstructed venous beds. The nor-
mal dog cannot tolerate venous hypertension of the splanchnic cap-
illary bed for more than 15 or 20 minutes without the development
of hemorrhagic necrosis of the intestinal mucosa. Passive veno-
venous bypasses from the stagnant venous pools to the upper part
of the dog's body can circumvent these lethal complications without

//Ju

Bare area

Common bile
duct

infrahepatic
1.V.C.

FIG 15.

Pump-driven veno-venous bypass, which allows decompression of the splandhnic‘ and
systemic venous beds without the need for heparinization. (Redrawn from Griffith BP,
Shaw BW Jr, Hardesty RL, et al: Surg Gyneco! Obstet 1985; 160:270—272.) ;
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bstructed venous beds were aban-
vere not resumed for almost 20 years.

Si ere the arguments against using veno-venous by-
that liver transplantation was repetitively performed in hu-
, under: conditions that limited its usefulness, increased its
perative risk, and made training of the next generation of he-
surgeons difficult. Liver transplantation was widely viewed as
ing too dangerous and difficult to be generally applicable. The
take had been made of believing that a fundamental principle of
gical physiology worked out in animals, namely that veno-venous
yass was essential for effective liver transplantation, was not truly
vant in humans.

t was possible to carry out liver transplantation successfully with-
veno-venous bypasses,’®®” but the operation could be per-
rmed only by highly experienced surgeons and frequently with
h a sense of urgency that training of new teams in any numbers
s not possible. All too often, a virtuoso performance was required,
hd even when the anhepatic period was kept to a minimum, major
eclines in cardiac output and variable hypotension were common.®®
he fact that recovery usually occurred in the hands of skilled teams
reated a false impression about the expendability of the bypass.
sually there was gross swelling of the intestine during the period of
cclusion. Subsequently, many patients suffered from third space
guestration and postoperative renal failure. The extent to which
ese complex physiologic events contributed to the high perioper-
ive morbidity of the 1360s and 1970s was not fully appreciated un-
later.®” ©°

How this deficiency in technique was rectified cannot be traced
asily from the articles describing the work. The stimulus for reas-
sessment was a persistent 5% to 10% intraoperative mortality that
was due almost entirely to poor patient tolerance of the venous oc-
clusions during the anhepatic phase. However, nothing decisive was
done to rectify the situation until a tragedy occurred in Pittsburgh in
May 1982 that utterly demoralized the transplant team. A popular
male hemophiliac teenager with chronic active hepatitis died on the
operating table from the combination of bleeding, third space fluid
sequestration, and cardiovascular instability that was then common
during hepatectomy and the sewing in of the new liver.

The program was closed for more than 1 month until June 15,
1982 when cardiac surgeon Dr. Henry T. Bahnson, Chairman of the
Department of Surgery at the University of Pittsburgh, was requested
to set up a pump-driven bypass for the next case. Bahnson grasped
 the essence of the problem instinctively, and he agreed immediately.
That night, a liver replacement was carried out under veno-venous
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a pump-d ven bypass had been described :
by Cutropia and associates,” but their article was unkno 5 obvious almost immediately
the time. There was little trouble in reversing the heparin effec far more reasonable proce-
terward. Those who were there that night were ecstatic  about thi 1an in the past 72 Kam and associates  have shown subse-
ease and nonstressful nature of the transplantation under bypas v that these techniques are easy to use and safe in many pe-
conditions. ric recipients, particularly those weighing more than 15 kg.'°

The ways in which liver transplantation was facilitated by veno ot all liver transplant surgeons believe that veno-venous bypasses
venous bypass were verified in a number of other cases.®” By Jul of overriding importance.””"” Calne and co-workers have de-
1982, abstracts describing the technique were submitted under. th bed a venoarterial bypass, sometimes with an intervening oxy-
senior authorship of Bahnson to the Southern Surgical Associatio ator, that is used only when venous cross clamping causes car-
and to the American Association for the Study of Liver Disease dynamic instability.” They contend that strain on the heart is re-
Both were rejected. In the meanwhile, problems with reversal of th ed thereby. Even today, most infants and small children undergo
heparin effect had been encountered in several of the adult recipi er transplantation without veno-venous bypass, and some sur-
ents. Veno-venous bypass under systemic heparinization hac ons routinely omit it for their adult recipients.”*~"" Nevertheless,
worked well in those patients with relatively “simple” diseases suc no-venous bypass converted liver transplantation to a procedure
as primary biliary cirrhosis and in recipients who had not had pre at can be carried out by many well-trained general or vascular sur-
vious abdominal operations. The same was not true in patients wit geons. The consequence was that effective teams could be devel-
difficult pathology, exceptionally advanced disease, and especially i ped quickly, blanketing the United States and Europe almost over-
those who had undergone multiple procedures previously. Here, th ght with a network of competent liver transplant services.
bleeding from the raw surfaces was so great and the heparin effec
reversed with such difficulty that the value of bypass technique wa;
vitiated. In fact, two patients with veno-venous bypass under hepa
rin died of hemorrhage when clotting could not be restored.

Two of Bahnson's young associates, Drs. Bartley Griffith and Rob
ert Hardesty, had avoided systemic heparin in patients with pulmo
nary insufficiency who had been treated with pump-driven extracor-
poreal membrane oxygenators. Griffith and Hardesty recently had
purchased an atraumatic centrifugal pump that they thought would
permit the pumping of venous blood without anticoagulation. Work
on the nonheparin bypass began in dogs in the laboratory on Sep-
tember 30, 1982. The project was assigned to Dr. Scot Denmark, a
resident who was in his ‘lab year.” Griffith' and Denmark provided
the bypass capability. The liver transplantations were performed by
members of the transplantation service, including the second-year
transplantation fellow Dr. Byers Shaw, Jr. By the end of 1982, most of
the work that was reported by Denmark at the Surgical Forum of the
American College of Surgeons in October: 1983 already had been
completed.”" However, clinical trials of the nonheparin bypass were
not started, in part because it was difficult to predict which patients
really needed it. In addition, there still was uneasiness about the
possibility of clot formation in bypass tubing and consequent pul-
monary emboli.

During the Christmas season of 1982 and in January 1983, three

69;

Recipient Hepatectomy

There is no single best way to remove a diseased native liver. In
ch case, an ad hoc decision is required on the best technical ap-
proach that the abnormal anatomy will permit. In some patients, ef-
orts to mobilize the liver from the hepatic fossa can cause lethal
hemorrhage unless the hepatic arterial and portal venous blood
supply are ligated first. In the other recipients, it may even be im-
possible because of scarring from previous operations or because of
he massive formation of varices to dissect individually the struc-
ures of the portal triad.

Finally, the method of hepatectomy, as well as the conduct of the
rest of the operation, are determined largely by whether or not veno-
_Vvenous bypasses are going to be used. If the bypass is omitted, it is
important to limit the venous occlusion period as much as possible,
hopefully to the time required for performance of the two vena caval
and the portal anastomoses. Otherwise, damage to the splanchnic
and systemic capillary beds may be excessive, with grossly obvious
petechial hemorrhages and edema in the intestines and elsewhere.
With occlusion of both the vena cava and the portal vein, hemor-
rhage from the thin-walled varices and from all other raw surfaces of
the operative wound is predictably amplified. The bleeding often
cannot be controlled by any mechanical means until decompression
is accomplished by opening of the vena caval and portal venous
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anastomoses of the new liver. Thus, if veno-venous bypasses are to
be omitted, as much preliminary dissection as possible is .desu‘able
so that the occlusion period can be made as short as possible.

In contrast, the extent of preliminary dissection can be greatly de-
creased if a veno-venous bypass is to be used. The individual struc-
tures of the hilum usually are skeletonized, but no other areas need
be invaded. When the bypass is ready for implementation, t_he he-
patic artery and the common duct are ligated. The portal vein can-
nula for the veno-venous bypass is inserted, as is a femoral cannula,
allowing both the splanchnic and systemic systems to be prought
into the veno-venous circuit (see Fig 15). Entry into the superior vena

Common bile duct
Hepatic a.

Clamp on L.V.C.

FIG 16.

caval system usually is via the axillary vein (Fig 16). In adults, 1 to 6 L
of blood per minute are bypassed. Simultaneous obstruction of the
portal vein and inferior vena cava should cause little change in
blood pressure or other measures of cardiovascular function.

With the hemodynamic stability afforded by the veno-venous by-
pass, it is possible to systematically dissect all other structures that
are holding the now-devascularized liver, including the infrahepatic
vena cava. The triangular ligaments and the leaves of peritoneal re-
flection that make up the coronary ligament are cut if these have not
been incised already (Fig 17). The bare areas are entered on both the
right and left sides. After these maneuvers have been carried out, the
right hepatic lobe can be retracted into the wound. If it has not been
possible to encircle the inferior vena cava earlier, this can be done
now just below or above the liver, and eventually at both locations.
The liver can then be shelled out on the stalk defined by the vena
caval connection (see Fig 17), and the vena caval cuff for eventual
anastomosis can be developed (see Fig 17, inset).

Once the liver has been removed, it is possible using veno-venous
bypass time to close most of the raw surfaces that were created dur-
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FIG17.
Completion of removal of the liver from below upward, leaving the liver attached only by a

stalk of vena cava at the diaphragm. (Redrawn from Starzl. TE; Porter KA, Putnam, CW. et
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FIG 18.
Closure and hemostasis of the bare area after peeling out the liver. Under conditions of
veno-venous bypass, there is plenty of time to do this so that the wound is dry when the
anastomoses to the new liver are carried out. {Redrawn from Starzl TE, fwatsuki S, Shaw
BW Jr, et al: Transplant Proc 1985; 17:107-119.)

ing the hepatectomy (Fig 18). Closure is usually done with a contin-
uous polypropylene suture, beginning at the tip of the right triangu-
lar ligament and: continuing centrally in rows that eventually are
connected.” The superior leaf of the coronary ligament can be the
starting point, with continuation into the bare area itself and even-
tually to the inferior portion of the coronary ligament (see Fig 18).
When these continuous suture lines are eventually incorporated into
a single suture line, all of the right bare area may be eliminated if

desired. The same principle is followed in dealing with the left |

triangular and falciform ligaments as well as other bare areas (see
Fig 18).

The foregoing well-ordered strategy of hepatectomy is not always
possible, particularly in patients who have undergone previous op-
erations in the upper abdomen. In some cases, the only way to get
the liver out is by.placing clamps across the entire hilum. The lu-
mens of- the individual hilar structures can then be seen after
transecting between the mass clamps, and these individual struc-
tures can be dissected downward toward the clamp (Fig 19).

Another drastic variation that may be especially helpful in chil-
dren in whom the infrahepatic vena cava is inaccessible is to encir-
cle and transect the vena cava above the liver. When this is done,
one or two fingers are thrust downward into the retrohepatic vena
cava to prevent massive hemorrhage (Fig 20). Then the liver can be
peeled down from above. :
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Hepatic a.

cglz;lmping of portal triad, which is sometimes necessary when preliminary dissection

individual structures is too difficult. Once the triad has been clamped, theltrr;c:
res are seen head on and are dissected downward. A portal venous cannu aH
enous bypass can then be inserted. (Redrawn from Starzl TE: Experience in He-
Transplantation. Philadelphia, WB Saunders Co, 1969.)

servation of the Vena Cava and _the» Piggybagk Techmciue don i
n integral part of the standard orthotopic liver transp antatio ]
10val of the inferior vena cava from above the. renal veins to e;
phragrn. Complete excision of this retrohepath vena cava ;f Pqt
essary, and Stieber and co-workers have ppmted out tha 1f
y not be desirable.”” They recommend leavmg that portion o
a cava into which the right adrenal vein drains and then over-
va:nagngiller modification, the full lengt}? of the 1‘“ec'ipient 1r:fer10r
a cava is preserved, and the new liver is placed plgg}/baf:k gnti
anterior surface. A particularly appealing feature of tht? piggybac
eration in children for whom veno—venous‘bypass mlght not be
sible is that vena caval occlusion can be av01deFl during the hepa«
tomy and sewing in of the homograft. The piggyback operation
as been used for a number of years. In some of ,our first patler.ltg,
is operation was employed,” and one of Calne's first five recipi-
ts had a piggyback operation.®* However, the formal descmp&tzl?qri
d widespread use of the piggyback operation has been }‘eceﬁt. '
e present time, about one fifth of our recipients are having the pig-
¢ dification. '
}I)’?lcekezls?ence of this operation is shown in Figure 21. By rotating
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bile duct

FIG 18.
Closure and hemostasis of the bare area after peeling out the liver. Under conditions o
veno-venous bypass, there is plenty of time-to do this so that the wound is dry when th
anastomoses to the new liver are carried out. (Redrawn from Starzl TE, Iwatsuki S, Sha
BW Jr, et al: Transplant Proc 1985; 17:107~119.)

Hepatic a.

lamping of portal triad, which is sometimes necessary when preliminary disseot?on
individual structures is too difficult. Once the triad has been clamped, the triad
res are seen head on and are dissected downward. A portal venous oanngla for
/enous bypass can then be inserted. (Redrawn from Starzl TE: Experience in He-
Transplantation. Philadelphia, WB Saunders Co, 1969.)

ing the hepatectomy (Fig 18). Closure is usually done with a contin
uous polypropylene suture, beginning at the tip of the right triangu
lar ligament and:continuing centrally in rows that eventually ar
connected.” The superior leaf of the coronary ligament can be th
starting point, with' continuation into the bare area itself and even
tually to the inferior portion of the coronary ligament (see Fig 18
When these continuous suture lines are eventually incorporated int
a single suture line, all of the right bare area may be eliminated
desired. The same principle is followed in dealing with the left
triangular and falciform ligaments as well as other bare areas (see
Fig 18).

The foregoing well-ordered strategy of hepatectomy is not always
possible, particularly in patients who have undergone previous op-.
erations in the upper abdomen. In some cases, the only way to get
the liver out is by, placing clamps across the entire hilum. The lu-
mens of. the individual hilar structures can then be seen after
transecting between the mass clamps, and these individual struc-
tures can be dissected downward toward the clamp (Fig 19).

Another drastic variation that may be especially helpful in chil-
dren in whom the infrahepatic vena cava is inaccessible is to encir-
cle and transect the vena cava above the liver. When this is done,
one or two fingers are thrust downward into the retrohepatic vena
cava to prevent massive hemorrhage (Fig 20). Then the liver can be
peeled - down from abave.

ervation of the Vena Cava and the Piggyback Technique ‘
integral part of the standard orthotopic liver transplantation is
oval of the inferior vena cava from above the renal veins to the
hragm. Complete excision of this retrohepatic vena cava is not
ssary, and Stieber and co-workers have pointed out that it
not be desirable”® They recommend leaving that portion of
cava into which the right adrenal vein drains and then over-
ng it.
another modification, the full length of the recipient inferior
cava is preserved, and the new liver is placed “piggyback” onto
nterior surface. A particularly appealing feature of the piggyback
ation in children for whom veno-venous bypass might not be
ible is that vena caval occlusion can be avoided during the hepa-
omy and sewing in of the homograft. The piggyback opergtion
been used for a number of years. In some of our first patients,
operation was employed,® and one of Calne’s first five recipi-
had a piggyback operation.®" However, the formal descmpstzlon
widespread use of the piggyback operation has been recent. At
present time, about one fifth of our recipients are having the pig-
ack modification.
he essence of this operation is shown in Figure 21. By rotating
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FIG 20.
Removal of the liver from above downward, preventing hemorrhage with a finger or finge:
thrust down the lumen of the transected suprahepatic vena cava. The maneuver is ind
cated if it is difficult or impossible to safely encircle the inferior vena cava below the live
This technique is almost specific for certain cases of biliary atresia with extensive subhe
patic scarring in which the small size of these livers makes it possible to completely ot
clude the vena cava with a single finger. (Redrawn from Starz! TE, lwatsuki S, Shaw BW.
et al; Transplant Proc 1985; 17:107-119.)

gh its length. Note that the suprahepatic vena cava of the homograft is

anterior wall of the recipient vena cava. The retrohepatic vena cava of t
tured or ligated, leaving a blind sdc into which empty numerous hep
is A, Todo S, Starzl TE: Ann Surg 1989; 210:649-652. Used

the liver out of the wound, either to the right or to the left, one ¢
dissect the individual hepatic veins, ligate thein, and divide th
(Fig 22). The major hepatic veins are crossclamped and eventua
used to fashion an orifice for the outflow anastomosis- of the
mograft (Fig 23). The right, middle, and left hepatic veins or, mu
commonly, the middle and left are joined by dividing the interv
ing septum. e

If difficulty is encountered in dissecting the hepatic veins from
exterior approach, an alternative technique is to split the liver lik
book. A tributary-free plane is identified at the upper portion of
liver, and with gentle blunt dissection, the finger is burrowed d
the anterior surface of the vena cava (Fig 24). The liver is then
vided with a knife from its antenor sur'face down to the ﬁnger u
a knife (Fig 25).

The exact technique of the outﬂow anastomosm: depends
Wthh hepanc veins have been s ‘ ,



cava and removing the fiver.
plane exists on the anterior surfa
the retrohepatic vena cava, W
developed with a gently insert

(From Tzakis A, Todo S, Star

FIG 23.
Formation of the site for anastomosis. The three main hepatic veins can be connected a
shown, or other combinations can be used, of which the most common is a left and middl
hepatic cloaca. (From Tzakis A, Todo S, Starzl TE: Ann Surg 1989; 210:649-652. Used b
permission.)

Surg 1989; 210:649-652.
perrnission.)

The applicability of the piggyback operation deperids on findin
favorable anatomic conditions as the recipient hepatectomy pro
ceeds. If the liver is very cirrhotic, small, and firmly adherent to it
retrohiepatic vena cava, it is foolish to persist in efforts to save th
vena cava. When it is easy to perform, there is little that can be sai
in criticism of this variant technique, which is being used in abou
75 cases per year in our Pittsburgh program.®?

Graft Revascularization

In most cases, anastomoses of the vena cava above and below th
liver are performed first. While the lower vena cava anastomosis i
being constructed, the liver is flushed with lactated Ringer’s solutio
to remove enfrapped air from its major veins and to rid the graft o
the highly concentrated potassium that is contained in the preserva
tion fluid (Fig 26). Failure to observe these precautions can result i
air embolus or in cardiac arrest from hyperkalemia.®* The port
venous anastomosis usually is done next, and the liver is revascular
ized with a portal blood supply. A very aggressive effort then is mad
to find major bleeders and to control these before proceeding wit
rearterialization. As already mentioned under donor hepatectomy,
many options have been described for dealing with anomalies o
other unusual anatomic features of the donor or recipient arteries
The objective in all is to obtain as large a caliber recipient vessel a

FIG 25. o
After the plane is developed '
shown in Figure 24, the liver is
boldly transected, bringing int
the vena cava, and the right 'g
fragments are removed as quid!
as possible. (From Tzakis A, To
S, Starz! TE: Ann Surg 198

210:649-652, Used by permiss

possible, consistent with the size of the donor artery. This usuall
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FIG 26.
Technique of washing out the homograft, which is performed with b
standard operations. The organ is washed with a solution of low p
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use of an antepancreatic portal vein graft from the superior mesenteric vein through
same pathway as shown for an arterial graft in Figure 12. The use of these grafts has
inated portal vein thrombosis as a contraindication to transplantation, providing a
d superior mesenteric vein is still open. (From Tzakis A, Todo S, Stieber A: Transplan-
1989; 48:530--531. Used by permission.)

FIG 26.
Technigue of washing out the homograft, which is performed with both the piggyback al

standard operations. The organ is washed with a solution of low potassium concentrat
(A) to avoid the infusion of a bolus of potassium from the preservation fluid during rev
cularization. In addition, it is important to wash out air that may be trapped in the la
hepatic veins (B and C). Failure to eliminate these bubbles could lead to air embolis

, 15, performance of a poor an is wi -
(Redrawn from Starzl TE, Schneck SA, Mazzoni G, et al: Ann Surg 1978; 187:236-240 ' P poor anastomosis with Subsequent thrombo

sually will cause death or necessitate retransplantation. We
described special techniques to prevent flawed anastomoses,
cularly in children who have small vessels.** These spec1al tech-
were designed to prevent anastomotic strictures.® The anas-
es are done in the usual way with a continuous polypropylene
(Flgs 28,A and B), but a so-called growth factor is left by tieing
tures at a considerable distance from the vessel wall (Fig 28,C).
W is re tored through the hepatic artery or portal veln, the

requires making the anastomosis proximal to the gastroduodenal
tery in recipients with normal arterial anatomy and often proxim
to the splenic and left gastric arteries in these recipients with ano
alies.
Vein grafts of the portal vein can be inserted above the pancre:
usually at the confluence of the splenic and superior mesente
vein (see Fig 11). If a portal vein thrombosis extends too far dista
to allow insertion of a vein graft superior to the pancreas, a jun
graft can be placed on the anterior surface of the superior mese
terlc vein below the transverse mesocolon. The graft is brought a




FIG 28.
Method of avoiding strictures of small vascular anastomoses. See text for explanati
(Redrawn from Starzl TE, Iwatsuki S, Shaw BW Jr. Surg Gynecol Obstet 19
159:164-165. Used by permission.)

al extrinsic mass effect on homograft common hepatic duct, which is caused by ob-
ing a cystic duct at both ends. This surgical complication results in obstructive jaun-
and requires secondary excision of the resulting mucocele. (From Koneru B, Zajko
her L, et al: Surg Gynecol Obstet 1989; 168:394-—396. Used by permission.)

le kind of biliary obstruction that is highly avoidable is caused
aving an obstructed segment of the cystic duct with the graft,
ally, this occurs when the cystic duct enters the common duct
anomalously low level, creating a double lumen at the site of
ransection. If the distal and proximal ends are occluded, a
cele can form in the obstructed segment and lead to extrinsic
ession (Fig 29).°° The best way to avoid this is to completely
the cystic duct at the time of transplantation. Alternative tech-
_are shown in Figure 30.

ly, there may be an indication to use a technique that incor-

not satisfactory for this technique. The polypropylene is so slippe
that it is not caught by the adventitia and can easily work itself ba
through the entire circumference of the suture line.

Biliary Reconstruction

An acceptable technique of biliary tract reconstruction if the a
tomic conditions permit is end-to-end anastomosis of the donor
recipient common ducts over a T-tube stent (see Fig 1).*” Variant
this principle include a side-to-side choledochocholedochosto
after closure or ligation of the donor and recipient duct ends.®* ;
ternatively, the homograft common duct can be anastomosed t donor gallbladder conduit between the donor common
defunctionalized (Roux) limb of jejunum (see Fig 1) with eq e recipient anastomotic site.®"** This method (Fig 31),
good results 5" *> % Whichever method is used, there has be s described by Waddell and Grover”* and by Calne,®* has
10% to 15% incidence of late bile duct ob ire ] 1 late sl ,dg and stone formation. In our ex-
rection by interventional radiol ’ i , bi acts reconstructed with the
construction, or in oceasional ‘etranspl: ped the characteristic ob-




Waddell-Calne technique of gallbladder conduit biliary recon
mograft common duct has alternative pathways of emptying, both throl
onduit. The choledochocholecystostomy is stented with a T tube
allbladder. (From Halff G, Todo S, Hall R, et al: Transplantation 1989
by permission.)

FIG 30.

The best way to prevent mucocele formation is to completely excise the cystic duct,
alternative techniques to prevent a bilind cystic duct remnant are shown. (From Koneru B

Zajko AB, Sher L, et al: Surg Gynecol Obstet 1989; 168:394-396. Used by permission.)

struction shown in Figure 32.% It has been possible to rectify the s
uation by conversion to a choledochojejunostomy.

commended the thromboelastogram to follow the
nute clotting changes in the operating room in‘muc
y as is recommended and practiced currently. Othe
owing consumption of clotting factors, including platelets
e graft itself’® °” and the development in some patients of
agulable state postoperatively, completed the picture. E
ambridge provided confirmatory data.’® Ultimately, this ki
Imation was acted on systematically for therapeutic cori
e anesthesiologists at the University of Pittsburgh in
980s under the direction of Drs. Jessica Lewis, Frank Bo
d Yoo Goo Kang.”'* Now cautious correction of coagule
ts is an integral part of liver transplantation, greatly dimi
e hemorrhages of nightmare proportions that were comm
eady emphasized, the other factor that has ameliorated thi
perative bleeding problems has been the systematic use of

Need for Hemostasis

Complete hemostasis is mandatory before closing. The assump
tion that nature will take care of bleeding if effective liver function i
provided by a homograft has proved to be a vain hope on many o
casions. Often a coagulopathy will be present intraoperatively tha
can persist into the postoperative period.

The presence of the coagulation expert Dr. Kurt von Kaulla at th
University of Colorado in the 1960s was a key element in the deve
opment of the transplantation programs there. Von Kaulla and asso
ciates studied the renal® and hepatic” recipients and characterize
the clotting defects in both classes of patients. In the first three livel
recipients, they demonstrated clotting factor defects, showed the se
riousness of fibrinolysis as well as how to treat this problem.®’ The
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FIG 32.
Typical complication with the Waddell-Calne reconstruction. (From Halff G, Todo S, Hall R,

et al; Transplantation 1989; 48:537-539. Used by permission.)

FIG 33.

_Reconstruction after transplantation to a child with situs inversus. Note suprahepatic infe-
or vena cava of the graft was anastomosed to the anterolateral surface of the recipient
inferior vena cava. The graft infrahepatic vena cava was ligated. (From Todo S, Hall R,
Tzakis A, et al: Clin Transplantation, in press. Used by permission.)

Many hours of tedious and exhausting effort may be necessary
to obtain perfect hemostasis, but these efforts are eventually re-
warded with a dry wound. After hemostasis has been accomplished,
closed sump drains are placed in two or three locations above and
below the liver, and the wound is closed with nonabsorbable su-
tures. '

ity in matching donor availability to recipient needs. Pediatric recip-
ents have benefitted most from this development. The first known
xample of partial liver transplantation occurred on March 26, 1975
t the University of Colorado. The left lateral segment of an adult
ver was transplanted into the orthotopic position in an infant with
iliary atresia. Because of its historic interest, the case is described
ere.

Modifications of This Standard Procedure
The piggyback operation, in which the graft is placed onto the an-
terior surface of the retained recipient inferior vena cava, was men-
tioned previously. The other structures are anastomosed in the
usual way. The piggyback reconstruction gives an unusual degree of
mobility to the liver and a greater freedom in tailoring vessel lengths.
These may be important advantages if the donor liver is substantially
smaller than the diseased native organ that was removed. The piggy-
back operation has also been especially helpful for four of our pa-
tients with situs inversus, of whom one has been reported (Fig 33). A
patient with situs inversus also has had an orthotopic liver trans-
plantation performed by Raynor and colleagues, with removal of the nse vascular adhesions and portal hypertension. The liver graft was taken
vena cava in the usual way."”* m a large adult male donor whose exact weight is not known. A right tri-
Size reductmn techniques that perrmt the transplantation of part as done with an intact circulation, leaving the left lateral
' 5,109 198 Han. mer ghi 700 gm) vascularized in the donor until the last possible
vas revascularized by connec‘ung the donor left hepatic

The recipient, a 23-month-old boy weighing 8.2 kg, had a failed Kasai por-
oenterostomy and subsequent cholangitis. Absence of the retrohepatic in-
ior vena cava shadow was noted on a chest x-ray film. At the time of
ransplantation, the absence of the retrohepatic inferior vena cava was con-
rmed. The portal vein was in a preduodenal location. Multiple splenic
odules were situated in the upper left quadrant (splenosis), and intestinal
alrotatlon was present. This constellation of anomalies is not rare in bil-
1 !> Removal of the 405-gm liver was difficult because of multiple
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FIG 34.
The first-known effort at use of a cut-down liver. The lateral segment of a large donor was
transplanted to a 74-year-old child who was dying of biliary atresia. The head of the child
is to the left, and the legs are to the right. The lateral segment was too large, and the
wound could not be closed. This operation was first used successfully by Bismuth of Paris

and has been used extensively in France, Germany, Belgium, and the United States (see
text).

vein end to end to the venous cloaca into which the diseased liver had
drained. The donor left hepatic artery and left portal branch were anasto-
mosed end to end to the recipient’s common hepatlc artery and portal vein,
respectively. The donor left hepatic duct was anastomosed to a previously.
created Roux-en-Y jejunostomy.

After revascularization, the liver segment had immediate return of normal
color and consistency. However, the fragment was too large to permit clo
sure of the abdomen (Fig 34). Consequently, Dr. John Lilly covered the
wound by suturing a sheet of Silastic-Marlex mesh to the peritoneum and
fascia of the abdominal wound. A persistent bleeding diathesis occurred i in
traoperatively and subsequently. The child died 36 hours later, and at au
topsy, the liver was relatively normal except for scattered focal infarcts
There was a 450-mL hemoperitoneum. Pulmonary I-Jsomensm and pate
ductus artemosus were also noted.

In this 1975 case, the fragment of hver that was retamed stil
weighed almost twwe as much as the exmsed native hver, dooml




EARLY GRAFT FUNCTION

The correction of preexisting liver function abnormalities begins
traoperatively if good graft function is obtained. When the graft
ails completely to provide function, the only recourse is prompt re-
ansplantation before cerebral edema and brain stem herniation oc-
ir.'*® Lesser degrees of graft injury can lead to renal failure, altered
sciousness, a need for prolonged ventilatory support, ileus, and a
t of other complications, which, even if they are not lethal, re-
re protracted intensive care unit stays and generate astronomical
pital bills."** The penalties of primary dysfunction or nonfunc-
n are so severe that much effort has been made to delineate the
ses, to prevent these, to quickly quantitate the prospects of re-
ery, and to facilitate decisions about urgent retransplantation.
ince late 1987, the incidence of early graft failure necessitating re-
nsplantation in the first 3 months or leading to death has been
ut 10%.°? This incidence was down from 18% in the immediately
ceding period.** "> However, primary graft failure still occurs in
b to 15% of cases.’” "' ''® There are four general reasons for graft
ure, which are not necessarily mutually exclusive: (1) unrecog-
d liver disease in the donor, (2) a technically imperfect recipient
ation, (3) ischemic injury of the graft, or (4) an immune event peri-
ratively. In Part II (CPS, March 1990) we will discuss the fourth
tor, and will add a fifth factor, namely, endotoxemia, which is still
ulative but too important to ignore as a possibility.

XISTING DISEASE

hen a liver has primary nonfunction in spite of a seemingly per-
operation, it may have been diseased in the donor even though
fests used to screen donors were - acceptable. Undetected
ic disedse has been distinctly uncommon in livers that have
ed through the donor screening process.''”~''? However, a few
putable examples in which. the donor livers had diffuse fatty
5) or other serious abnormalities have been re-

gnized malignancy can be trans-




1ild nonspecific changes are
“aused problems. Usually, small focal
lesions are removed before implantation. In the
. of any of the obvious contraindications or severe ischemic
vy, the pathologist is unable to predict the adequacy of organ
tion after transplantation based on frozen section light micros-
y prior to the operation.

CHNICAL FAILURE

arly retransplantation has been successful in less than one half
he cases when carried out in patients whose primary graft failure
s caused by technical deficiencies.'*® This reflects in part the in-
tions that quickly develop in or around a graft that is imperfectly
nsplanted as well as the rapidity of hepatic decompensation in
ny of the recipients.
lorid technical complications account for less than 10% of pri-
ary graft failures in adults compared with 30% in pediatric recipi-
s.** With very small pediatric recipients, defined by a weight of
s than 10 kg or by an age less than 1 year, technical complications
ve been a significant factor in a 35% 1-year mortality.'"** Vascular
ombosis has been a particularly troubling problem in these tiny
ipients.'**~1** . ~
hrombosis of the hepatic artery or portal vein is usually classified
s a technical error. Most technical errors are obvious, but subtle
" : aws in revascularization can be hard to diagnose. Suboptimal por-
Transplantation of a liver with severe macrovesicular steatosis involving more than 80% al venous flow or reduced hepatic arterial flow has been found with
nga/;(;t?ayrt?:b:ffdz;:%? "”S(?j),hfromt a back-table biopsy predictably results in graft fai lectromagnetic flow meter studies.’**”'*” In some of these cases, an
iribUtes (6 microvassll ty ed hepatocytes release the fat (F, clear spaces), which con nsatisfactory and ultimately correctable situation was not sus-
souatute distuption with fibrin deposition and leukocyte sludging ected before the flow determinations were obtained. A few patients
ave 6undergone emergency reconstruction of the thrombosed arter-
S. , 128 ‘ N
When a graft fails because of arterial thrombosis, the pathologist
ay be able to find an underlying defect in the artery such as in-
aluminal mural flaps, devitalization of part of the wall, or intramu-
al dissection. In a multivariate factor analysis in pediatric recipi-
nts,'*® the risk of arterial thrombosis was increased if the vessels
ere smaller than 3 mm, if the anastomoses had to be revised, or
aortic or iliac grafts were needed as ‘conduits’ to the hepatic ar-
Ty,
Portal vein thrombosis has been rare and usually occurs when the
planchnic venous bed of the recipient was altered by a previous op-
ration, such as a portal-systemic shunt or splenectomy.'*® Unless

FIG 35.

permission.)

The pathologist frequently is requested to evaluate a donor live
by ﬁ‘pzen section before implantation because of gross physical al
terations or suspicious agonal events in the donor. Gross inspectio
of the potential allograft by the pathologist is mandatory. Donor dis
eases recognized on frozen section in Pittsburgh have included met
astatic carcinoma, diffuse regenerative hyperplasia, focal nodular hy
perplasia, small noncaseating granulomas, severe steatosis, probable
a!cohol—induced injury, changes consistent with chronic active, per
sistent or nonspecific reactive hepatitis, and multiple small subcap
sular infarcts. The livers with carcinomas, diffuse regeneration hy-
perplasia, and chronic active hepatitis have not been used. Those
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made much

o Doppler ul't'ras'our.ld. Before

as needed as a definitive step, but this was not
Needle biopsy is a rather insensitive method for es-

: : i i d core needle biopsies are
ic ch an be quite variable an .
. (‘éha;%?‘(sa'f‘szampling error than usual. The ﬁndmgs may range
o letely normal to frank coagulative necrosis. Mqued pfctar'l-
l'ar(‘) rrlllrc)apatocellular swelling, cholangiolar proliferation, often

It is also true that hepatic artery thrombosis does not necessaril iolitis similar to that seen with
lead to graft loss. The event may be completely asymptomatic in 20 bile plug.s,. an(% acute IChOéanéc;g;fed. The pathologist should
o J0% of cases.' 19713 Ut popplor yliragen oy search o mioroorgamioms. whan mecietie o o
were used routinely,’® the diagnosis would not have been sus nely search for m;crc')%‘g uently become seeded with bacteria
pected in- these recipients. In contrast, al of the syndromes tha tef‘efi' since these foci freq
develop in Symptomatic patients are serious and includ fungi (Fig 38).
nonfunction, regional septic hepatic infarction of a live
the viable portions may retain good function,
formation, rupture of the dearterialized ducts wi
with bile Ieakage, and biloma formation withi
Chyrna (Flg 36).74’ 123,137, 138, 140--143 Latel",

37. . N -
tiple strictures in a patient whose hepatic artery clotted early. The recipient survive

ultimately developed cholangitis from multiple strictured balmd obts(;rtgiﬁi;/reoss}zgs,olgﬁ
lting mblance

ultin earance of the duct system has some rese : ‘
iti;.g(ffrg?n Zajko AB, Campbell WL, Logsdon GA, et al: Transplant Proc 1988;
SUppl 1]:607-609. Used by permission.)

FIG 36. : ’
Formation of a biloma within a dearterialized liver: Typically, patients with this complication:
have good liver function. It is possible to drain the biloma with a radiologically directeq:

catheter, but retransplantation usually is necessary. (From Zajko AB, Campbell WL, Logs
don GA, et al: Transplant Proc 1988; 20[suppl 1]:607-609 Used by permission. )
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‘‘edical” Factors Contributing to Vascular Thrombos
Preoccupatlon about mechanical and technical cau
rombosis is justified. However, so-called medical factors can con-
bute to or even make inevitable the thrombosis of a hepatic artery
r portal vein. Overzealous correction of clotting defects during op-
ration was shown long ago to predispose to vascular thrombosis in
mall children,'*” a lesson recently relearned with the use of fresh
zen plasma.'*® Polycythemia caused by transfusion i$ another iat-
ogenic risk factor.'*® The tendency of children to clot their vessels
ay be greater than in adults because of deficiencies in protein C
d antithrombin and by defective fibrinolysis."*’

An additional factor of unknown significance is the institution of
closporine therapy. This drug alters the prostanoid metabolism
d other hemostatic processes of vascular endothelial cells.">°~'%*
ally, a drastic reduction in hepatic blood flow is a well-known
ture of rejection.”®® In a French clinical study, hepatic artery or
rtal vein thrombosis was associated with rejection more strongly
an with any other definable factor.'**

nother factor making the new liver vulnerable to thrombosis dur-
the perioperative and early postoperative periods is injury to the
atic microvasculature from ischemia and cold preservation,'*®~ %%
denudation of the sinusoidal lining in preserved livers as as-
d by light and electron microscopic studies is now known to be
tensive'®” that it is surprising that vascular thrombosis is not
more common than it is.

FIG 38. . .
A, gross examination of a failed allograft with hepatic artery thrombosis often revea
crosis of the hilar structures,‘ including the connective tissue (arrowhead). B, microsc
cally, the large bile ducts are often necrotic, and the dead: tissue becomes seede
microorganisms, which was Candida in this case. (From Demetris AJ, Kakizoe S, O
S, Pathology of liver transplantation, in William JW [ed]; Hepatic Transp/antatlon Phi
phia, WB Saunders Co, 1990, pp 60-113. Used by permission.)

s not practical at present to measure in advance or even to es-

e very accurately the ischemic injury during the events causing

death; the procurement operation itself, and the period of for-

ld preservation. The interval from cessation of donor cir
ooling of the liver with preservation:fluid is call'd

a time. The storage time after this plus the time

d restore its portal ﬂow after removing it frem

Since the hepatic artery is the sole direct supply of blood to
major bile ducts, intrahepatic ducts, hilar connective tissue, lym:
nodes, and walls of the portal vein,'*® compromise to arterial fl
frequently leads to selective necrosis of these structures (see
38). In addition, an allograft may be more susceptlble than 1
grafted livers to this form of injury since it is devoid of the na
cascade type of arterial collaterals; at least in the early postope
penod The areas prone to necmsm are not easﬂy acceSSI



