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To my patients and their families



The first liver transplant performed in a human was done in 1963. In half a
century, liver transplantation has evolved dramatically. In the USA, we went
from 1 to over 150 liver transplant centers that offer this highly specialized
treatment for patients needing transplantation. We have become the most
scrutinized field in medicine: transplantation is the only specialty with multiple
regulatory agencies overseeing the outcomes of the different centers on a
yearly basis. Our results in terms of patient and graft survival are publicly
available in the SRTR web page; this is not true for any other subspecialty in
medicine. When a transplant center does not perform as expected, a mecha-
nism is in place to enroll that transplant center in a remedy program, which can
theoretically lead to termination of such a center by federal programs charged
of securing very high standard of quality across the country. There is no other
field in medicine where clinical management, discoveries, and organizational
issues have changed this fast in such a short period of time. In the past
5-10 years, hospitals have tried to organize their services in service lines
rather than silos. However, transplantation has been the quintessence of
multidisciplinarity since the very beginning. We have been working in a
service line model since inception; therefore, transplantation can be used as a
model for other disciplines to emulate while they are modernizing their
structural organization. This book is a comprehensive review of the most
crucial and provocative aspects of liver transplantation. It is a unique source
of information and guidance for the current generation of transplant profes-
sionals that evolved from being pure clinicians into savvy administrators,
knowledgeable in every regulatory aspect governing transplantation.

Cataldo Doria
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The purpose of this book is to prepare transplant professionals to be successful
in an era when being good clinicians and surgeons is no longer enough to
achieve excellence. A single liver transplant necessitates the effort of a large
group of health care providers of different disciplines. This book addresses the
need and the questions of everyone involved: surgeons, hepatologists, anes-
thesiologists, palliative care specialists, immunologists, infectious disease
specialists, physiatrists, radiologists, scientists, transplant coordinators, finan-
cial specialists, administrators, and attorneys. It also provides access to infor-
mation generally not available in other books written on the same topic, such
as palliative care, integrated medicine, and quality indicators of a successful
liver transplant program, just to name a few. The book contains chapters
covering every single aspect of the surgical operation in the donors (live and
cadaver: whole and split), as well as the recipients of liver transplant. The
preoperative work-up, as well as the postoperative immunosuppression man-
agement, and the treatment of recurrent diseases are addressed in every single
detail. Whole chapters are dedicated to controversial issues like transplantation
in patients diagnosed with NASH and transplantation for patients diagnosed
with HCC beyond Milan criteria. Dedicated chapters on HCV, HCC, FHF, and
NASH will make this book a unique resource for any health care provider part
of'a multidisciplinary liver transplant team. The book goes beyond the analysis
of the formal medical and surgical aspects of liver transplantation and intro-
duces deep knowledge on key aspects of contemporary transplant programs,
such as palliative care, pregnancy, liver transplantation as a medical home, the
multiple requirements of regulatory agencies ruling transplantation, quality
measurements for transplant programs, finance, liability, and the administra-
tion of an effective transplant program. The book is organized in 9 sections
focusing on each key aspect of liver transplantation. The progression through
the different sections is logical and offers the opportunity to analyze clinical as
well as basic science and organizational issues that pertain specifically to liver
transplantation. This book analyzes and reviews medical as well as surgical
issues related to liver transplantation in all its forms. Differently from previ-
ously published books in this field, we dissect the organizational issues that are
vital for the good performance of transplant programs. We introduce concepts
like integrated medicine, stem cell transplantation, and diet that are comple-
mentary to and supportive of liver transplantation. This book is the first of its
kind in terms of the 360-degree analysis of liver transplantation. It is a unique



resource for trainees as well as leaders in transplantation because it addresses,
in detail, all of the most crucial aspects of liver transplantation. This book
allows the reader to become a better clinician: purposely not all liver diseases
will be discussed in this book. Only the ones that are more difficult to treat or
are more controversial in approaching will be dealt with. By discussing topics
like palliative care and integrated medicine, it will open new avenues for
clinicians to improve the outcome of their programs. By introducing important
topics like the ones in the special topics section, it will offer the reader the
knowledge needed to become more competitive in an era when liver transplant
programs are flourishing without a parallel increase in organ donation. For the
first time, a book on liver transplantation will address the most crucial orga-
nizational issues that when cared for properly lead to excellence.

Cataldo Doria
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Abstract

In the late 1950s, transplant models were devel-
oped in dogs for all of the intra-abdominal
organs (Fig. 1). The most fruitful of these efforts
involved the liver (Table 1) (Starzl TE (1969a)
In: Starzl TE (ed) Experience in hepatic trans-
plantation. WB Saunders, Philadelphia). In addi-
tion to its direct clinical application, the research
in liver transplantation yielded new information
about the metabolic interrelations of the intra-
abdominal viscera in disease and health; a more
profound understanding of the mechanisms of
organ alloengraftment; and the addition of new
nontransplant procedures to the treatment arma-
mentarium against gastrointestinal diseases.

Keywords
Orthotopic liver transplantation * Venous-
venous by pass « FK506 * Organ procurement

The Liver Models

Auxiliary Liver Transplantation — In 1955,
C. Stuart Welch of Albany, New York, described
the insertion of an auxiliary liver into the right
paravertebral gutter of nonimmunosuppressed
dogs (Welch 1955; Goodrich et al. 1956)
(Table 1). The allograft hepatic artery was
revascularized from the aorta or iliac artery, and
the portal flow was restored by rerouting the
high-volume systemic venous return of the host
inferior vena cava into the graft portal vein

3
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T.E. Starzl

Fig. 1 The complex of intraabdominal viscera that has been transplanted as a unit (center) or as its separate components:
a, liver; b, pancreas; c, liver and intestine; d, intestine; and e, liver and pancreas (From Starzl et al. 1993a)

(Fig. 2a). The grafts underwent rapid shrinkage. It
was not discovered until a decade later that factors
other than rejection contributed to this acute atro-
phy (see later section “The Pancreas Factor”).
Orthotopic Liver Transplantation — Liver
replacement (Fig. 2b) was first attempted in dogs
in Milan, Italy, by Professor Vittorio Staudacher
in 1952. His original report in the Italian journal
La Riforma Medica was rescued from obscurity
60 years later by the scholarship of Ron Busuttil
and still-surviving members of Staudacher’s orig-
inal research team (Busuttil et al. 2012). None of
Staudacher’s dogs survived operation. Neither

this work nor any other mention of liver replace-
ment can be found in Woodruff’s massive com-
pendium of the entire field of transplantation
published in 1959 (Woodruff 1960). By this
time, however, important independent investiga-
tions of liver replacement (orthotopic transplanta-
tion) had been completed in dogs. The studies
began in the summer of 1958 at Northwestern
University in Chicago (Starzl et al. 1960, 1961)
and at the Peter Bent Brigham Hospital in Boston
(Moore et al. 1959, 1960; McBride et al. 1962).
The Boston effort under the direction of
Francis D. Moore was a natural extension of an



1 History of Liver and Other Splanchnic Organ Transplantation

Table 1 Historical milestones of liver transplantation

Year Description

1955 First article in the literature on auxiliary liver transplantation

1956 First article on orthotopic liver transplantation (Vittorio Staudacher)

1958-1960 | Formal research programs on liver replacement at Harvard and
Northwestern

1960 Multivisceral transplantation described, the forerunner of composite
grafts

1963 Development of the azathioprine-prednisone cocktail (kidneys first
than livers)

1963 First human liver transplantation trial (University of Colorado)

1964 Confirmation of the portal venous blood hepatropic effect; defined the
problem of auxiliary liver transplantation

1963-1966 | Improvements in preservation, in situ and ex vivo

1966 Introduction of antilymphocyte globulin (ALG) (kidneys, then livers)

1967 First long survival of human liver recipients (1967-1968), treated
with azathioprine prednisone, and antilymphocyte globulin

1973-1976 | Principal portal venous hepatotropic substance identified as insulin

1976 Improved liver preservation (5-8 h) permitting long-distance
procurement

1979 Systematic use of arterial and venous grafts for vascular
reconstruction

1979 Cyclosporine introduced for kidneys and liver

1980 Cyclosporine-steroid cocktail introduced for kidneys

1980 Cyclosporine-steroid cocktail introduced for livers

1983 Pump-driven venovenous bypass without anticoagulation

1984 Standardization multiple organ procurement techniques

1987 University of Wisconsin (UW) solution for improved preservation

1989 FK-506-steroid immunosuppression

1992 Discovery of chimerism as explanation of hepatic tolerogenicity

1992-2014 | Maturation of liver transplantation into category of “conventional

treatment”

Citation
(From Welch 1955)
(From Busuttil 2012)

(From Starzl 1960; Moore
1960)

(From Starzl 1960, 1962,
1991a)

(From Starzl 1963a, 1964,
1969)

(From Starzl 1963c)

(From Starzl 1964; Marchioro
1965)

(From Brettschneider 1968a;
Marchioro 1963)

(From Starzl 1967)
(From Starzl 1968)

(From Starzl 1973, 1976)

(From Wall 1977; Benichou
1977)

(From Starzl 1979c)

(From Calne 1979)
(From Starzl 1980)
(From Starzl 1980, 1981)

(From Denmark 1983; Shaw
1984; Griffith 1985)

(From Starzl 1984, 1987)

(From Jamieson 1988;
Kalayoglu 1988; Todo 1989)

(From Starzl 1989b)

(From Starzl 1992, 1993b, c,
1996, 2015)

(From Starzl 1989d, e)

immunologically oriented commitment to organ
transplantation at the Brigham that was focused
primarily on the kidney (Moore 1964). In contrast,
the Northwestern initiative stemmed from ques-
tions about the functional interrelationships of the
pancreas and the liver (Meyer and Starzl 1959a, b;
Starzl 1992a). These ultimately led to a new field
called  hepatotrophic  physiology  (Starzl
et al. 1973, 1983). To facilitate the metabolic
investigations, a new technique of total hepatec-
tomy was developed (Starzl et al. 1959). In July
1958, the second step of inserting an allograft into
the vacated hepatic fossa was taken. From the
outset, there was evidence that portal venous

blood had superior liver-supporting qualities rel-
ative to systemic venous blood (Starzl et al. 1960,
1961). However, almost 20 years passed before
the principal portal hepatotrophic factor was
shown to be insulin.

Despite the absence of effective immunosup-
pression at that time, a solid basis for the future
clinical use of orthotopic liver transplantation was
laid throughout 1958 and 1959. At the April 1960
meeting of the American Surgical Association,
Moore reported 31 canine experiments with 7 sur-
vivors of 4-12 days (Moore et al. 1960). In a
published discussion of this paper, Starzl
described his experience with more than 80 canine
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a Heart
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2nd liver

Portal vein
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[ Host
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Fig. 2 Three early approaches to liver transplantation. (a)
Welch’s auxiliary liver transplantation in a dog. (b) Com-
plete liver replacement in dogs. The fact that the recipient
was a dog rather than a human was identifiable only by the

liver transplantations at Northwestern University
(Starzl 1960); 18 of these animals had lived 4 to
20-1/2 days (Starzl et al 1960, 1961). In both the
Boston and Chicago series, rejection was present

Portal vein

multiple lobar appearance of the canine liver. (¢) Organs
(green) of a multivisceral graft in dogs or humans. Illustra-
tion by Jon Coulter, M.A., C.M.L.

after 5-6 days and was usually the principal expla-
nation for death. A few years later, Groth
et al. (1968) demonstrated that a drastic reduction
in hepatic blood flow was an integral part of the
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Fig. 3 Pump-driven venovenous bypass, which allows decompression of the splanchnic and systemic venous beds

without the need for heparinization

rejection process. The consequent ischemia made
the liver a target for infection (Brettschneider
et al. 1968b; Starzl 1969b).

Preservation of the transplanted liver was
accomplished in experiments with intraportal
infusion of chilled electrolyte solutions in much
the same way as is practiced clinically today
(Starzl et al. 1960, 1961). Improved infusates in
the succeeding years (Wall et al. 1977; Benichou
et al. 1977) eventually replaced the original lac-
tated Ringer’s and saline solutions. Until 1987,
however, the safe preservation time for human
hepatic allografts was only 5-6 h. Since then, the
University of Wisconsin solution (Jamieson
et al. 1988) and other solutions have permitted
reliable and safe refrigeration of human livers for
18-24 h (Kalayoglu et al. 1988; Todo et al. 1989).

In dogs, survival during recipient hepatectomy
and installation of the transplanted liver (Starzl
et al. 1960; Moore et al. 1960) required the use
of external venous bypasses that passively

redirected blood from the occluded splanchnic
and systemic venous beds to the superior vena
cava. Such venous decompression was later
shown to be expendable in dogs submitted to
common bile duct ligation several weeks in
advance of liver replacement. The obvious safety
factor was the development of venous collaterals
secondary to the biliary obstruction through
which the blocked portal blood could be
decompressed (Picache et al. 1970).

It ultimately was recognized that venovenous
bypasses were not absolutely essential in most
human liver recipients who had chronic liver dis-
ease provided the transplants were done by expe-
rienced surgeons (Starzl et al. 1982).
Nevertheless, the introduction of pump-driven
venovenous bypasses in the 1980s (Fig. 3), first
with (Starzl et al. 1982; Cutropia et al. 1972) and
then without (Denmark et al. 1983; Shaw
et al. 1984; Griffith et al. 1985) anticoagulation,
made human liver transplantation a less stressful



operation and placed it well within the grasp of
most competent general and vascular surgeons
(Starzl et al. 19894, e).

Intestine-Only Model

Alexis Carrel (later working with C.C. Guthrie)
was the first to describe canine intestinal trans-
plantation (Carrel 1902). Three quarters of a cen-
tury passed before Richard Lillehei and his
coworkers replaced almost the entire small intes-
tine in unmodified dogs after immersing the graft
in iced saline for preservation (Lillehei
et al. 1959). The clinical application of intestinal
transplantation languished even after it was dem-
onstrated in Toronto (Craddock et al. 1983),
London (Ontario) (Grant et al. 1988), and Pitts-
burgh (Diliz-Perez et al. 1984) that the gut could
be successfully replaced in animals under long-
term immunosuppression. Isolated examples of
successful human intestinal transplantation were
not accomplished until the late 1980s (Deltz
et al. 1986; Ricour et al. 1983; Goulet
et al. 1992; Todo et al. 1992).

Liver Plus Intestine Combinations

At the same time as isolated canine liver
transplantation was perfected in 1959, the more
radical procedure of multiple organ engraftment
(including the liver) was shown to be feasible
(Starzl and Kaupp 1960; Starzl et al. 1962)
(Fig. 2¢). This multivisceral allograft was viewed
as a grape cluster with a double arterial stem
consisting of the celiac axis and superior mesen-
teric artery (Fig. 1, center). In clinical variations of
the operation used nearly 30 years later, the
grapes, or individual organs, were removed or
retained according to the surgical objectives
(Fig. 1, periphery). Both sources of arterial
blood were always preserved if possible (Starzl
etal. 1991a).

Observations in the original canine
multivisceral experiments of 1959 have been ver-
ified in human recipients. First, rejection of the
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organs making up the composite graft is less
severe than after transplantation of the individual
organs alone (Starzl et al. 1962). In 1969, Calne
and colleagues (1969) confirmed and extended
this principle in pig experiments showing that
kidney and skin grafts were protected from rejec-
tion by a cotransplanted liver. The hepatic protec-
tive effect also has been confirmed in rats
(Kamada 1985) by the Japanese surgeon Naoshi
Kamada and by many others. Most recently, Val-
divia et al. (1993) demonstrated the cross-species
protection of hamster heart and skin xenografts in
rats by the simultaneous or prior xenotransplanta-
tion of a hamster liver.

The Risk of Graft-Versus-Host Disease

The specter of graft-versus-host disease (GVHD)
was raised by the transplantation of multivisceral
grafts. The features of GVHD had been described
by Billingham and Brent (1956) and Trentin
(1956) as early as 1956. However, their observa-
tions had been almost exclusively based on bone
marrow or splenocyte (not whole organ) trans-
plantation. Histopathological evidence of GVHD
was found in canine multivisceral recipients of
1959 (Starzl et al. 1962) but without physiological
manifestations.

By 1965, however, it was realized that the
classical GVHD defined by Billingham and
Brent could be caused either by the liver or by
the intestine. In addition, a humoral variety of
GVHD was typified by hemolysis, first in canine
liver recipients (Starzl et al. 1965) and later in
humans (Ramsey et al. 1984). Although GVHD
posed an obvious threat to human intestinal or
multivisceral recipients, studies by Monchik and
Russell (1971) in mice greatly overestimated this
risk. The first example of long survival (>6
months) of a functioning human intestinal graft
was provided by a multivisceral recipient (Starzl
et al. 1989a). The fact that this child had no
evidence of GVHD at any post-transplant time
provided a strong incentive to move forward
with the development of the Pittsburgh Intestinal
Transplantation Program.
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The Pancreatic and Other
Hepatotrophic Factors

Transplantation of the pancreas alone (Houssay
1929; DelJode and Howard 1962; Idezuki
etal. 1968; Kelly etal. 1967) will not be considered
in these historical notes because this procedure is
performed clinically only for endocrine objectives.
However, the importance of first-pass delivery of
endogenous insulin to the liver is a vital concern in
the design of all liver transplant procedures and of
all pancreas transplant operations.

Welch’s belief that rejection of his auxiliary
canine liver grafts (Welch 1955; Goodrich
et al. 1956) was the explanation for their rapid
atrophy (see earlier) was based on the long-standing
belief that the source of portal venous blood was of
no importance in the maintenance of “liver health”
(Mann 1944; Child et al. 1953; Fisher et al. 1954;
Bollman 1961). Although Welch’s view could not
have been more wrong, he had unwittingly created
an experimental model of great power, the principle
of which was the coexistence in the same animal of
competing livers (Starzl et al. 1964, 1973; March-
ioro et al. 1965, 1967).

The competing liver principle was applied in
nontransplant models by simply dividing the
dog’s own liver into two parts, each of which
was vascularized with portal venous inflow from
different regions of the body (Marchioro
et al. 1967, Starzl et al. 1973; Putnam
et al. 1976) (Figs. 4 and 5). The key observation
was that the liver fragment supplied with normal
portal blood (see Fig. 4) flourished while the frag-
ment given equal or greater quantities of substitute
venous blood underwent acute atrophy. With a
variety of double liver models (Figs. 4 and 5) the
source of the hepatotrophic substances were local-
ized first to the upper abdominal viscera and ulti-
mately to the pancreas. Insulin and other
hepatotrophic molecules were removed so
completely with a single pass through the hepatic
sinusoidal bed that little or none was left for the
competing fragment. The deprived hepatocytes
underwent dramatic atrophy within 4 days
(Fig. 6). In crucial experiments, insulin when
infused continuously into the tied-off portal vein
after portacaval shunt (Fig. 7) prevented most of

the atrophy and other adverse consequences to the
liver caused by portal blood deprivation (Starzl
et al. 1976, 1979a; Francavilla 1991).

Insulin was, in fact, only the first member to be
identified of a diverse family of eight molecules,
all others of which perfectly mimicked the
hepatotrophic effects of insulin (Table 2)
(Francavilla et al. 1994a). Although none of
these “hepatotrophic factors” enhanced hepato-
cyte proliferation when infused into intact ani-
mals, all eight augmented preexisting
hyperplasia. The second of these eight factors to
be discovered, then called hepatic stimulatory
substance (HSS), was demonstrated in 1979 in a
cytosolic extract from regenerating dog livers
(Starzl et al. 1979a) and later renamed “augmenter
of liver regeneration” (ALR) (Francavilla
et al. 1994a).

After a 14-year search for the identity of ALR,
its molecular structure and expression in the rat,
mouse, and humans were elucidated (Hagiya
et al. 1994). The mammalian DNA of ALR has
40-50 % homology with the dual function nuclear
gene scERV1 of baker’s yeast (Saccharomyces
cerevisiae) (Giorda et al. 1996). The gene pro-
vides part of the mitochondrial respiratory
chain of yeast and also plays a critical role in
cell replication. In the mouse, knockout of the
ERV1 gene during embryogenesis is mutant-
lethal. However, a study of mice with liver-
specific conditional deletion of ALR showed that
this peptide is required for mitochondrial function
and for liver-dependent lipid homeostasis (Gandhi
etal. 2015).

In addition to the diverse family of eight
hepatotrophic factors, two molecules with specific
antihepatotrophic  qualities were identified
(Table 2): transforming growth factor p, and the
immunosuppressant  rapamycin  (Francavilla
et al. 1994a). These discoveries expanded
hepatotrophic physiology into multiple research
areas of metabolism and regenerative medicine.
The laboratory research had immediate clinical
implications.

With the demonstration that portal diversion
severely damages the liver, human portacaval
shunt for the treatment of complications of portal
hypertension was greatly reduced. However, a
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Fig. 4 The operation of

partial (split) transposition a
in dogs. Note that one of the
main portal veins (left in a.
right in b) retains the
natural splanchnic flow and
that the other one receives
the total input of the
suprarenal inferior vena
cava. RV renal vein (a and
b from Marchioro

et al. 1967)

Right lobe

Right lobe

Sutured portal
vein

Sutured proximal end
of LV.C

Cava-portal
anastomosis
of portal vein

new use emerged. The degraded liver function
caused by the procedure was used to palliate
human glycogen, cholesterol, or alpha-1-
antitrypsin storage diseases. In turn, such pallia-
tion identified heritable storage disorders that
could be effectively treated with liver replacement
(Starzl and Fung 2010).

Another dimension of hepatotrophic physiol-
ogy was the liver regeneration that follows partial
hepatectomy. No matter how much is taken out,
the portion of liver that remains is restored to the
original size within 3 weeks in humans, and far
more rapidly in animals. In transplant-specific
studies, it was shown in rodents (Francavilla
et al. 1994b), dogs (Kam et al. 1987), and

Sutured end
I.V.C

|.V.C.-rt.portal
vein. anastomosis

Left lobe

Sutured portal
vein

Left lobe

ultimately humans that a “small (or large) for
recipient size” liver allograft promptly normalizes
its volume to that appropriate for the individual
recipient. What initiates this liver regrowth, or
alternatively down sizes the liver, and then stops
the adjustment at just the right volume has been a
question of “hepatotrophic physiology” that has
remained enigmatic.

Immunosuppression

After the demonstration by Medawar in 1944 that
rejection is an immunological event (Medawar
1944, 1945), the deliberate weakening of the
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Fig.5 Splanchnic division experiments. In these dogs. the ~ dogs. (b). Alloxan-induced diabetic dogs. (¢). Dogs with
right liver lobes received venous return from the pancreati-  total pancreatectomy (a—c¢ from Starzl et al. (1975a). By
cogastroduodenosplenic region. and the left liver lobes  permission of Surgery. Gynecology and Obstetrics)
received venous blood from the intestines. (a). Nondiabetic
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Left

Fig. 6 Hepatocyte shadows traced during histopatholog-
ical examination of liver biopsy specimens from the exper-
iments shown in Figs. 4 and 5. These tracings were later cut
out on standard paper and weighed as an index of hepato-
cyte size. The lobes with the large hepatic cells received

Fig. 7 Experiments in
which postoperative
infusions of insulin or other
candidate hepatotrophic
molecules are made into the
left portal vein after
performance of Eck’s fistula
(From Starzl et al. (1976),
© by The Lancet Ltd,
1976)

Right portal
branch

Portacaval
shunt

immune system was shown to ameliorate the
rejection of skin grafts in rodents and renal grafts
in dogs. Such immunosuppression was accom-
plished in animals with total body irradiation
(Dempster et al. 1950), adrenal corticosteroids
(Billingham et al. 1951; Morgan 1951), and
much later the thiopurine compounds
6-mercaptopurine and azathioprine (Meeker

Right

venous blood from the pancreas, stomach, duodenum, and
spleen. The relatively shrunken left lobes. with the small
hepatocytes. received intestinal blood (From Starzl

et al. (1973). By permission of Surgery Gynecology and
Obstetrics)

Left portal
branch

Body
wall

Fluid with
insulin

et al. 1959; Schwartz and Dameshek 1960;
Calne 1960; Zukoski et al. 1960; Calne and Mur-
ray 1961). However, the avoidance of rejection
with a single modality was rarely achieved with-
out lethal side effects (Murray et al. 1960, 1962,
1963; Woodruff et al. 1963; Goodwin and Martin
1963; Groth 1972; Hamburger et al. 1962; Kuss
et al. 1962).
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Table
(by 1994)

2 Hepatotrophic/anti-hepatotrophic ~ factors
Hepatotrophic

Hormones:

Insulin

“Hepatic Growth Factors:”
Augmenter of liver regeneration (ALR)
Insulin-like growth factor II (IFG-II)
Transforming growth factor a (TGF-a)
Hepatocyte growth factor (HFG)
Immunosuppressants:

Cyclosporine

Tacrolimus

Immunophilins:

FK binding protein;, (FKBP;,)
Anti-hepatotrophic

Growth factors:

Transforming grown factorp (TGFf)
Immunosuppressant:

Rapamycin
From: Francavilla et al. (1994a)

This discouraging picture changed dramati-
cally during 1962 and 1963 at the University of
Colorado, where the synergism of properly timed
azathioprine and prednisone was discovered in
animal investigations (Marchioro et al. 1964).
When these two drugs were used together in Den-
ver to treat human kidney transplant recipients
(Starzl et al. 1963a; Starzl 1964), the results pre-
cipitated a revolution in clinical transplantation.
The key observations were that organ rejection
could usually be reversed with prednisone and
then that the amount of drugs required often less-
ened with time (Starzl et al. 1963a, 1990; Starzl
1964; Hume et al. 1963).

The reversibility of kidney rejection and an
apparent but unexplained change in host—graft
relationship were eventually verified with all
other transplanted organs, beginning with the
liver (Starzl et al. 1965; Starzl 1969c). Although
immunosuppression has improved, the central
therapeutic strategy for whole organ transplanta-
tion that had emerged by 1963 (Starzl et al. 1963a;
Starzl 1964) has changed very little in over
30 years. The strategy calls for daily treatment
with one or two baseline drugs and further
immunomodulation with the highly dose-

maneuverable adrenocortical steroids (or other
secondary or tertiary agents) to whatever level is
required to maintain stable graft function. Every
organ recipient goes through a trial and potential
error algorithmic experience as drug dosages are
modified to achieve the desired maintenance
levels. The principal baseline drugs used clini-
cally with this format have been azathioprine,
cyclosporine, and tacrolimus (Starzl 1964,
1969c, d; Starzl et al. 1963b, 1967, 1971, 1979b,
1980, 1989b, 1990; Hume et al. 1963; Franksson
1984; Strober et al. 1979; Najarian et al. 1982;
Calne et al. 1979).

Clinical Liver Transplantation

Phase I: The Failed First Cases — Once the
effectiveness of the azathioprine-prednisone
cocktail for kidney grafting had been established,
a decision was taken at the University of Colorado
to move on to the liver (Starzl et al. 1963c; Starzl
1992b). The first recipient was a 3-year-old boy
with biliary atresia who had had multiple previous
operations. The transplantation could not be com-
pleted because of a fatal hemorrhage from venous
collaterals and an uncontrollable coagulopathy
(prothrombin time infinity, platelet count
<10,000/mm?). Even for a team that had been
fully prepared for technical vicissitudes by hun-
dreds of animal operations, the exsanguination of
this child was a terrible shock.

Two more liver transplantations were carried
out in the next 4 months. In both, the procedures
seemed satisfactory, but the recipients died after
22 and 7 days, respectively (Starzl et al. 1963c;
Starzl 1992b). Promotion of coagulation (fresh
blood or blood products and E-aminocaproic
acid to treat fibrinolysis) had a delayed backfire.
During the time when the livers were sewn in, the
plastic external bypasses were used to reroute
venous blood around the area of the liver in the
same way as had been worked out in dogs.

Clots formed in the bypass tubing and passed
to the lungs of recipients. Abscesses and other
lung damage contributed to or caused delayed
death in all four of these patients (Starzl
etal. 1963c¢, 1964). By this time, isolated attempts
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Table 3 The first seven attempts of clinical orthotopic liver transplantation

Age Survival

Number | Location (years) | Disease (days) Main Cause of Death

1 Denver, (From Starzl 3 Extrahepatic bilary | 0 Hemorrhage
et al. 1963c) atresia

2 Denver, (From Starzl 48 Hepatocellular 22 Pulmonary emboli, sepsis
et al. 1963c) cancer, cirrhosis

3 Denver, (From Starzl 68 Duct cell carcinoma | 7-1/2 Sepsis, pulmonary emboli,
et al. 1963c) gastrointestinal bleeding

4 Denver, (From Starzl 52 Hepatocellular 6-1/2 Pulmonary emboli, hepatic
et al. 1964) cancer, cirrhosis failure, pulmonary edema

5 Boston, (From Moore | 58 Metastatic colon 11 Pneumonitis, liver abscesses,
et al. 1964) carcinoma hepatic failure

6 Denver, (From Starzl 29 Hepatocellular 23 Sepsis, bile peritonitis, hepatic
et al. 1964) cancer, cirrhosis failure

7 Paris, (From 75 Metastatic colon 0 Hemorrhage
Demirleau et al. 1964) carcinoma

Fig. 8 Photograph (1968)
of a dog whose orthotopic
liver transplantation had
been carried out in the
spring of 1964. The animal,
who was treated with
azathioprine for only

100 days, died of old age
after 112/3 postoperative
years. This was the first
example of “hepatic
tolerogenicity”

at liver replacement made in Boston (Moore
et al. 1964) and Paris (Demirleau et al. 1964)
had also been unsuccessful (Table 3). A pall-
settled over liver transplantation and a self-
imposed moratorium followed that lasted more
than 3 years.

Pessimism prevailed worldwide. The operation
of liver replacement seemed too difficult to allow
its practical application. In addition, the methods
of preservation were assumed to be inadequate for
an organ so seemingly sensitive to ischemic dam-
age. Researchers began to ask whether the

g
1

available immunosuppression was too primitive
to permit success. This possibility was reinforced
by the fact that truly long-term survival after liver
replacement (i.e., measured in years) had not yet
been achieved in experimental animals.

Phase 2: Feasible but Impractical — By the
summer of 1967, these deficiencies had been at
least partially rectified by 3 more years of labora-
tory effort. Many long-term canine survivors had
been obtained (Starzl et al. 1965), and some dogs
had passed the 3-year postoperative mark (Fig. 8).
Better immunosuppression with the so-called
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Fig.9 Patient survival during the successive eras in which
the baseline immunosuppressant was azathioprine (bottom
curve), cyclosporine (middle), and tacrolimus (upper)

triple-drug therapy was available since the devel-
opment and first-ever clinical trials of
antilymphocyte globulin (ALG). The ALG was
prepared from the serum of sensitized horses
(Starzl et al. 1967) and used to supplement aza-
thioprine and prednisone in renal recipients.
Finally, techniques of organ preservation for as
long as a day had been developed (Starzl 1992c;
Brettschneider et al. 1968).

On July 23, 1967, a 1-1/2 -year-old child with
a huge hepatoma was restored almost immedi-
ately from a moribund state to seemingly good
health after liver replacement. More cases
followed. Most of the attempts made in 1967
and 1968 were initially successful, but all of the
patients eventually died. The first long-term sur-
vivor succumbed to recurrent cancer after
400 days. The maximum survival of the other
six long-surviving liver recipients treated between
July 1967 and March 1968 was 2-1/2 years (Starzl
et al. 1968, 1982; Starzl 1992d).

For the next 12 years, the I-year mortality rate
after liver transplantation never fell below 50 % in
cases that were accrued at the University of Col-
orado at the rate of about 1 per month. The losses
were concentrated in the first postoperative
months; after this initial period, the life survival
curve flattened, leaving a residual group of stable

and remarkably healthy survivors (Fig. 9). Of the
first 170 patients in the consecutive series that
started March 1, 1963, and ended in December
1979, 30 (18 %) lived more than 10 years;
23 remained alive after 13-23 years. All were
treated with azathioprine (or the anticancer agent
cyclophosphamide), prednisone, and polyclonal
antilymphocyte globulin (Starzl et al. 1982).

In the meantime, Roy Calne of Cambridge
University in England began clinical trials of
liver transplantation on May 23, 1967. As had
been experienced earlier, his first patient
exsanguinated (Calne and Williams 1968). A
few months later, Calne formed a collaboration
that endured for more than two decades with the
hepatologist Roger Williams at King’s College
Hospital in London. The extended survival of
patients in  both the Colorado and
Cambridge-London series was a testimonial for
liver transplantation. It was asked increasingly on
both sides of the Atlantic, however, if such a small
dividend could justify the prodigious effort that
had brought liver transplantation this far (Starzl
1992e).

Other teams organized in Hannover (Rudolf
Pichlmayr 1972), Paris (Henri Bismuth 1974),
and Gronigen (Rudi Krom) also reported the
nearly miraculous benefits of liver transplantation
when this treatment was successful but always
with the notation that the mortality rate was
too high to allow its practical use. Liver transplan-
tation remained a feasible but impractical
operation.

Phase 3: The Cyclosporine and FK506 Eras
— The frustration ended when cyclosporine
became available for clinical use in 1979 (Calne
et al. 1979) and was combined with prednisone or
lymphoid depletion in the first of the
cyclosporine-based cocktails (Starzl et al. 1980)
(Fig. 9). Of the first 12 liver recipients treated with
cyclosporine and prednisone in the first 8 months
of 1980, 11 lived for more than a year (Starzl
et al. 1981), and 7 were still alive more than a
dozen years later. As the news was confirmed that
a l-year patient survival rate of at least 70 % was
readily achievable, new liver programs prolifer-
ated worldwide.



When FK506 was substituted for cyclosporine
in 1989 (Starzl et al. 1989b), the 1-year patient
and liver graft survival rate rose again in the
Pittsburgh experience (Todo et al. 1990) (Fig. 9),
an improvement similar to that in a multicenter
European trial. By this time, liver transplantation
had become the accepted court of last appeal for
almost all non-neoplastic liver disease and even
for selected patients with otherwise nonresectable
hepatic malignancies. The principal limitation of
the technology quickly became the small supply
of organs to meet the burgeoning need.

Although the ascension of liver transplantation
was dominated by improvements in immunosup-
pression, there were other significant developments
including modifications in the details of the opera-
tion itself. The incidence of biliary duct complica-
tions (obstruction, fistula, and cholangitis), which
had been more than 30 % (Starzl et al. 1977), was
reduced by the use of choledochocholedochostomy
with a T-tube stent or, if this was not feasible, by
choledochojejunostomy to a Roux limb (Starzl
et al. 1982). Management of coagulopathies was
facilitated by the use of the thromboelastogram to
follow the minute-to-minute clotting changes in the
operating room (Starzl et al. 1963c; Kang
et al. 1985). The systematic use of venovenous
bypasses without anticoagulation also greatly
diminished the occurrence of hemorrhages of
nightmare proportions common at one time.

Organ Procurement: Hypothermia
and Core Cooling

Although few in number, steps in the develop-
ment of liver graft procurement and preservation
established principles that could be applied to
other whole organs. The first was core cooling
by infusion of chilled, lactated Ringer’s solution
into the portal vein (Starzl et al. 1960), a labora-
tory technique soon modified for use in clinical
kidney transplantation (Starzl 1964) and subse-
quently for other organs.

Today, core cooling is the initial stage in the
preservation of all whole organs. However, in
contrast to the original method of skeletonization
and removal of the individual grafts before
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infusion of chilled fluids, core cooling is
performed by variations of the in situ technique
originally developed before the acceptance of
brain death conditions. This technique involved
continuous hypothermic perfusion of cadaveric
kidney and liver donors (Marchioro et al. 1963;
Starzl 1969¢) (Fig. 10). Ackerman and Snell
(1968) and Merkel and colleagues (1972) simpli-
fied the in situ cooling of cadaveric kidneys with
cold electrolyte solutions infused into the distal
aorta without continuous perfusion.

Eventually, in situ cold infusion techniques
were perfected that allowed removal of all tho-
racic and abdominal organs including the liver
without jeopardizing any of the individual organs
(Starzl et al. 1984) (Fig. 11). Modifications of this
procedure were made for unstable donors and
even for donors whose hearts had ceased to beat
(Starzl et al. 1987). By 1987, multiple organ pro-
curement techniques were interchangeable not
only from city to city but from country to country
and had become standardized in all parts of the
world. Today, after the chilled organs have been
removed, subsequent preservation may be by sim-
ple refrigeration or by sophisticated methods of
continuous perfusion.

Indications for Liver Transplantation

Benign Disease Categories — By 1989, the list of
benign diseases treatable by transplantation had
become so long (nearly 100) that it was being
divided into broad categories (see section
“Generic Listing of Liver Diseases Treatable by
Liver Transplantation” below) such as cholestatic
disorders and those involving the parenchyma
(Starzl et al. 1989d, e). Because products of
hepatic synthesis permanently retain the original
metabolic specificity of the donor after transplan-
tation (Starzl et al. 1989d; Starzl 1992f), the cor-
rection of inborn errors by liver transplantation
can be expected to endure for the life of the
graft. By 1989, 16 liver-based or liver-influenced
inborn errors of metabolism had been compiled
under the inborn error category of indications
(Table 4). The length of the list has been more
than doubled since then.
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Heat
exchanger

Pump

To femoral
artery & vein

Fig. 10 The first technique of in situ cooling by extracor-
poreal hypothermic perfusion. The catheters were inserted
via the femoral vessels into the aorta and vena cava as soon
as possible after death. Temperature control was provided
with a heat exchanger. Crossclamping of the thoracic aorta

Generic Listing of Liver Diseases
Treatable by Liver Transplantation

Disease
ParenchymalPostnecrotic cirrhosis
Alcoholic cirrhosis
Acute liver failure
Budd-Chiari syndrome
Congenital hepatic fibrosis
Cystic fibrosis
Neonatal hepatitis
Hepatic trauma
Cholestatic
Biliary atresia
Primary biliary cirrhosis
Sclerosing cholangitis
Secondary biliary cirrhosis
Familial cholestasis
Inborn Errors of Metabolism

7 = Portal vein
K ¢ Aorta
' /\\ Inferior mesentric
/ \ artery
\

limited perfusion to the lower part of the body. This method
of cadaveric organ procurement was used from 1962 to
1969. before the acceptance of brain death. The prelimi-
nary stages of this approach provided the basis for subse-
quent in situ infusion techniques (From Starzl 1964, p. 56)

Tumors
Benign
Primary malignant
Metastatic

Trimming the Contraindication List — A
number of diseases that once precluded transplan-
tation such as alcoholic cirrhosis are no longer
contraindications. Scarring from multiple upper
abdominal operations and prior portosystemic
shunts have been eliminated as serious adverse
factors in major centers. Extensive thrombosis of
the portal and superior mesenteric veins, which
previously made liver transplantation difficult or
impossible, has been almost eliminated as a deter-
rent to transplantation by the use of vascular grafts
(Starzl et al. 1979¢c; Shaw et al. 1985; Sheil
et al. 1987, Tzakis et al. 1989b; Stieber
et al. 1991) (Fig. 12). The systematic use of
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Fig. 11 Principle of in situ
cooling used for multiple
organ procurement. With
limited preliminary
dissection of the aorta and
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
(Redrawn from Starzl

et al. (1984). By permission
of Surgery, Gynecology and
Obstetrics)

arterial and venous grafts was introduced at the
University of Colorado in the 1970s (Starzl
et al. 1979c). Harvesting these life-saving con-
duits was made an integral component of the
cadaveric organ procurement procedure thereafter
(Starzl et al. 1984). A particularly useful tech-
nique has been the antipancreatic venous jump
graft first described by Sheil et al. (1987) in Syd-
ney (Fig. 13).

Similarly, age proscriptions at either the upper
or lower range were dropped by the mid-1980s.
The shortage of appropriate-sized donors for very
small pediatric recipients was greatly ameliorated
by the use of liver fragments. The first known
reduced liver graft operation was performed in
Denver in 1975 (Starzl and Demetris 1990), but
it was not reported until long after the landmark
descriptions of this technique by Henri Bismuth
and Didier Houssin of Paris (1984) and by the
team of Rudolf Pichlmayr and Christoph Broelsch
et al. of Hanover (1984). In 1989, Lynch and
Strong successfully transplanted a portion of the
left lobe from a living related donor (Strong
et al. 1990), a procedure further refined and
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Preservation fluid
through splenic
vein

Preservation fluid
through terminal
aorta

popularized by Broelsch during a stint at the Uni-
versity of Chicago (Broelsch et al. 1990). These
liver reduction procedures were facilitated by the
use of the piggyback principle in which the recip-
ient retrohepatic vena cava is kept intact and the
suprahepatic venous outflow of the graft is anas-
tomosed to cuffs of the hepatic veins (Tzakis
et al. 1989a) (Fig. 14). The piggyback modifica-
tion was first used in Denver in 1968 in a child
with vascular anomalies and was independently
described by Calne (Calne and Williams 1968) for
the transplantation of a pediatric liver into an
adult. Its use was ultimately popularized by
Tzakis et al. (1989).

Neoplastic Diseases — The first use of conven-
tional liver transplantation to treat otherwise
nonresectable primary or metastatic hepatic can-
cers resulted in a very high rate of recurrence
(Starzl et al. 1989). Nevertheless, its use for this
indication is a common practice by many trans-
plantation teams almost invariably in combination
with adjuvant chemotherapy or experimental
treatment protocols. Certain kinds of neoplasms
have a better prognosis than others. A radical



1 History of Liver and Other Splanchnic Organ Transplantation

Table 4 Inborn errors of metabolism treated with liver transplantation®

Disease
A;-ANTITRYPSIN
deficiency

Wilson’s disease

Tyrosinemia

Type I glycogen
storage disease
Type IV glycogen
storage disease
Cystic fibrosis

Niemann-Pick
disease

Sea-blue histiocyte
syndrome
Erythropoietic
protoporphyria
Crigler-Najjar
syndrome

Type 1 hyperoxaluria

Urea cycle enzyme
deficiency (three
types)

C protein deficiency

Familial

hypercholesterolemia
Hemophilia A

Hemophilia B

Longest
Explanation of disease survival Associated liver disease
Structural abnormality of the protease inhibitor 13 years Cirrhosis
synthesized in the liver
Abnormal biliary copper excretion, decreased copper | 16-1/2 Cirrhosis
binding to ceruloplasmin, and copper accumulation years
in tissues; autosomal recessive gene mapped to
chromosome 13
Fumaroylacetoacetate hydrolase deficiency 7-172 Cirrhosis, hepatoma
years
Glucose-6-phosphatase deficiency 7 years Glycogen storage,
fibrosis, tumors
Amylo-1:4, 1:6-transglucosidase (branching 4-1/2 Cirrhosis
enzyme) defect years
Unknown; pancellular disease, liver often affected 4-1/2 Cirrhosis
years
Sphingomyelinase deficiency, sphingomyelin 2 years None
storage (died)
Unknown, neurovisceral lipochrome storage 7 years Cirrhosis
Hepatic ferrochelatase deficiency, overproduction of | 1-1/2 Cirrhosis
protoporphyrin by erythropoietic tissues years
Glucuronyl transferase deficiency 4 years None
Peroxisomal alanine : glyoxylate aminotransferase 8 months | None
deficiency
Ornithine carbamoyltransferase deficiency 8 months | None
Defective C protein synthesis 2-1/4 None
years
Low-density lipoprotein receptor deficiency, 6 years None
low-density lipoprotein overproduction
Factor VIII deficiency 4 years Cirrhosis, a
complication of blood
component therapy
Factor IX deficiency 6 months | Cirrhosis, a

complication of blood
component therapy

From Starzl et al. (1989d, e). Reprinted by permission of The New England Journal of Medicine, 1989. Copyright 1989,
Massachusetts Medical Society
#Most of the patients were in the University of Colorado-University of Pittsburgh series. Follow-up to January 1989

extension of this attempt to increase the resect-
ability is the removal of upper abdominal organs
en bloc (liver, pancreas, spleen, stomach, duode-
num, proximal jejunum, and right colon)
(Fig. le); extensive sarcomas and carcinoid
tumors that are still regionally confined (Starzl
et al. 1989c¢) are indications. The excised organs
are replaced by hepatopancreaticoduodenal grafts
or, in some cases, by the liver alone.

Clinical Trials of Intestinal
Transplantation in Combination
with the Liver or Alone

Composite Grafts — Function of a cadaveric
intestine for more than 6 months was not accom-
plished under any circumstance until 1987. In
November of that year, a recipient of a
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Fig. 12 By 1979, all of the
demonstrated grafts had
been used clinically. The
use of vascular grafts has
been life-saving; liver
transplantation should
never be attempted without
an emergency assortment of
these grafts (Redrawn from
Starzl et al. (1979c¢),

pp- 76-77. By permission
of Surgery, Gynecology and
Obstetrics)

Fig. 13 An antepancreatic
route for a vascular graft
placed onto the infrarenal
abdominal aorta, as
originally described by
Sheil. The graft is brought
to the right or left of the
middle colic vessels,
anterior to the pancreas and
beneath the pylorus (From
Tzakis et al. 1989b)

Hepatic artery

Portal vein
graft

1.V.C. graft

Arterial graft from
infrarenal aorta

Donor portal
vein

Recipient portal
vein (clotted)

Recipient
superior
mesentric vein

Recipient
splenic vein

Graft
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Fig. 14 Transplantation of
a liver piggybacked onto an
inferior vena cava which is
preserved through its
length. Note that the
suprahepatic vena cava of
the homograft is
anastomosed to the anterior
wall of the recipient vena
cava. The retrohepatic vena
cava of the homograft is
sutured or ligated, leaving a
blind sac into which empty
numerous hepatic veins
(From Tzakis et al. 1989a)

Portal v.(g)

Portal v.(r)

multivisceral graft treated with cyclosporine,
prednisone, and the antilymphoid agent OKT3
survived for 192 days before dying of a B-cell
lymphoma (Starzl et al. 1989a). By the
mid-1990s, several subsequent recipients of the
full multivisceral graft had survived more than
2 years under FK506 (Starzl et al. 1993a).

In the early 1990s, a variant procedure in
which only the liver and small bowel are retained
(see Fig. 1c) was used successfully by Grant and
coworkers (1990) of London, Ontario (Canada).
This operation has been particularly useful in
patients with the short gut syndrome who devel-
oped liver failure after prolonged hyperalimenta-
tion (Todo et al. 1992). By 1993 and with the use
of FK506, 13 (76.5 %) of 17 patients treated in the
Pittsburgh series of liver-intestine grafts were
alive after 5-31 months (Starzl et al. 1993a). All
but one had been liberated from total parenteral
nutrition.

Intestinal Transplantation Alone — Some
workers in the field believed that the protection
to the intestine afforded by the concomitant trans-
plantation of the liver from the same donor (see
earlier) was sufficiently great to justify combined
liver and intestinal transplantation even when
only a technically simpler intestinal transplant
was needed. Enthusiasm for this draconian

strategy began to fade with the successful trans-
plantation in March 1989 of a cadaveric small
intestine by Goulet and colleagues (1992) of
Paris and of an ileal segment from a living related
donor by Deltz et al. of Kiel, Germany (1990).
The French patient was still alive at the beginning
of the third millennium. These patients were
treated with cyclosporine.

They were isolated straws in the wind. In Pitts-
burgh, the routine survival of cadaveric intestinal
recipients now became possible under immuno-
suppression with FK506; the results have been
better with isolated intestinal transplantation than
with either the multivisceral operation or its liver-
intestine variant (Todo et al. 1992, 1993; Starzl
et al. 1993a). Once FK 506 (tacrolimus) was
released by the FDA for general use, the intestinal
transplantation field definitively opened.

Metabolic Interactions — Normally, the
venous effluent from all nonhepatic splanchnic
organs contributes to the portal blood supply,
assuring the liver first-pass exposure to the intes-
tinal nutrients and to the so-called portal
hepatotrophic substances of which insulin is the
most important. Hepatotrophic factors apply to
native livers and transplanted ones and should be
taken into consideration in planning any intra-
abdominal visceral transplantation whether it be
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of the liver or intestine alone or one of the
multivisceral procedures that alter the portal
circulation.

For example, when partial multivisceral grafts
such as that of the liver and intestine are used in
recipients whose pancreas and other upper
abdominal organs are retained, it is preferable to
direct the venous effluent from the residual host
organs into the portal circulation of the new liver.
Similarly, when the intestine is transplanted alone,
the ideal route of graft venous return is through the
native liver. However, the inability for technical
reasons to drain intestinal return into the host liver
has not caused severe hepatic complications in a
small number of human recipients (Todo
et al. 1992).

Conclusion

Throughout the modern history of transplantation,
it was not known how grafts were able with the aid
of immunosuppression to resist the onslaught of
rejection and later merge half forgotten into the
host. In 1992, a study of liver, kidney, and other
organ recipients who had survived for as long as
three decades provided unique insights into the
engraftment process. In all studied cases,
multilineage donor leukocytes could be demon-
strated in the skin lymph nodes, heart, and other
tissues of the long-surviving hosts (Starzl
etal. 1992, 1993b, c, d, 1996).

These chimeric cells had emigrated from the
grafts and then perpetuated themselves for many
years. They were present in larger numbers at any
given peripheral site in liver recipients than in
recipients of other kinds of organs such as the
kidney (Starzl et al. 1992, 1993b, c, d, 1996).
The large number of these potentially migratory
cells in the liver is a possible explanation for the
hepatic tolerogenicity that allows the liver to
induce its own acceptance more readily than
other organs can and in some experimental
models undergo engraftment without the aid of
immunosuppression. The microchimerism dis-
coveries have necessitated a paradigm shift in
many aspects of transplantation immunology
(Starzl 2015a; Starzl et al. 2015b).

T.E. Starzl
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Abstract

At the beginning of the third millennium, liver
transplantation (LT) has turned from dream into
a reality. Thomas E. Starzl, who first performed
LT in March 1963, and many of his scholars
allowed to live one of the most extraordinary
adventures of modern medicine. Twenty years
later, in 1983, the National Institute of Health
Consensus Development Conference concluded
that LT was “a promising alternative to current
therapy in the management of late phase of
several forms of serious liver diseases” and that
it had the potential to become a “clinical service”
as opposed to an experimental procedure. Half a
century later, LT progressed at high speed
resulting in a worldwide, curative, treatment of
more than 50 different liver as well as liver-
based diseases. Today the 250,000 mark has
been reached. This chapter gives a detailed over-
view of all the different aspects of this medical
adventure, stressing thereby also the last innova-
tions and forthcoming revolutions to expect.
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Introduction

The first human liver transplantation (LT) was car-
ried out by Thomas E. Starzl on March 26, 1963, in
Denver, Colorado (Starzl et al. 1963). The recipient
died due to intraoperative bleeding and liver dys-
function. Eight attempts followed, unfortunately
they were also unsuccessful; the longest survival
being limited at 23 days. These initial results well
reflected the insufficient knowledge about organ
procurement and preservation as well as of surgical
technique and perioperative care. As a conse-
quence, a voluntary moratorium was observed till
1967. The same team performed the worldwide
tenth, this time successful, human LT. The recipient,
a 1.5-year infant presenting a biliary atresia compli-
cated with a huge hepatocellular cancer (HCC), died
of tumor recurrence 400 days later (Starzl
et al. 1968). Following this first short-term success,
it took a time span of 20 years in order to make this
complex surgical procedure safe. The surgical pro-
gress coincided with the introduction in clinical
practice in the beginning of the 1980s of a new,
selective, immunosuppressive drug, cyclosporine A
(CyA). The launch of this drug was the ideal “aid”
to definitively transform LT into a clinical service
for liver diseased patients as exemplified by the
raise of the one-year survival rate from less than
50 % during the period 1976-1979 to more than
75 % during the following 5 years. In June 1983, the

Q. Lai et al.

National Institute of Health Consensus Develop-
ment Conference on LT concluded, based on the
worldwide experience counting only 540 proce-
dures performed during the period 1963—1983 in
the only American (Denver—Pittsburgh) and three
European (Groningen, Hannover and Cambridge)
centers, that LT was “a promising alternative to
current therapy in the management of late phase of
several forms of serious liver diseases” and that it
had the potential to become a “clinical service” as
opposed to an experimental procedure (National
Institutes of Health 1983). This potential was rec-
ognized only on the condition to restrict the proce-
dure to very well-selected patients complying with
ten absolute and five relative contraindications
(Table 1). However 6 years later, Starzl wrote that
“the conceptual appeal of LT is so great that the
procedure may come to mind as a last resort for
virtually every patient with lethal hepatic disease”
(Starzl et al. 1989). This visionary sentence per-
fectly synthesized what would happen during the
last three decades. Indeed progresses were spectac-
ular leading to an exponential growth of the number
of procedures, reaching half a century later, almost
the 250,000 mark! All but one of the contraindica-
tions to LT forwarded by the Consensus Confer-
ence, e.g., active sepsis outside the hepatobiliary
system, were wiped away. Today, LT has indeed
become “the” curative answer to more than 50 dif-
ferent liver and live-based pathologies (Table 2).

Table 1 Indications and contraindications for liver transplantation identified at the 1983 National Institute of Health

Consensus Conference

Contraindications
Absolute
1. Age > 55 years

Indications

1. Young patient < 50 years
2. No viral infection

3. No alcohol and drug abuse 3. Active alcoholism

4. Ability to accept procedure/
understand its nature

5. Ability to accept costs

6. Normal vessel state

7. No CP or renal disease

8. No prior abdominal surgery

9. No infection

10. No (advanced) malignancy
hepatobiliary system

*Especially in the right upper quadrant
Abbreviations: CP cardiopulmonary, HB hepatitis B

2. HBsAg-HBeAg-positive state

4. Inability to accept procedure or
understand its nature or costs

5. Sepsis outside hepatobiliary system
6. Portal vein thrombosis

Relative

1. Age > 50 years

2. HBsAg-positive state

3. Intrahepatic or biliary sepsis

4. Advanced alcoholic liver disease
in abstinent alcoholic

5. Prior abdominal surgery®
6. Portal hypertension surgery

7. Advanced CP or renal disease

8. Severe hypoxemia (right to left shunts)
9. Metastatic hepato-biliary malignancy
10. Primary malignant disease outside
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Table 2 Indications for liver transplantation in 2014

Acute liver
failure

Hepatitis A virus

Hepatitis B virus

Hepatitis D virus

Hepatitis E virus

Acetaminophen

Other drugs

Postoperative

Posttraumatic

Wilson disease

Budd—Chiari syndrome
Autoimmune hepatitis
Cryptogenic

Fatty infiltration — acute fatty liver of
pregnancy

Reye syndrome

Chronic hepatitis B viral infection
Chronic hepatitis C viral infection
Chronic hepatitis B and D viral
infection

Chronic hepatitis E viral infection
Cirrhosis viral related (other viruses)
Cirrhosis drug related

Alcoholic liver disease
Autoimmune hepatitis
Cryptogenic liver disease
Nonalcoholic fatty liver disease
Primary biliary cirrhosis

Primary sclerosing cholangitis
Caroli disease

Secondary biliary cirrhosis
Alagille syndrome

Byler disease

Severe graft-versus-host disease
Congenital biliary fibrosis

Cirrhosis from
chronic liver
disease

Cholestatic
liver diseases

Extrahepatic biliary atresia
Vascular liver Budd-Chiari syndrome
disease Hereditary hemorrhagic

telangiectasia

Veno-occlusive disease

Wilson disease

Hereditary hemochromatosis
Alpha-1 antitrypsin deficiency
Glycogen storage disease I and IV
Familial homozygous
hypercholesterolemia
Tyrosinemia

Familial amyloid polyneuropathy
Primary hyperoxaluria
Protoporphyria

Other types of porphyria
Crigler—Najjar syndrome

Cystic fibrosis

Galactosemia

Factor VIII (Hemophilia A and B)
and V deficiency

Thrombophilic disease (e.g.,
Protein C, S deficiency)

Metabolic liver
diseases

(continued)

Table 2 (continued)

Benign tumor Hepatic adenoma

Adenomatosis

Giant hemangioma

Focal nodular hyperplasia
Nodular regenerative hyperplasia
Malignant
tumor

Hepatocellular carcinoma on
cirrhosis

Hepatocellular carcinoma on
non-cirrhotic liver

Intrahepatic cholangiocarcinoma
Biliary tract carcinoma (Klatskin)
Epithelioid hemangioendothelioma
Hepatoblastoma

NET metastasis

Colorectal tumor metastasis®

Miscellaneous | Polycystic liver disease

Alveolar echinococcosis
Cystic echinococcosis
Hepatic trauma
Schistosomiasis
Choledochal cyst
Sarcoidosis

?Only in pilot studies

This chapter reviews the actual place of LT in the
treatment of various liver disease groups and also
highlights newer, sometimes controversial, ideas
and concepts.

Today’s Indications for Liver
Transplantation

Chronic Parenchymal Liver Diseases

Alcoholic Disease

Alcoholic liver disease, the first and second most
common indication for LT throughout Europe and
the USA, remains a controversial indication espe-
cially in terms of public attitude toward the
responsibility of the patient and his/her environ-
ment for a self-inflicted disease. The main prob-
lem relates to the risk of relapse, a condition
difficult to exclude even when optimal psycholog-
ical evaluation and follow-up are provided. The
6-month abstinence rule, considered as a “safety
belt” in many centers, reveals to be an unreliable
selection criterion to justify LT. Alcohol use after
LT remains therefore an issue of concern, the
exact incidence of which remains poorly
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investigated (Mathurin and Ehrhard 2011). Prob-
ably, the best positive prognostic parameter is the
preserved integration of the potential recipient
within his/her familial, professional, and social
environment. In this context the role of the general
practitioner, knowing usually best these condi-
tions, should be valued in the decision-making
process.

Upcoming Features: The social debate about
the justification of LT as a treatment of alcoholic
liver disease has recently been fueled by the Lille
group which proposed to perform LT even in case
of severe alcoholic hepatitis not responding to
medical therapy (Donckier et al. 2014). The med-
ical treatment, based on glucocorticoid adminis-
tration, indeed generates poor results as most
patients die within 2—6 months. The survival rate
only reaches 30 % in patients having a Lille score
of >0.45 at day 7 of such treatment. A prospective
study proposing early LT in 26 patients having a
Lille score >0.45 allowed to raise significantly the
6-month survival rate to 77 %; only 11 % of
patients presented alcohol abuse after LT
(Mathurin et al. 2011).

Despite the fact that LT represents the best
therapy for both alcoholic cirrhosis and severe
hepatitis refractory to medical therapy, durable
abstinence, the mandatory objective needed to
link patient compliance and public awareness,
can only be obtained by implementing a struc-
tured and tight follow-up. Close medical care
might have another, neglected, but important
“side effect.” Indeed as alcoholic liver disease is
one of the few diseases that does not recur in the
allograft, this patient group represents a unique
and “fertile” domain in the research fields of min-
imization of immunosuppression (IS) and clinical
operational tolerance (COT) protocols. Long-term
follow-up biopsies in such patients will allow a
more precise evaluation of liver biopsies as
confounding factors such as viral and autoim-
mune allograft recurrences will be absent.

Viral Diseases

Hepatitis B-Related Cirrhosis (HBV): World-
wide, HBV infection is still the leading cause,
mainly in Eastern countries, of cirrhosis and
development of liver cancer despite aggressive
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vaccination campaigns aiming at disease preven-
tion. The newer antiviral drugs dramatically
improved results of both antiviral therapies and
LT. Five-year recipient survival rates are now
reaching more than 80 %, promoting nowadays
HBV-related cirrhosis as one of the best indica-
tions for LT on the condition that a lifelong pro-
phylactic therapy wusing specific anti-HB
immunoglobulins (HBIg) is pursued. The intro-
duction of nucleos(t)ide analogs, such as
lamivudine, adefovir, and tenofovir, has even
allowed to obtain excellent results in case of
active viral replication at moment of LT (Samuel
et al. 1993). These prophylactic therapies have
eliminated the development of cholestatic fibrosis
and allowed to reduce the incidence of allograft
reinfection beneath 5 % on the condition that close
monitoring of anti-HBs antibodies clearing and
that immunoglobulins are administered, either
intravenously or intramuscularly, lifelong. The
drawback of this very efficacious prophylactic
treatment is its high cost. A recent meta-analysis,
including 1,484 liver recipients, showed that
HBIg treatment reduces allograft reinfection in
pre-LT HBV DNA-positive patients but did not
confer a significant advantage in DNA-negative
patients especially when receiving the newer
nucleos(t)ide analogs. Combining HBIg and oral
antivirals does not seem to improve results (Wang
et al. 2014b).

Upcoming Features: Due to the very high costs
(6,000-8,000 €/year) and low allograft recurrence
after the third post-LT year, several alternative
antiviral therapies have been proposed. Shifting
to the less costly self-administered subcutaneous
HBIg has shown to be safe and effective in an
Italian cohort of 135 patients when maintaining
anti-HBs levels >100 IU/L (Di Costanzo
et al. 2013). Selected recipients can even be safely
switched to the less expensive, oral nucleoside
analog monotherapy. The Hong Kong group
obtained in a cohort of 80 patients, receiving
only entecavir, a 98.8 % clearance of post-LT
HBV DNA levels and no evidence of mutations
at sites able to confer resistance to entecavir (Fung
et al. 2011). Recent European guidelines focused
on these innovations (European Association for
the study of the Liver 2012a).
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Finally, besides this “pure viral” point of view,
it is of note that HBV patients display low
rejection rates which may be partly explained
by the interaction of HBIg with dendritic
allograft cells.

Hepatitis C-Related Cirrhosis (HCV): Espe-
cially in the Mediterranean Basin, HCV-related
cirrhosis with or without hepatocellular cancer
(HCC) has become the primary indication for
LT. Unfortunately, HCV graft reinfection is the
rule being responsible for the (more rapid) devel-
opment of allograft cirrhosis in 30 % of patients
and graft loss in 10 % of recipients after 5 years
(Charlton 2007). Retransplantation (reLT) is the
only option in case of allograft decompensation.
The indication for reLT, especially if early, is
controversial due to the poor results. A retrospec-
tive  US  multicenter study compared
43 retransplanted HCV patients with 73 non-HCV
retransplanted and 156 HCV not retransplanted
patients. In the retransplanted groups, 3-year
patient survival rates were 49 % versus 55 % in
HCV and non-HCV patients, respectively. The
most common reasons for not listing for reL T
were early recurrent HCV (<6 months) (22 %),
fibrosing cholestatic hepatitis (19 %), and renal
dysfunction (9 %) (McCashland et al. 2007).

Upcoming Features: Until recently, antiviral
therapy combining pegylated interferon and riba-
virin represented the unique strategy to avoid
allograft reinfection. As this therapy can only be
applied fully in about 20 % of the recipients due to
its side effects, sustained viral response can only
be obtained in 20 % of the recipients. The direct-
acting antivirals (DAA) provided new therapeutic
options (Gane and Agarwal 2014). The addition
of the first-generation NS3/4A protease inhibitors
(PI) boceprevir or telaprevir has increased the
efficacy of pegylated interferon and ribavirin in
patients with chronic HCV genotype 1 infection.
In 37 recipients treated with boceprevir (n = 18)
or telaprevir (n = 19), a sustained virologic
response was observed after a 12-week treatment
in 71 % and 20 % (Coilly et al. 2014). Unfortu-
nately, the application of such triple therapy is
hampered by the occurrence of anemia and
DAA-IS interaction. Clinical trials including
newer classes of DAA targeting different steps

of HCV replication, including nucleotide poly-
merase (NUC-NS5B) inhibitors (sofosbuvir),
non-nucleotide polymerase (non-NUC-NS5B)
inhibitors (setrobuvir), and NSS5A inhibitors
(ledipasvir, daclatasvir), have been started. A
phase III study combining once-daily oral
sofosbuvir-ledipasvir with or without ribavirin
reached a 99 % sustained virologic response in
the absence of severe adverse events in 865 HCV
patients (Afdhal et al. 2014). These extremely
encouraging results obtained in naive as well as
in transplant patients will dramatically change the
outlook of HCV-infected patients. The indirect
consequence will be an enlargement of the scarce
allograft pool due to the foreseen reduction of
HCV patients in need for LT and the reduced
incidence of graft loss and thus need for reLT.

Autoimmune Cirrhosis

In 1950, Waldenstrom first described a chronic
form of hepatitis in young women termed “lupoid
hepatitis” because of its association with other
autoimmune disease manifestations. This disease
was termed in 1965 “autoimmune hepatitis”
(AIH); in the 1970s and 1980s, several specific
autoantibodies could be identified. T—cell activity
directed against hepatocytes leads to interface
hepatitis, fibrosis, and finally cirrhosis. AIH is an
archetype autoimmune condition, with female
preponderance (F/M ratio 7:1), hypergammaglo-
bulinemia, serum autoantibodies, response to cor-
ticosteroids, and association with other
autoimmune features in 40 % of patients (Carbone
and Neuberger 2014). Two distinct AIH subtypes
have been identified based on the profile of serum
antibodies: type 1 (AIH-1) is associated with anti-
nuclear, anti-smooth muscle, anti-actin, anti-solu-
ble liver antigen, or anti-liver—pancreas antigen
antibodies; the less common type 2 (AIH-2) is
associated with anti-liver—kidney microsomal
antibodies type 1 and type 3 and anti-liver cytosol
antibodies type 17. The heterogeneous
immunoserology and genetics explain the great
variability of the disease expression in relation to
race, geographical distribution, and genetic pre-
disposition (Manns and Vogel 2006). Despite the
increased risk for infectious complications in the
early post-LT period, especially in recipients aged
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over 50 years, 5-year patient survival rate post-LT
nowadays reaches 80—90 %.

Upcoming Features: Recurrent (auto- or
alloimmune) disease, de novo allograft hepatitis,
and immunosuppressive therapy post-LT are all
matters of debate in this difficult field of
LT. Recurrent allograft disease, observed in
1246 % of the recipients, is treatable in most
patients by instauring or increasing steroid ther-
apy. Progress to cirrhosis and graft failure is rather
uncommon (Schreuder et al 2011). These patients
need careful follow-up as they frequently present
different manifestations of their primary disease
such as polyarthritis, thyroiditis, and GI tract dis-
ease. Although many transplant groups advocate
the necessary use of a steroid-based IS in order to
avoid allograft recurrence and extrahepatic dis-
ease manifestations, LT can be done safely for
this condition using a steroid-free IS (Strassburg
and Manns 2011).

The “problem” of de novo hepatitis (DNH)
after LT should also be addressed in this context
as this condition is diagnosed more and more
frequently. The real meaning of DNH is not yet
fully understood, but it could be that DNH is a
manifestation of a frust form of chronic rejection
(Sebagh et al. 2013). A recent study focused on
the role of atypical anti-liver—kidney microsome
antibodies (LKMA) in the development of DNH,
showing proteasome and carbonic anhydrase III
as their respective autoantigens (Huguet
et al. 2007). If diagnosed, careful, pathologic-
based, follow-up and careful IS adaptation are
required. Maybe the recent findings in relation to
impact of donor-specific antibodies (DSA) on
outcome in LT will allow to obtain further insights
in this condition.

Cholestatic Diseases

Primary Biliary Cirrhosis (PBC): LT is the gold
standard in the treatment of end-stage liver disease
due to PBC. The number of LT for this condition
declined during the last decades due to the intro-
duction of an efficacious pharmacological treat-
ment with ursodeoxycholic acid. PBC is an
autoimmune liver disease whose two main fea-
tures are the presence of highly specific antimito-
chondrial antibodies (AMAs) and lymphocytic
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cholangitis. The chronic destruction of small to
medium caliber intrahepatic bile ducts leads to
cholestasis, fibrosis, and biliary cirrhosis (Selmi
et al. 2011). Indications for LT are anticipated
death in <1 year, impaired quality of life, or
intractable disease-specific symptoms such as
pruritus. Despite the availability of prognostic
models, serum bilirubin level of over 4 mg/dL
provides a simple guide to time LT. Five-year
patient survival rates reach 85 %. These patients
seem to develop more frequently features of
chronic rejection, although such changes are sim-
ilar to recurrent allograft PBC. IS reduction
should therefore be done cautiously. Following
LT, AMAs usually persist, and histological fea-
tures of recurrent allograft PBC are seen in about
50 % of the recipients 10 years post-LT (Rowe
et al. 2008). Recurrence, which may occur in the
presence of normal liver tests, is most often dis-
covered on long-term protocol biopsies. In the
medium term, disease recurrence rarely causes
clinical problems. During follow-up, osseous
complications (bone fractures) and flaring up of
several other disease manifestations, such as
polyarthritis, scleroderma, and thyroiditis, may
compromise quality of life.

Upcoming Features: Still too much elderly
women are transplanted presenting with very
advanced osseous disease. Such condition may
seriously compromise the LT outcome
(Guichelaar et al. 2006). An active “osseous”
follow-up should be addressed to these patients
especially when already presenting severe pre-LT
osteoporosis.

Primary Sclerosing Cholangitis (PSC): PSC
is a chronic, cholestatic autoimmune liver disease
leading to inflammation and fibrosis of the mac-
roscopic, intrahepatic and extrahepatic, biliary
system. The hallmark of PSC is the alternation
of multiple biliary strictures and dilatations on
imaging (Maggs and Chapman 2008). PSC is a
progressive disease with no proven therapy,
whose natural history may lead to the develop-
ment of decompensated cirrhosis and biliary can-
cer. In LT series cholangiocellular carcinoma
(CCC) has been diagnosed in up to 20 % of
patients. Up to 70 % of patients present other
major disease  manifestations such  as
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inflammatory bowel disease and vitiligo.
Although patient selection and timing for LT are
not always easy, serum bilirubin, splenomegaly,
development of portal hypertension, and duration
of disease are good practical guides for the LT
indication. Pre-LT screening with MRI, PET scan,
and brush cytology of the biliary tract is indicated
in case of dominant strictures in order to exclude
CCC. Although early patient and graft survival
rates following LT are excellent, the one-year
survival reaching 90 %, late outcome is frequently
compromised due to allograft recurrence.
Ten-year survival rates reach 50 % only, indeed
the worst result of LT for benign liver diseases.
Diagnosis of recurrent PSC is difficult as morpho-
logic features of recurrent PSC and the frequently
observed ischemic-type biliary lesions (ITBL) are
similar (Graziadei 2002).

Recurrent PSC affects 20-40 % of the recipi-
ents, with higher reLT rates compared to PBC.
Because of the enhanced risk of colonic cancer,
annual colonoscopy is advised. Many patients
however had and many will have complex GI
tract surgery consisting of proctocolectomy with
ileoanal reservoir because of their inflammatory
bowel disease (Bjoro et al 2006). In a study
performed in 303 PSC recipients, the only signif-
icant risk factor for colectomy was LT itself, while
it did not affect the incidence of colorectal cancer
(Dvorchik et al. 2002).

Upcoming Features: Some technical issues
need to be addressed when transplanting PSC
patients. Roux-en-Y hepaticojejunostomy is the
preferred option for biliary reconstruction due to
the involvement of the extrahepatic bile duct
(Welsh and Wigmore 2004). However, the much
easier duct-to-duct anastomosis and even
choledochoduodenostomy have been reported
more recently. A meta-analysis involving
692 patients showed that duct-to-duct anastomo-
sis has very satisfactory results in terms of clinical
outcome, graft survival, risk of biliary complica-
tions (leaks and strictures), infection, and PSC
recurrence (Wells et al. 2013). A recent series of
98 PSC adults, 45 of whom with duct-to-duct and
53 with RY reconstruction, showed more episodes
of cholangitis and late-onset non-anastomotic bil-
iary strictures in case of biliodigestive

anastomosis (Sutton et al. 2014). In this view
choledochoduodenostomy or duct-to-duct recon-
struction (in case of macroscopical ‘“normal”
recipient bile duct) can be accepted as an alterna-
tive technique in case of difficult intra-abdominal
conditions.

Secondary Biliary Cirrhosis (SBC): SBC,
the end-stage evolution of a prolonged chronic
damage such as caused by iatrogenic bile duct
injury (mostly following laparoscopic cholecys-
tectomy), graft-versus-host disease following
bone marrow transplantation, cystic fibrosis, and
status after Kasai operation during infancy
because of biliary atresia, is an uncommon (less
than 1 %) indication in adult LT. Few series have
been published. An Argentinian study reported
about 20 patients with end-stage liver disease
secondary to biliary injury; four patients died on
the waiting list, and 16 were transplanted. All
patients had surgical treatment(s) before being
considered for a LT. The median time between
biliary lesion and liver transplant was 60 months.
The 5-year survival reached 75 % (de Santibaiies
et al. 2008).

Upcoming Features: The message of this expe-
rience is that such patients should be referred early
to specialist hepatobiliary centers in order to avoid
SBC and thus LT.

Nonalcoholic Fatty Liver Disease (NAFLD)

and Nonalcoholic Steatohepatitis (NASH)

The term “nonalcoholic fatty liver disease” was
first used in the 1980s to describe a slowly pro-
gressive disease linked to fat accumulation within
liver cells without evident reasons (Ludwig
et al. 1980). NAFLD can range from simple
steatosis to NASH, a condition leading to fibrosis
and cirrhosis due to ongoing inflammation.
NAFLD and NASH are associated with obesity
and metabolic syndrome. Due to the current obe-
sity epidemic, NASH-related cirrhosis has
become the third leading indication for LT in the
USA, accounting for up to 11 % of the liver
recipients (Younossi et al. 2011). NASH repre-
sents the second leading etiology for HCC requir-
ing LT in the USA and is the most rapidly growing
indication in LT for liver cancer (Wong
et al. 2014). Overall 5-year survival rates of
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these patients are similar to other indications.
Although the risk for graft failure is lower, these
recipients have a higher post-LT mortality due to
cardiovascular events or sepsis. Risk factors for
NASH such as increased BMI, insulin resistance,
and diabetes are moreover worsened because of
steroid- and CNI-based IS. Weight control after
LT is mandatory in order to avoid allograft
steatosis which has been reported in up to 100 %
of patients. Adapted diet and physical activity are
advised besides various pharmacological inter-
ventions  using metformin, vitamin E,
pioglitazone, statins, ursodeoxycholic acid,
pentoxifylline, and orlistat. However, none of
them has proved to be effective in reverting liver
fibrosis (Khullar et al. 2014).

Upcoming Features: Bariatric surgery has
been introduced with a good safety and efficacy
profile either before, during, or after LT. A US
experience reported about 44 prospectively
enrolled patients having a BMI >35 at the
moment of wait-list insertion. Thirty-four patients
had an “isolated LT”; 21 raised their weight above
BMI >35, twelve had post-LT diabetes, seven had
steatosis, and three patients died. Seven patients
had combined LT-sleeve gastrectomy procedure.
There was no death, graft loss, diabetes, nor
steatosis. One patient developed a leak from the
gastric staple line. All patients had substantial
weight reduction (mean BMI 29) (Heimbach
et al. 2013). Further investigations are underway
to explore specific polymorphisms involved
(PNPLA3, IL28) in the development of post-LT
NASH in order to define mechanisms and thera-
pies against this pathology.

Hepatobiliary Oncology

Primary Tumors

Hepatocellular Cancer (HCC) in Cirrhotic or
Fibrotic Liver: HCC represents the fifth most
common malignant tumor worldwide and the
third leading cause of cancer-related death. Ninety
percent of HCC develop in a diseased liver, 5-10
% in a normal, non-cirrhotic or non-fibrotic liver
(NC-HCC). LT is the therapeutic gold standard as
it simultaneously removes tumor and underlying
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(precancerous) disease. The introduction in 1996
ofthe Milan criteria (MC) (one lesion smaller than
5 cm or up to three lesions smaller than 3 cm,
without extrahepatic manifestations or vascular
invasion) and the steady improvement of
neoadjuvant locoregional therapies (LRT) allow
to obtain 5-year disease-free survival rates
reaching 85 % (Ciccarelli et al. 2012). These too
restrictive MC and the unexpected good results in
some recipients outlying the MC on pathologic
examination of the total hepatectomy specimen
led to the development of many (mostly center
based) wider inclusion criteria in the West as well
as in the East (i.e., San Francisco, Kyoto, Kyushu,
Hangzhou, Toronto, Seoul, and Milan up to
seven) (Yao et al. 2001, Mazzaferro et al. 2009).
Up to now, only the extended San Francisco criteria
have been accepted by the international transplant
community. Despite the fact that the Zurich Con-
sensus Conference about HCC and LT reviewed
the current practice of LT in HCC patients aiming at
streamlining the approach of the transplant com-
munity toward HCC, many questions remain unan-
swered (Clavien et al. 2012).

Upcoming Features: Sound oncologic princi-
ples such as “dynamic” morphologic (number and
diameter) and biologic tumor criteria (evolution of
tumor markers or response to LRT) will be neces-
sary to justifiably extend the inclusion criteria.
Combining alpha-fetoprotein (AFP) and/or
des-gamma carboxyprothrombin (DCP)
(or protein induced by vitamin K absence
[PIVKA 1I]) values and dynamics, inflammatory
markers such as neutrophil-to-lymphocyte or
platelet-to-lymphocyte ratios and radiological
response to LRT based on RECIST criteria (also
called downstaging) will be necessary to refine the
HCC therapeutic algorithm in order to discrimi-
nate between utile and futile LT (Lai and Lerut
2014). Clear identification and definition of cutoff
values as well as of downstaging will allow to
progress in this field. Living donor liver transplan-
tation (LDLT) represents a unique soil to safely
explore the expansion of inclusion criteria for
LT. It is also of notice to underline that adaptation
of IS (steroid-free IS regimens, introduction of
mTor inhibitors) will help to further support this
development.
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HCC developed in a non-cirrhotic, non-
fibrotic liver: Inclusion criteria for LT differ
importantly. Despite the dogma that partial liver
resection is “the” therapeutic gold standard in
these patients, 5-year recurrence rates are very
high ranging from 40 % to 70 %. LT might there-
fore be of value both in the treatment of initially
non-resectable HCC or in case of recurrence after
resection (Lerut et al. 2011). The ELTR-ELITA
analysis, dealing with 62 patients with initially
“non-resectable” NC-HCC, confirmed that excel-
lent 5-year disease-free survival rates of 60 % and
48 % can be obtained after primary and salvage
LT for intrahepatic recurrence (Mergental
et al. 2012). Macrovascular and lymph node inva-
sion, interval of less than 12 months between
partial resection and recurrence, are unfavorable
factors, in contrast to HCC developed in a cir-
rhotic liver tumor diameter and MC do not signif-
icantly influence outcome. The best results of LT
for NC-HCC are achieved in the presence of AFP
level <100 ng/mL, number of tumors less than
four, and absence of vascular and lymph node
involvement (Decaens et al. 2012).

Cholangiocellular Carcinoma (CCC): CCC,
a very aggressive primary neoplasm arising from
malignant transformation of the biliary epithe-
lium, has been for a long time considered an
absolute contraindication to LT (DeOliveira
2014).

Upcoming Features: CCC has evolved from an
absolute to a relative contraindication for LT. The
Nebraska, Mayo and Dublin transplant teams
pioneered a strategy of neoadjuvant radioche-
motherapy followed by LT for patients with
unresectable hilar CCC; recently the French
health authorities even authorized to extend this
indication to resectable CCC. The Mayo Clinic
protocol is based on a strict, multidisciplinary
therapeutic project combining external beam radi-
ation, endo-biliary brachytherapy, and 5-FU che-
motherapy. After negative surgical laparoscopic
exploration, capecitabine is started until moment
of LT. This protocol needs to adapt surgical timing
and technique. This protocol is restricted to highly
selected patients presenting a tumor <3 cm and
absent extrahepatic metastases including negative
lymph nodes. Despite the complex algorithm, the

high dropout, and the very strict patient selection,
S-year recurrence-free survival rates reached 68 %
(Rosen et al. 2010). In the most recent update
concerning 199 patients, elevated CA 19-9
(>120 UI/mL), portal vein encasement, and resid-
ual tumor on explant pathology were the most
significant predictors of CCC recurrence
(Darwish Murad et al. 2012).

LT is not yet considered an option to treat
intrahepatic CCC. LT is till now only proposed
for small tumors developed in a cirrhotic liver.
One 1- and 5-year recurrence for mixed
HCC-intrahepatic CCC reach 42 % and 65 %
(Razumilava and Gores 2014). A recent multicen-
ter study from Spain analyzed 27 and 15 patients
with mixed tumors and intrahepatic CCC compar-
ing them with 84 HCC matched controls.
Intrahepatic CCC showed worse results with
respect to their controls (5-year actuarial survival
rates of 51 vs. 93 %), but no differences were
observed between mixed tumor patients and
HCC controls (78 vs. 86 %) (Sapisochin
et al. 2014). These results reflect the aggressive-
ness of intrahepatic CCC and also raise the ques-
tion about the “necessity” of pre-LT as well as
pre-LRT tumor biopsies. More data on
HCC-CCC patients should be obtained, but their
absolute exclusion from transplant option is
controversial.

Secondary Liver Tumors

Neuroendocrine Liver Metastases (NETLM):
LT for unresectable NETLM is another controver-
sial area in the field of LT. A recent review reports
about 706 such patients. Five-year survival rate
from the time of diagnosis was approximately
70 %. Metastases confined to the liver and not
poorly differentiated are favorable candidates for
LT; evolution of tumors over 6 months is an unfa-
vorable feature (Fan et al. 2015). The initial
French multicenter transplant experience com-
prising 85 patients reported a 5-year survival rate
of 47 %. Factors of poor prognosis were concom-
itant upper abdominal exenteration and primary
tumor in the duodenum or pancreas with accom-
panying hepatomegaly. Recipients presenting
with these unfavorable prognostic factors had sig-
nificantly worse results (5-year survival rates of
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12 vs. 68 %) (Le Treut et al. 2008). Similar results
were obtained in the UNOS cohort including
150 patients (Gedaly et al. 2011).

Upcoming Features: Two recent publications
indicate that LT will have to be considered in the
therapeutic algorithm of NET patients. The Milan
group indeed showed that LT can cure 85 % of
patients with non-resectable NET metastases
when adhering to strict inclusion criteria
consisting of low proliferation index (Ki < 5
%), delay between RO resection of the primary
tumor and LT of more than 6 months, tumor
location in the portal venous drainage system,
adapted IS and neoadjuvant and adjuvant thera-
pies (Mazzaferro et al. 2007). Without any doubt,
LT will take a more important place in the treat-
ment of these patients in the near future as LT
(Bonaccorsi-Riani et al. 2010).

The large ELTR-ELITA, retrospective,
multicentric  study including 213 patients
transplanted during the period 1982-2009 sup-
ports the Milan experience. The 5-year overall
and disease-free survival rates for the whole
patient cohort reached 52 % and 30 %. Since
2000, 5-year OS increased to 59 % as a result of
better selection process (Le Treut et al. 2013).
More importantly is the fact that this detailed
multivariate analysis identified major resection
in addition to LT (or multivisceral resection),
poor tumor differentiation, hepatomegaly and
age >45 years as poor prognostic factors.

Colorectal Liver Metastases (CRLM):
CRLM were considered an absolute contraindica-
tion for LT due to the very poor obtained sur-
vivals. A review of the earlier ELTR-ELITA
experience including 48 patients revealed that
near half of these patients died due to
non-tumoral causes and that two thirds of patients
had heavy IS (Foss et al. 2010).

Upcoming Features: Impressive improve-
ments in chemotherapy, surgical technique (such
as repeated surgery and ALPPS procedure), and
imaging paved the way for the prospective Nor-
wegian SECA (secondary cancer) study looking
at the value of LT in the treatment of unresectable
CRLM (Foss and Lerut 2014). The outcomes of
21 SECA-LT patients and 47 non-transplanted
unresectable liver-only CRLMs were compared
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in the NORDIC VII study. Although disease-free
survivals were similar, substantial different 5-year
actuarial overall survival rates were observed
(56 % vs. 9 % in patients starting first-line che-
motherapy) (Dueland et al. 2014). The recurrence
rate was 100 %, but one third of patients could be
rendered disease-free after resection of pulmonary
metastases. The historic Vienna and recent Oslo
experiences paved the way for larger multicenter
studies that will be soon launched (Kappel
et al. 20006).

Metabolic (Liver Based) Diseases

Hereditary Hemochromatosis (HH): HH, a dis-
order of iron metabolism leading to iron overload
due to reduced hepatic hepcidin secretion, is a
rather uncommon indication for LT. These patients
have a higher risk to develop cardiac complica-
tions and HCC. After LT, hepcidin secretion is
normalized, preventing the recurrence of hepatic
iron overload (Bardou-Jacquet et al. 2014). These
recipients have a higher morbidity and mortality
due to a higher incidence of cardiac, diabetic, and
infectious complications, cancer recurrence, and
post-LT iron reaccumulation.

Wilson Disease (WD): This rare inherited
autosomal recessive disease of copper metabolism
is responsible for systemic copper accumulation
that damages especially the liver, brain, cornea,
and kidney (European Association for the Study
of the Liver 2012b). Such accumulation can be
prevented with copper-chelating agents or zinc
salts. The progression of systemic complications
and hepatic involvement under an adequate long-
term therapy is rare. LT may be required in the
setting of acute liver failure (ALF), subacute liver
disease, and end-stage liver disease, with or with-
out neuropsychiatric manifestation. Adult patients
always present in a stage of cirrhosis. WD-related
ALF can be stratified according to Nazer index,
revised King’s College Criteria, and PELD/
MELD scores (Devarbhavi et al. 2014). Outcomes
after LT for WD are excellent with 5-year survival
rates of 86-89 %. Although copper metabolism
normalizes in the long run (Arnon et al. 2011a),
neuropsychiatric disorders do not recover in half
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to one third of patients, and in some patients they
may even progress (Medici et al. 2005). Living
donation is a safe option for heterozygote carrier
relatives.

Hemophilia: Hemophilia is a family of X-liked
coagulation disorders most commonly caused by
the deficit of factor VIII (F VIII, hemophilia A) or
factor IX (F IX, hemophilia B). The most severe
forms result in persistent risk of prolonged bleed-
ing. During the last decades, life expectancy of
hemophilic patients has been dramatically
improved, initially by plasma derivatives, later by
recombinant factors. Unfortunately insufficient
inactivation processes of human derivatives were
responsible for the development of end-stage liver
disease due to transmission of HCV and HIV infec-
tions (Soucie et al. 2014). Most patients are there-
fore transplanted because of liver decompensation
and/or HCC development. Perioperative evolution
can be more complicated due to HIV/HCV coin-
fection. Coagulopathy usually is not an important
matter as the allograft very rapidly corrects the
hematologic condition (Horton et al. 2012).
Adapted perioperative care allows nowadays to
obtain results comparable to those of
non-hemophilic patients (Lerut et al. 1995).

Familial Amyloid Polyneuropathy (FAP):
FAP is a slow but fatal disease, belonging to a
group of systemic disorders caused by an
amyloidogenic transthyretin variant. More than
100 genetic variants have been identified
explaining the widely variable clinical expression.
Patients with a same mutation can even present,
an until now unexplained, variation in the clinical
presentation. The most frequent mutation is the
Val30Met variant. Non-Val30Met variants have a
significantly different clinical presentation and
outcome. The V30M mutation has an early-onset
(between 25-35 years), a more benign course and
cardiac involvement in the form of rhythmic dis-
turbances. The NV30M-FAP has a late-onset (>
50 years) presentation, a more rapid evolution
with more functional impairment, development
of restrictive/mechanical cardiomyopathy and
lower survival. Isolated cardiac involvement in
African-Americans is invariably associated with
the V1221 mutation (Zeldenrust 2012). LT elimi-
nates the source of the variant molecule, therefore

representing till now the only known curative
treatment for this disease. LT was first performed
for this pathology in 1990 in Sweden. The FAP
World Transplant Registry (Herlenius et al. 2004)
collected up to 2,000 LT recipients during the
period 1995-2012 done in 77 centers distributed
in 19 countries. Today, approximately 120 LT are
performed annually worldwide. Patient survival is
comparable to the survival with LT performed for
other chronic liver disorders. The main causes of
death have been cardiac related and septicemia
(21 % each) (http://www.fapwtr.org/ 2014).
Recent experiences identified time interval
between diagnosis and LT and preoperative mod-
ified body mass index (mBMI) <700 kg g/L m” as
poor prognostic factors (Franz et al. 2013).

A major plus of LT for FAP is to transfer their
normally functioning liver to another recipient, a
procedure better known as sequential or domino
LT. This procedure was introduced by Furtado in
Coimbra in 1993. According to the Domino Liver
Transplantation Registry, from 1999 to December
2012, 1085 domino LT have been performed in
62 hospitals located in 21 countries. Transfer of
polyneuropathy by the domino graft has been
documented in very rare cases (Tincani
et al. 2011). Survival after LT is similar to this
obtained in other benign liver disorders. The main
causes of recipient death after domino LT were
tumor recurrence (24 %) and septicemia (16 %)
(http://www.fapwtr.org/ 2014).

Primary Hyperoxaluria (PH): PHs are a
group of autosomal recessive disorders of endog-
enous oxalate overproduction typically develop-
ing in childhood. PH type 1 is caused by
hepatocellular alanine—glyoxylate aminotransfer-
ase deficiency, the more aggressive form. Type
2 is related to glyoxylate reductase/
hydroxypyruvate reductase deficiency. The latter
type is associated with lower morbidity and mor-
tality. Deposition of calcium oxalate crystals in
the kidney, nephrocalcinosis, progressive renal
failure, and systemic deposition of oxalate
(oxalosis) are the main clinical manifestations of
PHI1. Different approaches have been proposed
for the treatment of this pathology such as isolated
renal transplantation, isolated preemptive LT to
correct the metabolic defect before the occurrence
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of significant renal damage, and finally combined
kidney—liver transplantation (CKLT) to correct
both problems simultaneously. Isolated renal
transplantation offers only a temporary solution
as oxalate deposition results in recurrent disease
and renal graft failure, with a 3-year renal graft
survival of only 17-45 %. Isolated liver transplant
is an attractive treatment option, but its timing
remains controversial. CKLT, firstly introduced
in 1984, has been accepted as the treatment of
choice, considerably improving patient and graft
survival (Nair et al. 2013). According to the
European PHI transplant registry, 117 patients
received CKLT during the period 1984-2004,
showing 5-year patient survival rates of 80 %
(Jamieson 2005). A recent multicenter study
from France analyzed 54 patients with PHI.
Ten-year patient survival was similar between
the 33 CKLT and 21 KT patient groups (78 %
vs. 70 %). Kidney graft survival at 10 years was
however much better after CKLT (87 % vs. 13 %,
respectively). Recurrence of oxalosis occurred in
11 renal grafts (52 %) of the KT group versus none
in CKLT group (Compagnon et al. 2014). Five
cases of domino LT in the setting of PH1 have
been reported; all rapidly developed dialysis-
dependent kidney failure within the first 4 weeks
after LT (Saner et al. 2010).

Tyrosinemia Type I (TT1): TT1 is an autoso-
mal recessive metabolic disorder, caused by the
deficiency of fumarylacetoacetate hydrolase
(FAH), an enzyme involved in the final step of
the catabolism of tyrosine and phenylalanine. Its
deficiency induces accumulation of toxic metab-
olites stimulating apoptosis of both hepatocytes
and kidney tubular epithelial cells and increasing
the risk for HCC development. TT1 has an inci-
dence of about 1:100.000; in specific areas such as
Scandinavia and Quebec, its incidence is higher.
TT1 can present either in an acute or a chronic
form. The acute form occurs within the first
months of life and leads to ALF during the first
year. Chronic form features are characterized by
failure to thrive, hepatomegaly and chronic liver
disease, renal tubular dysfunction, rickets, cardio-
myopathy, and porphyria-like neurological syn-
drome (Fagiuoli et al. 2013). The mainstays of
TT1 treatment are tyrosine-/phenylalanine-free
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diet and the use of 2-(2-nitro-4-trifluoro-
methylbenzoyl)-1-3-cycloexenedione (NTBC),
which blocks the second step of tyrosine catabo-
lism. This combination prevents toxic metabo-
lites” accrual and hepatic and renal deterioration,
improves nutritional and neurological status, and
reduces HCC development cutting the need for LT
from 35 % to 12 % (Paradis 1996).

Indications for LT include end-stage liver dis-
case despite medical treatment, unresponsive
ALF, poor quality of life, and HCC. The risk of
HCC is high in cirrhotic patients with histologi-
cally proven dysplastic nodules, so early LT is
indicated. Five-year survival rates are currently
above 90 % (Arnon et al. 2011b). As heterozy-
gosity does not induce the disease, healthy rela-
tives can be considered as living liver donors.
Renal FAH deficiency is not corrected by LT, but
renal-sparing properties of NTBC have reduced
the rate of CKLT.

Glycogen Storage Disease Type I (GSD I):
This autosomal recessive inborn error of carbohy-
drate metabolism is caused by defects in the glu-
cose-6-phosphate transporter (G6PT)/glucose-6-
phosphatase (G6Pase) complex. Deficient activity
of G6Pase causes GSD Ia, and deficient activity of
GO6PT causes GSD Ib. GSD I is a rare disorder
with an incidence of 1:100.000, represented in
80 % of the patients by GSD Ia and in 20 % by
GSD Ib. Clinical complications include hepato-
and nephromegaly, hypoglycemia, hyperlipid-
emia, hyperuricemia, lactic acidemia, and growth
retardation (Rake et al. 2002). Because of the
prominent hepatic manifestations in GSD I, LT
represents a solution for this pathology. A recent
literature review included 58 cases of GSD Ia and
22 cases of GSD Ib transplanted during the period
1982-2012. In the GSD I group, LDLT was
performed 16 times, and six patients had CKLT.
Main indications for LT were hepatic adenomas/
liver abnormalities/focal nodular hyperplasia,
poor metabolic control, growth retardation, and
renal failure. In the 54 surviving cases, a meta-
bolic control was obtained, and in 13 cases catch-
up growth was mentioned. In the GSD Ib group,
LT was indicated for poor metabolic control,
recurrent infection, and growth retardation. In all
19 survivors metabolic abnormalities were
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corrected also, and catch-up growth was reported
twice (Boers et al. 2014).

Upcoming Features: More confidence with LT
should instigate the LT community to opt for
prophylactic transplant procedures. Indeed nowa-
days the recovery after successful LT of these
patients is many times hampered by the already,
irreversible, damages caused by the metabolic
deficit. The role of LDLT should also be explored
as a less expensive and prophylactic treatment of
many metabolic diseases (Tsukada et al. 2011).
The frequently absent portal hypertension in such
conditions makes it possible to implant a smaller
(left) liver graft, reducing thereby the donor risk.

FAP patients represent a valuable source of
allografts (Inomata et al. 2001). Because of the
very low rate of disease transmission, domino
livers should be more frequently directed also to
younger, non-HCC  recipients (Azoulay
et al. 2012). Results of LT for FAP will probably
improve in the near future due to the introduction
in clinical practice of stabilizers of TTR tetramers
(tafamidis and diflunisal), and gene therapies to
suppress TTR expression (antisense methods and
the use of small interfering RNAs) are in progress.
These therapies might be useful for the treatment
of patients transplanted in an advanced disease
stage. Apart from FAP, fibrinogen a-chain amy-
loidosis, maple syrup urine disease, and hyper-
cholesterolemia represent the only other
metabolic diseases in which domino LT should
be considered. Primary hyperoxaluria is indeed a
contraindication to such LT as all recipients rap-
idly develop renal failure due to oxalic acid
overload (Franchello et al. 2005).

Last but not least, a small number of auxiliary
LT have been reported in order to cure metabolic
diseases; firm conclusions cannot yet be drawn
from these experiences (Trotter and Milliner
2014).

Acute Liver Failure (ALF)

Various, heterogeneous conditions may lead to
ALF. ALF has been defined by Trey as a massive
necrosis of previously normally functioning liver.
The definition of acute and subacute failure relates

to the time span between jaundice and encepha-
lopathy of less than two weeks or from two to
eight weeks. The main cause of ALF is drug-
induced toxicity, mainly in the setting of deliber-
ate ingestion with suicidal intent of acetamino-
phen. ALF caused by an identified hepatotropic
virus accounts for 15-50 % of cases in Europe,
with an additional 20 % of cases related to hepa-
titis of unknown etiology; in these cases viral
etiology is frequently presumed. HCV infection
is rarely responsible for ALF in Western countries
but accounts for a higher proportion of cases in
Japan. Hepatitis E infection, commonly observed
in the Indian subcontinent, may also lead to ALF
particularly in pregnant women. Uncommon
nonviral-related causes of ALF are represented
by Wilson disease or poisoning after ingestion of
the mushroom Amanita phalloides.

ALF is a rapidly progressive critical illness
with still a high mortality. Complex intensive
care protocols and emergency LT represent the
strategies to adopt. The most widely used criteria
to justify indication for LT are the 1989 and
updated 1993 King’s College Criteria (O’Grady
2007). A review related to the clinical course of
2095 “ALF adults” admitted at this institution
during the period 1973-2008 revealed an
improvement of hospital survival from 17 % in
1973-1978 to 62 % in 2004-2008. In
non-transplanted patients, survival rose from
17 % to 48 % and in liver recipients (n = 387)
from 56 % in 1984-88 to 86 % in 2004-2008
(Bernal et al. 2013).

Similarly the ELTR reported 5-year patient and
graft survival rates of 68 % and 57 % in 4903 ALF
patients  transplanted during the period
1988-2009. Despite increased donors age over
60 years from 1.8 % to 21 %, survival further
improved during the period 2004—-2009. The com-
bination of recipient age >50 and donor age >60
years resulted in the highest mortality/graft loss
rates within the first post-LT year (57 %) (Germani
etal. 2012).

As the King’s College Criteria have a low
negative predictive value for non-acetaminophen-
induced ALF; a score was needed to better iden-
tify indication for LT in patients presenting viral
induced ALF. The Clichy group developed
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criteria combining age, severe encephalopathy
and factor V disorder group developed. Mortality
without LT was predicted with a positive predic-
tive value of 82 % and a negative predictive value
of 98 %. As several studies reported contradictory
data, there is still no agreement about the best
selection criteria for LT in these critically ill
patients.

The US-based Drug-Induced Liver Injury Net-
work (DILIN) aimed at prospectively collecting
all cases of drug-induced liver injuries in order to
get a usable overview of all hepatotoxic drugs
causing ALF. A recent study prospectively
enrolled 839 patients diagnosed with hepatotox-
icity due to conventional medications, herbals,
and dietary supplements: 45 had injury due to
bodybuilding dietary supplements, 85 to other
dietary products, and 709 due to different medi-
cations. Liver injury from non-body building die-
tary supplements was most severe with significant
differences in unfavorable outcome, death, and
transplantation (Navarro et al. 2014). Another
study on 660 adults with drug-induced ALF
showed that nearly one out of ten patients died
or underwent LT within 6 months, and nearly one
out of five remaining patients evidenced persistent
liver injury at 6 months (Fontana et al. 2014).

Upcoming Features: Attificial liver support
devices may represent a possible way to avoid
LT in ALF patients. Most of these (costly) devices
still have to be considered as “bridge to” rather
than a way to avoid LT. A prospective randomized
US study analyzed the role of an extracorporeal
porcine hepatocyte-based bioartificial liver (BAL)
in 171 patients (86 control and 85 BAL). Patients
with fulminant/subfulminant hepatic failure and
primary nonfunction following LT were included.
Thirty-day survival was 71 % versus 62 % for
BAL and control groups; excluding primary
nonfunction patients resulted in similar survival
rates (73 % vs. 59 %). When survival was ana-
lyzed accounting for confounding factors, no dif-
ference between the 2 groups was observed
(Demetriou et al. 2004). Another randomized con-
trolled trial involving 16 French LT centers eval-
uated the role of albumin dialysis (molecular
adsorbent recirculating system, MARS) (Gambro,
Lund, Sweden), a “non-cell” artificial liver
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support device, in 102 patients: 49 patients were
randomized to conventional and 53 to MARS and
conventional treatment. Sixty-six patients had LT
(41 % among paracetamol-induced ALF; 79.4 %
among non-paracetamol-induced ALF). The short
delay from randomization to LT (medium 16.2 h)
precluded however to evaluate efficacy and safety
profiles; only 39 MARS patients had at least one
session of 5 h or more. Six-month survival was
75.5 % with conventional treatment and 84.9 %
with MARS. In patients with paracetamol-related
ALF, 6-month survival was 68.4 % with conven-
tional treatment and 85 % with MARS. Adverse
events between groups were similar (Saliba
etal. 2013). A monocentric Italian study including
45 ALF patients treated with MARS during the
period 1999-2008 is worthwhile to mention.
Thirty-six patients survived: 21 were bridged to
LT, 15 continued their extracorporeal treatment
until liver and clinical recovery, and nine patients
died before LT due to multiorgan failure. Six
prognostic relevant parameters were identified:
reduction of lactate, IL-6 and intracranial pres-
sure, systemic vascular resistance index values,
Glasgow Coma Scale <9, and number of MARS
treatments. Patients with 0-2 risk factors all sur-
vived without LT; patients with 56 risk factors all
died before LT. Patients with improved neurolog-
ical status, cytokines, lactate, and hemodynamic
parameters could “escape” LT (Novelli
et al. 2009). The fractionated plasma separation
and adsorption system (FPSA) (Prometheus,
Fresenius Medical Care) represents another sup-
port device. A Turkish study utilized 85 sessions
to treat 27 patients (median three treatments/
patient) with ALF or acute-on-chronic liver fail-
ure. The overall survival was 48.1 % (Sentiirk
et al. 2010). Four patients (14.8 %) were
transplanted, and in nine (33 %) LT could be
avoided; the remaining 14 patients were not
transplanted because they were judged as inap-
propriate candidates or because of organ
unavailability.

All these well-documented clinical experi-
ences together with the literature review show
minimal or even no advantage of extracorporeal
devices compared to conventional treatments
despite their positive effect on blood toxemia



2 Orthotopic Liver Transplantation: Indications and Contraindications 43

and encephalopathy. More progress needs to be
made and larger, investigator-driven, studies are
needed to make firm conclusions. Unfortunately
the development of efficacious liver assist devices
remains difficult because of the complexity of the
liver functions to be replaced and because of the
heterogeneity of the ALF patient population.

Although used in a very limited way, auxiliary
LT (ALT) represents another possible solution for
ALF patients. A European multicenter experience
reported about 47 ALT patients transplanted in
12 European centers compared to 384 consecutive
patients undergoing LT for ALF in the
Eurotransplant area. One-year patient survival
was similar between LT and ALT patients (61 %
vs. 62 %). However, 65 % of surviving ALT were
IS-free within 1 year, compared with none of the
patients transplanted by LT (van Hoek
etal. 1999). A UK study reported about 13 patients
with paracetamol overdose treated with subtotal
hepatectomy, auxiliary LT of a whole liver graft,
and gradual IS withdrawal after recovery. When
compared with directly transplanted ALF
patients, actuarial survival was better (69 %
vs. 54 %). The eight surviving patients had normal
liver function, were IS-free, and had better quality
of life compared to seven surviving LT patients
(Lodge et al. 2008).

Another UK study including 128 children with
ALF reported about 20 cases of ALT. LT tech-
nique was somewhat different; results were simi-
lar. After native liver partial hepatectomy,
20 grafts (eight right lobes, eight left lateral seg-
ments, three left lobes, and one whole liver)were
implanted orthotopically. Regeneration of the
native liver was observed. Patient survival was
85 % at 1, 5, and 10 years. Of 17 survivors,
14 (82 %) successfully regenerated their native
liver, and 11 children (65 % of the survivors)
became IS-free (Faraj et al. 2010).

Upcoming Features: The use of alternative LT
techniques, based on mere knowledge of split and
LDLT, should be applied more frequently as these
methods allow in a majority of (merely young)
patients to withdraw lifelong IS. Undoubtedly the
upcoming wave of regenerative medicine will
play an important role in the therapeutic algorithm
of ALF (Orlando et al. 2012).

Living Donor Liver Transplantation
(LDLT)

The first attempt of an adult-to-child LDLT was
done by Raia in Sao Paulo, Brazil, in December
1988 (Raia et al. 1989); the first successful (pedi-
atric) LDLT was done 7 months later by Strong in
Sydney, Australia (Strong et al. 1990). European
and American programs followed the encourag-
ing results obtained in the early 1990s, but LDLT
literally exploded at the same time in Asia. This
rapid evolution in the East was explained by the
absence of deceased donor LT due to different
religious and cultural matters. In November
1993, the first adult-to-adult LDLT was
performed by Makuuchi in Tokyo, Japan,
implanting a left liver in a women suffering
from PBC. In that same year, Tanaka in Kyoto,
Japan, first used a right liver in an adolescent.
The first adult-to-adult right liver LDLT program
was started by Fan in Hong Kong in May 1996
(Lo et al. 1997). LDLT nowadays represents an
ethically justified answer to postmortem liver
graft shortage even in the West. The worldwide
application of LDLT allowed to progressively
resolve most technical and ethical challenges.
In contrast to the Eastern medical community,
the Western one still struggles with the further
development of LDLT nurtured by the concerns
about morbidity (including abortion of procure-
ment hepatectomy, the need for biliary interven-
tions and even for transplantation of the donor)
and, more importantly, mortality of the donor.
This surgical procedure is still considered in the
Western hemisphere as a too risky surgery to be
restricted to very well specified conditions
(Miller 2008). The restriction of LDLT to some
expert centers will undoubtedly be the answer to
this. The Western experience in LDLT remains
small compared to the Eastern one. The initial
enthusiasm in the 1990s during which 49 US
centers performed at least one LDLT has been
damped by the first cases of donor mortality
reported in 2002 leading to a substantial decline
of LDLT activity. The Adult-to-Adult Living
Donor Liver Transplantation Cohort Study
(A2ALL) reported about 2,366 cases performed
during the period 1998-2007 (Olthoff
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et al. 2011). The European experience parallels
the US one due to similar unfortunate events.
During a first decade of optimism (1991-2001),
the ELTR reported 806 LDLT performed in
46 centers in 15 different European countries
(Adam et al. 2003). Until December 2009, the
number of LDLT has increased to 3622 (3.9 %)
on a total of 93.634 transplants performed in
74 centers. In contrast the Eastern experiences
are still growing, and many new centers success-
fully set up LDLT programs. The pioneering
experiences from the “big five” Asiatic centers
(Tokyo, Kyoto, Hong Kong, Kaohsiung, and
Seoul) triggered the development of this field of
hepatobiliary surgery (Chen et al. 2003). By the
end of 2004, 2,667 patients underwent LDLT in
Japan; in June 2005, Lee reported the first 1,000
consecutive LDLT from the Asan Medical Cen-
ter in Seoul (Hwang et al. 2006), reaching a
yearly incidence of 300. The China Liver Trans-
plant Registry reported about 643 LDLT
performed in the period 1995-2008, with
588 (91 %) of whom realized during the last
3 years, and finally India took on a leading posi-
tion in this field. All these data confirm the prom-
inent role of Asia in LDLT and innovative
hepatobiliary surgery (Chen et al. 2014).
Despite the fact that the first experience of
adult-to-adult LDLT was based on the successful
use of a left liver graft, clinical experience rapidly
led to a shift from left to right LT in order to avoid
graft failure due to the small-for-size syndrome
(SFSS). The main problem of the right liver graft
function relates to the inadequate drainage of the
anterior sector (segments V and VIII) reducing so
the functional liver mass to a possible insufficient
insufficient one. The venous drainage of the graft
has been approached in diverse ways going from
the “radical” Hong Kong approach always includ-
ing the MHV (the “extended right graft”) (Fan
et al. 2003) via the “radical” Kyoto approach
always excluding the MHV (Campsen
et al. 2008) to inclusion/exclusion of this vein
based on peculiar donor and/or recipient findings
such as intraoperative ultrasound findings demon-
strating venous interconnections between the
anterior and posterior sectors of the graft
(allowing to exclude the MHV from the graft)
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(Sano et al. 2002), anatomy of the MHYV, and
finally recipient body/graft weight ratio and resid-
ual liver volume in the donor to be respected. The
Kyoto group includes the MHV in the graft in case
of a dominant MHYV, a graft-to-recipient
weight ratio (GRBWR) of less than 1 %, and a
remnant left liver in the recipient beneath 35 %
(Kasahara et al. 2005). The Kaohsiung group
excludes the MHV from the graft if the donor is
bigger than the recipient, if the estimated graft
volume by CT volumetry is greater than 50 % of
the standard liver volume of the recipient after
correction for steatosis, if the right hepatic vein
is large, and if segment V and VIII hepatic veins
are less than 5 mm in size (de Villa et al. 2003).
The ASAN and SNUH Seoul groups in contrast
advocate the concept of “standardized right liver
graft” implying the reconstruction of all draining
segmental veins having a diameter >5 mm with a
venous or prosthetic graft (Hwang et al. 2012).
Dual liver grafting represents the ultimate
approach to overcome SFSS: this method reported
in 2000 implies the sequential implantation of two
grafts (of different types) allowing to reach a
sufficient liver mass. Up to 2007, 226 dual grafts
were reported by the Asan group (Song
etal. 2010).

Upcoming Features: Due to the reported inci-
dence of morbidity (up to 24 %) and mortality
(up to 0.02 %) of LDLT (Cheah et al. 2013), there
is a renewed interest for left liver LDLT. This
change corresponds to a shift from recipient to
donor safety. In 2004, the Shinshu University
group reported an 84 % five-year survival in
97 left liver LDLT (Hashikura and Kawasaki
2004). In 2012, the same authors reported a
91 % five-year survival in 42 consecutive adults,
this time without the use of inflow modulatory
techniques such as splenectomy and portacaval
shunting (Ishizaki et al. 2012). The Kyushu Uni-
versity group validated this approach in 200 con-
secutive adult recipients (Soejima et al. 2012).
Five-year patient survival rate reached 78 %; the
incidence of SFSS was 20 %. Donor liver tests and
length of hospital stay of left liver donors were
significantly better than those of right liver
donors. Recently this team evaluated the impact
of splenectomy in left liver AALDLT: in
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154 patients simultaneous splenectomy reduced
portal venous pressure from 24 to 19.1 mmHg
and postoperative total bilirubin level, and ascites
output were lower (Wang et al. 2014a). The Kyoto
group investigated donor safety by comparing
evolution of post-donation donor liver tests and
morbidity between the right (n = 168) and left
(=140) hemilivers procured during the period
2006 and 2012. Hyperbilirubinemia,
coagulopathy and liver tests of left liver donors
normalized more rapidly, all findings that corre-
lated with a lower overall complication rate
(Iwasaki et al, 2014). It was concluded that the
lower limit of the GRBWR can be safely reduced
to make better use of the left lobe graft in
AALDLT on the condition that portal pressure is
modulated. In December 2007, the acceptable
limit for GRBWR was set to >0.7 % and by
April 2009 to >0.6 %; the portal pressure control
was targeted at <15 mmHg. As a result, the
donor complication rate decreased from 13.8 %
to 9.3 %, and the survival of the recipients with
GRBWR <0.8 % was similar to the one of recip-
ients with a GRBWR >0.8 % (Kaido et al. 2014).
As a consequence of these results, left liver LDLT
has been evaluated also in Western countries. A
retrospective analysis of US LDLT performed
during the period 1998-2010 showed that
154 (5.4 %) of 2,844 adult LDLT were done
using a left liver. Although left liver LDLT
decreased donor morbidity and mortality, allo-
graft failure raised and survival decreased (Saidi
etal. 2012).

The recent boost in hepatic laparoscopic sur-
gery led to the introduction of this technical inno-
vation in the field of LDLT. After the initial
experience reported from Paris (Cherqui
et al. 2002), laparoscopic left lobectomy becomes
the standard procedure in pediatric LDLT.
Recently this approach has been applied success-
fully to both left and right hepatectomy. No
donor deaths have so far be reported (Troisi
et al. 2013). In the near future, standardization of
these procedures together with modulation of the
portal pressure and optimization of hepatic
venous outflow reconstruction will help to
restimulate the development of LDLT in the West-
ern world.

Split Liver Transplantation (SPLT)

Split LT is an important means of overcoming
organ shortages. Division of the donor liver for
one adult and one pediatric recipient has almost
eliminated the mortality of children waiting for
LT. More frequent use of SPLT from postmortem
donors would probably almost completely elimi-
nate the need for LDLT in children. Liver splitting
can be performed during organ procurement (“in
situ” splitting) or during back-table surgery (“ex
situ” splitting). A large experience from UK
reported that 76 of 80 consecutive pediatric split
liver procedures were done “ex situ.” Sixteen trans-
plants were performed for ALF and 64 for chronic
liver diseases. Three-year patient and graft survival
were 88.1 % and 86.1 %. Four patients only
required reLT. Vascular and biliary complications
occurred in 7.5 % and 8.7 % (Deshpande
et al. 2002). A similar US study about 100 consec-
utive “in situ” splits yielding a left lateral segment
and right trisegmental graft generated 105 pediatric
and 60 adult grafts, and 25 shared allografts across
the USA. Outcomes and incidence of complica-
tions were similar when compared to LDLT and
LT performed using whole organs performed dur-
ing the same time period (Yersiz et al. 2003).

Excellent results of SPLT have been reported
in children. The acceptance of SPLT in adults is
however far from unequivocal mainly due to
higher short-term morbidity and also lack of
long-term outcome reporting. A US study com-
pared results of 70 right-extended SPLT and
70 whole graft LT. Five-year patient and graft
survival rates were 82.6 % and 77.3 % versus
75.6 % and 65.8 %; there were no differences
between both groups in terms of short- and long-
term morbidity (Wilms et al. 2006).

Upcoming Features: National mandatory split
programs can represent a useful tool with the intent
to further reduce the number of patients waiting for
LT and to reduce the necessity of living donation.
An [talian study investigated the opportunity to
split livers from pediatric donors (<15 years).
Forty-three conventional split liver procedures,
19 of whom from donors weighing <40 kg, were
done. Matching of organs was based on
donor-recipient weight ratio (DRWR) for left
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lateral segment and on estimated graft-to-recipient
weight ratio (eGRWR) for extended right grafts; no
matching was found in three cases. The celiac trunk
was included in the left lateral graft in all but one
case. Forty left lateral segments were transplanted
into 39 children; 39 right grafts were transplanted
into 11 children and 28 adults. No differences were
observed in terms of complications and survival
when comparing grafts from donors weighing
more or less than 40 kg. Only donor ICU stay >3
days and use of interposition arterial grafts were
associated with an increased risk of graft loss and
arterial complications (Cescon et al. 2006).

Another recent Italian multicenter prospective
study investigated the potential benefit of SPLT
for two adults. Sixty-four patients who received a
full-right or a full-left liver were compared to
patients receiving a whole graft in a match-control
fashion. Split patients showed higher postopera-
tive complication rates (64.1 % grade III-IV
Dindo—Clavien classification) and lower 5-year
survival rates (63.3 % vs. 83.1 %). The conclusion
of this preliminary analysis is that SPLT should be
an option for well-selected smaller-sized adults
only in experimental clinical studies and in very
experienced centers (Aseni et al. 2014).

Another fascinating aspect of SPLT could be its
use in hyperimmunized or crossmatch-positive
renal patients, the rationale being that the liver
graft (ideally from the same donor) protects the
kidney by absorption of the harmful HLA anti-
bodies. Seven patients, with broadly reacting
HLA antibodies and positive crossmatches, were
transplanted with a partial auxiliary liver and a
kidney from the same donor, once a living donor
was used. Crossmatch turned negative five times,
and kidney function remained excellent in the
absence of rejection during the follow-up
(Olausson et al. 2007).

Combined Transplantation of Liver
with Other Organs

Combined Abdominal Transplantation

Combined Kidney-Liver Transplant (CKLT):
Renal and hepatic function are often intertwined
through both the existence of associated primary
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organ diseases and hemodynamic interrelation-
ships. Failure of both organs may necessitate
CKLT. Several liver diseased patients also present
with morphologic renal disease. Examples of this
are polycystic disease, HCV infection, amyloid-
osis, sarcoidosis, hemochromatosis and alcoholic
cirrhosis (Davis et al. 2002a). End-stage liver
disease may also trigger functional renal failure
caused by a major impairment of effective circu-
lating volume secondary to both splanchnic arte-
rial vasodilatation and reduction of cardiac output.
This particular condition is called hepatorenal
syndrome (HRS) or link. Type 1 HRS is defined
by a rapid deterioration of the kidney function and
type 2 HRS by refractory ascites with a more
moderate and slowly progressive renal failure
(Gines and Schrier 2009). HRS together with the
other morphologic underlying kidney disorders is
present in up to 20 % of liver diseased recipients
(Garcia-Tsao et al. 2008). Patients with simulta-
neous hepatic and renal disease may be candidates
for CKLT. Renal failure caused by acute injury or
hepatorenal syndrome may be often reversible, so
CKLT is not indicated. If kidney function remains
disturbed for more than 6-8 weeks, indication for
CKLT may be considered depending on the gen-
eral condition of the patient. The criteria for CKLT
have been progressively refined during the last
years in order to avoid futile KT. In 2002, the
criteria proposed by UNOS were end-stage renal
disease, metabolic disease requiring CKLT, acute
renal failure with >8 weeks of dialysis, and
chronic kidney disease with documented glomer-
ular filtration rate or creatinine clearance <30
mL/min (Davis et al. 2002b). The MELD-based
liver allocation had resulted in a steep increase in
the number of simultaneous CKLT. The US con-
sensus conference was set up in 2008 aiming to
counteract this evolution. The criteria for CKLT
were adapted, and those for KT in patients
presenting portal hypertension due to liver dis-
eases not yet requiring LT were also introduced:
end-stage renal disease with cirrhosis and symp-
tomatic portal hypertension or hepatic vein wedge
pressure gradient >10 mmHg; liver failure and
chronic kidney disease with glomerular filtration
rate or creatinine clearance <30 mL/min; acute
kidney injury or HRS with creatinine >2.0 mg/dL
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Table 3 Indications for CKLT in patients on liver trans-
plant wait-list

1. Candidates with persistent AKI for >4 weeks with one
of the following:

(a) Stage 3 AKI as defined by modified RIFLE, i.e., a
threefold increase in SCr from baseline, SCr >4.0 mg/dL
with an acute increase of >0.5 mg/dL or on renal
replacement therapy

(b) eGFR <35 mL/min (MDRD-6 equation) or GFR
<25 mL/min (iothalamate clearance)

2. Candidates with CKD* for 3 months with one of the
following:

(a) eGFR <40 mL/min (MDRD-6 equation) or GFR
<30 mL/min (iothalamate clearance)

(b) Proteinuria >2 g/day

(c) Kidney biopsy showing >30 % global
glomerulosclerosis or >30 % interstitial fibrosis

(d) Metabolic disease

Abbreviations: AKI acute kidney injury, RIFLE risk injury
failure loss end-stage, sCr serum creatinine, MDRD Mod-
ification of Diet in Renal Disease, CKD chronic kidney
disease, GFR glomerular filtration rate

?As defined by the National Kidney Foundation

and dialysis >8 weeks; and liver failure and
chronic kidney disease and biopsy demonstrating
>30 % glomerulosclerosis or 30 % fibrosis
(Eason et al. 2008).

Upcoming Features: The previously proposed
guidelines, despite their ability to improve sur-
vival rates in patients with both liver and kidney
pathologies, are still troubled by pitfalls such as
definition of acute kidney injury, glomerular fil-
tration rate determination, and dialysis criteria
(Levitsky et al. 2012). Improvement has been
made by the introduction of RIFLE score (risk,
injury, failure, loss, end stage) (Ferreira
et al. 2010) and Modification of Diet in Renal
Disease (MDRD) Study equation (Francoz
et al. 2014).

In 2012 a new consensus meeting took place
with the intent to critically evaluate published and
registry data regarding patient and renal outcomes
following LT alone or CKLT and to further modify
current guidelines for CKLT (Table 3) (Nadim
et al. 2012).

Another important aspect to consider in the
context of CKLT is the immunosuppressive han-
dling of these patients. A study from the UNOS
database performed on 352 kidney-after-liver

transplants versus 1,136 CKLTs confirmed the
immunologic protective capacity of the liver allo-
graft if both organs, originating from a same
donor, are transplanted simultaneously. Kidneys
transplanted following LT had less good out-
comes (renal half-life: 6.6 vs. 11.7 years; 3-year
rejection-free status: 61 % vs. 79 %) (Simpson
et al. 2006). This aspect must be carefully consid-
ered when organs are allocated because of the
reduced risk of graft loss and immunosuppression
exposure. There is surely also a need to adapt and
homogenize the IS scheme of CKLT recipients;
“liver IS” approach should be preferentially
adopted.

Combined Liver—Intestinal (CLIT) and
Multivisceral Transplantation (MVT): Intesti-
nal failure is a clinical condition characterized by
the inability of the gastrointestinal tract to pre-
serve adequate nutrition and fluid and electrolyte
balance or sustain normal growth and body devel-
opment in children. Different causes for intestinal
failure in childhood (necrotizing enterocolitis,
intestinal atresia, volvulus, aganglionosis motility
disorders and enterocyte abnormalities) and adults
(mesenteric ischemia, inflammatory bowel dis-
ease, volvulus, tumors) have been treated with
variable success using intestinal transplantation
(IT) (Abu-Elmagd et al. 2009). In case of intesti-
nal failure, total parenteral nutrition (TPN) still
represents the hallmark of treatment. Accepted
indications for IT in patients on TPN include
loss of major routes of venous access, multiple
episodes of catheter-associated life-threatening
sepsis, fluid and electrolyte abnormalities despite
optimal medical care, and parenteral nutrition-
associated cholestatic liver disease. Other indica-
tions for IT include diffuse mesenteric thrombosis
and benign/low-grade malignant tumors involv-
ing the mesenteric root and abdominal catastro-
phes due to trauma or multiple resections. In
60-70 % of patients, CLIT or MVT is considered.
The pathophysiology of liver failure in case of
TPN is partly due to triglyceride-rich parenteral
nutrition and partly to the exclusive intravenous
route for nutrition. In adults, hepatic steatosis and
biliary lithiasis and, in children, intrahepatic cho-
lestasis leading to lithiasis are commonly
reported. Initial signs of liver involvement by
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intestinal  failure are hypersplenism and
bilirubinemia. High levels are in favor of CLIT/
MVT; in case of intermediate values, indication
for CLIT/MVT is based on histology and liver
function (translated by signs of portal hyperten-
sion, encephalopathy, hypoalbuminemia, and
coagulation disorders) (Beyer-Berjot et al. 2012).

Liver and small bowel grafts can be
transplanted in a composite or non-composite
allograft. In the first case, donor pancreas and
duodenum are transplanted together with the
liver in order to preserve the biliary tract (Bueno
et al. 2000). In the non-composite transplant, liver
and small bowel are transplanted separately; this
approach allows to adjust major donor—recipient
size discrepancies and is valuable in case of trou-
bled abdomen.

It has been clearly shown that results of CLIT/
MVT fare better than those of isolated IT, a fact
explained by the well-documented immunologi-
cal protective function of the liver (Yin
et al. 2009). Despite this, any type of IT remains
a challenging endeavor. Outcomes slowly but
surely improved during recent years by aiming
at less aggressive, tolerogenic, IS therapies.
Commonly adopted IS regimens were responsi-
ble for a high incidence of both infectious and
lymphoproliferative complications, accounting
for half of deaths. Acute and chronic rejection,
graft-versus-host  disease, and posttrans-
plantation lymphoproliferative disorders are
also thought to be linked to the mass of
lymphoid tissue transplanted with the bowel
graft (Wu et al. 2011).

Upcoming Features: Abdominal wall trans-
plantation represents a useful strategy for the clo-
sure of the abdomen in patients undergoing IT or
CLIT/MVT. Nine such cadaveric abdominal wall
composite allograft transplants were reported by
the Miami group. The blood supply was based on
the inferior epigastric vessels left in continuity
with the donor femoral and iliac vessels. Five of
six survivors had intact, viable abdominal wall
grafts (Levi et al. 2003). Recent experiences
suggesting the use of the abdominal rectus fascia
as a nonvascularized allograft for abdominal wall
closure have been reported (Gondolesi
et al. 2009).
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Reduced-size grafts have also been proposed
in order to overcome difficult abdominal closure.
The Birmingham group adopted the use of
pretransplant abdominal tissue expanders (1998)
combined, en bloc reduced liver and intestinal
transplantation (1998) and staged abdominal clo-
sure (2001) as strategies reduce complications.
Twenty-three of 39 children had reduced CLIT
(Gupte et al. 2010) and recently a sequential
SPLT followed by isolated IT has also been
proposed to solve this problem (Nassar
et al. 2014). Further experiences are needed with
the intent to define the best strategy to adopt in
these patients.

Combined Thoracic Organ-Liver
Transplantation

Combined Heart-Liver  Transplantation
(CHLT): Heart transplantation has become the
gold standard therapy for many causes of
end-stage heart failures. Sometimes an underlying
liver disease is responsible for the heart failure.
FAP and hemochromatosis are most commonly
connected with this condition. Some patients with
heart failure can also develop hepatic failure due
to chronic venous congestion. The first successful
CHLT was reported in 1984 in a 6-year-old girl
with familial hypercholesterolemia and coronary
artery disease; she survived 7 years (Starzl
et al. 1984). Few series containing more than
20 cases are reported. The Mayo Clinic experi-
ence comprises 27 CHLT; four patients also had a
CHLuLT. FAP was the main indication (78 %);
twelve FAP livers were used for domino
LT. Excellent postoperative course was observed,
with median duration of mechanical ventilation,
intensive care unit and hospital stays of 1, 5.5, and
15 days. Only one patient died within 30 days of
CHLT (Barbara et al. 2014). The Philadelphia
group reported 26 (0.02 %) CHLT on a total of
1.050 HT. All CHLT were successful and 5-year
survival rate 83 %. Only 3 (11 %) patients had a
biopsy-proven rejection confirming once more the
immunological protecting role of the liver allo-
graft (Atluri et al. 2014). A multicenter US survey
covering the period 2007-2013 showed that
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CHLT prolonged the wait-list time of 268 liver
recipients only without compromising their sur-
vival (Goldberg et al. 2014). Another US multi-
center study analyzed 97 reported cases of CHLT
transplanted during the period 1987-2010; amy-
loidosis was the most common indication. Liver
and cardiac allograft 5 years survivals were 72.8
% and 73.2 %, results which are similar to those
obtained in isolated HT or LT (Cannon
et al. 2012).

Combined Lung-Liver Transplantation
(CLuLT): Few series exist about CLuLT. This
type of combined transplantation will without
any doubt further expand due to improved care
given to patients suffering from cystic fibrosis,
al-antitrypsin deficiency, idiopathic pulmonary
fibrosis and portopulmonary hypertension. The
Paris experience with 11 children with cystic
fibrosis reveals that one patient underwent bilat-
eral lobar lung from a split left lung and a reduced
liver, two underwent sequential double CLuLT,
four combined heart—-lung—liver and four isolated
LT. Pulmonary infection was the most common
cause of morbidity in patients undergoing lung
transplantation; actuarial survival was 64.2 % at
5 years (Couetil et al. 1997). The Hannover group
reported 13 consecutive CLULT done during the
period 1999-2003. One, 3, and 5 years patient
survival rates were 69 %, 62 %, and 49 %
(Grannas et al. 2008). The Houston group
reported about eight consecutive CLuLT
performed during the period 2009-2012. The
need for this combined procedure was based
on the low FEVI of 25.7 %. Overall one-year
patient survival was 71.4 %. Early postoperative
mortality was mainly due by sepsis
(Yietal. 2014).

Portopulmonary hypertension (POPH) and
hepatopulmonary syndrome (HPS) merit particu-
lar attention as both are diagnosed in 6 % and
10 % of cirrhotics. Both conditions result from a
lack of hepatic clearance of vasoactive substances
produced in the splanchnic territory resulting in a
functional and/or morphologic remodeling of the
pulmonary vasculature leading to elevated pulmo-
nary pressure and right ventricular dysfunction. In
HPS, the vasoactive mediators cause
intrapulmonary shunts leading many times to

severe hypoxia. Medical treatment is not only
difficult and invalidating but most of all disap-
pointing. Typically, isolated LT results in the dis-
appearance of HPS within 6 to 12 months. On the
opposite, in case of POPH, results of isolated LT
are poor with a reported 5-year survival of 28 %
(Aldenkortt et al. 2014). Due to the prohibitive
mortality of isolated LT, CLuLT potentially
including also the heart has been proposed
(Krowka et al. 2013). The Houston group reported
seven patients with moderate to severe POPH
(mean pulmonary arterial pressure >35 mmHg)
treated with LT following pre-LT improvement of
their pulmonary pressure with vasodilators.
Patient survival rates were 85.7 % after a median
follow-up of 7.8 years. Four of six survivors fur-
ther required oral vasodilator therapy for persis-
tence of their POPH (Khaderi et al. 2014). The
management of HPS and especially POPH has to
be improved as well as the selection of the poten-
tial recipients harboring these pulmonary diseases
in order to make CLLuT a more common and
secure procedure.

Combined Heart-Lung—Liver Transplanta-
tion (CHLuLT): Combined transplantation of the
heart, lung, and liver may be indicated in patients
with end-stage respiratory failure complicated by
advanced liver disease or end-stage liver failure
complicated by advanced lung disease. The main
indications of this combined surgical approach
are represented by cystic fibrosis or POPH refrac-
tory to vasodilators. In 1987, the first CHLuLT
was performed in Cambridge in a patient with
PBC, pulmonary hypertension, and cardiorespira-
tory failure with encouraging results. The retro-
spective review of nine patients transplanted
showed 1- and 5-year actuarial survival of 56 %
and 42 % (Praseedom et al. 2001). The Paris
experience comprising four fibrosis pediatric
patients showed excellent survival (Couetil
et al. 1997). A literature review focusing on com-
bined transplants for POPH revealed only
10 cases, six of whom treated with CLuLT and
four with CHLuLT. Two of 6 CLuLT patients died
within 24 h of transplantation because of acute
right heart failure. CHLuLT seems therefore to be
the best approach in case of refractory POPH
(Scouras et al. 2011).
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Particular Technical Considerations

Cavoportal Hemi-transposition (CPHT):
CPHT represents an exceptional technical
modality to overcome extensive splanchnic
venous thrombosis impossible to solve with
other surgical approaches such as anastomosis
to a patent splanchnic tributary, portal vein
arterialization or reno-portal anastomosis. In
this technique, the inflow from inferior caval
vein is used to perfuse the portal vein of the
allograft. The first human application of CPHT
was performed in patients with GSD (Starzl
et al. 1973). In 1998, the Miami group reported
a series of nine cases done because of diffuse
portal vein thrombosis (Tzakis et al. 1998). To
date, 107 cases have been reported (Lai
et al. 2014). CPHT can be performed either as
an end-to-end or an end-to-side anastomosis
between inferior caval and portal vein. This pro-
cedure carries a mortality rate up to 34 %, mainly
due to sepsis and multiple organ failure. Postop-
erative complications are mainly related to anas-
tomotic thrombosis or stenosis, incompletely
resolved portal hypertension, and inferior caval
vein congestion. Mild-to-severe renal dysfunc-
tion is observed in almost all patients, with
hemodialysis required in 12 % of patients. Asci-
tes and variceal bleeding are observed up to
20 % of cases. Splenectomy and gastric
devascularization can be of help to solve this
complication.

Complex Arterial Reconstruction: Restoration
of arterial flow is essential in LT. Compromised
arterialization of the allograft is followed by several,
many times potentially lethal, complications such
bilomas, abscesses, non-anastomotic biliary com-
plications, and graft failure due to extensive necro-
sis. In some cases, an inadequate flow can be
observed due to stenosis, intimal dissection, or
anomalies of the hepatic artery and splenic arterial
steel. Arcuate ligament syndrome is a probably
underestimated cause of stenosis. The nowadays
frequently applied pre-LT LRT (especially
transarterial chemoembolization) can cause intimal
dissection or arteritis in up to 20 % of patients.

The splenic artery (SA) may be very useful
help to correctly arterialize the allograft as
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shown by the Barcelona experience in 23 cases.
One- and 3-year patient actuarial survival were
78 % and 72 % (Figueras et al. 1997). Worldwide
experiences in patients undergoing LDLT showed
similarly satisfactory results (Piskin et al. 2012).
The gastroepiploic artery may be another “graft”
saver in case of compromised arterial tree.

Use of Aortic Conduit: In case of abnormal
hepatic arterial inflow in the recipient, it can be
necessary to perform revascularization of the liver
allograft by using a transmesocolic iliac arterial
interposition graft between infrarenal aorta and
allograft artery. An Italian experience with
101 such cases demonstrated a poorer 5-year
graft survival when compared with standard
re-arterialization (53.4 vs. 69.2 %) and also a
higher rate of hepatic artery thrombosis (21.8 %
vs. 8.6 %) (Del Gaudio et al. 2005). No good
agreement exists in relation to the long-term out-
come of this technique The Dallas experience
with 149 first LT with aortic conduit showed
excellent long-term results comparable with con-
ventional arterialization (5 year, 59 % vs. 67 %;
10 year, 50 % vs. 52 %; 15 year, 33 % vs. 35 %)
(Nikitin et al. 2008). In contrast, the Miami
reported less favorable long-term results in a
series of 267 adult and 81 pediatric LT with aortic
conduit. Adults had higher hepatic artery throm-
bosis rate (4.1 % vs. 0.7 %) and lower 5-year graft
survival rates (61 % vs. 70 %) when compared
with aortic conduit LT and conventional LT. In
children, complications were similar, but the
S5-year graft survival rate was significantly
impaired in the conduit group (69 % vs. 81 %)
(Hibi et al. 2013).

Conclusion

LT revolutionized without any doubt the modemn
medical practice in the field of liver pathology.
Progresses have been spectacular over the last half
a century. Several contraindications have been, one
after the other, eliminated, and today only extrahe-
patic active sepsis remains as an absolute contrain-
dication to the procedure. Long-term survival rates
are becoming very frequent so the attention of the
transplant community must be shifted to the
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optimization of the quality of life of the successfully
transplanted recipient. More clinical and immuno-
logic research will be needed to make these long-
term survivors “immunosuppression-free”
(or tolerant), a condition necessary to face the
more and more frequently diagnosed renal failure,
de novo tumor formation, cardiovascular and infec-
tious events in an ever aging transplant population.
Recent developments in immunosuppressive strat-
egies (using minimization approaches) and in com-
bined organ failure care will lead to more frequent
combined transplant procedures. Besides the further
development of postmortem LT, more frequent
implementation of technical variants such as split
and living liver donor LT will have to play a more
prominent role in order to cope with the ever-
growing liver allograft shortage.
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Abstract

An optimal organ procurement technique is cru-
cial to allow adequate post-operative graft func-
tion. The guiding principle for this is the
avoidance of warm ischemia in all organs. The
standard guideline for organ procurement con-
sists of three successive phases: (1) variable dis-
section of the organs to be used with intact donor
circulation, (2) cannulation and in situ cooling by
aortic infusion of the different organs with simul-
taneous exsanguination, and (3) organ removal.
The liver is usually retrieved simultaneously with
one or more other organs (heart, lungs, pancreas,
kidneys, and sometimes the intestine), and there
are different methods for procurement of the liver
based on the organs that are being retrieved.
However, the success of solid-organ transplanta-
tion has brought with it increasing waiting lists
due to insufficient donation rates and substantial
waiting list mortality. To increase the donor pool,
the use of “extended criteria” livers, such as those
taken from donors in the extremes of age, with
steatosis, or with hemodynamic instability and
the use of non-heart-beating donors, has become
standard. However, these grafts have a higher
risk of increased ischemia reperfusion injury
that translates to primary graft nonfunction or
delayed graft dysfunction. In some of these cir-
cumstances, it is usual to perform immediate
aortic cannulation and in situ cooling, followed
by en bloc recovery of the organs with subse-
quent division of the vascular structures and
preparation on the bench.

57

C. Doria (ed.), Contemporary Liver Transplantation, Organ and Tissue Transplantation,

DOI 10.1007/978-3-319-07209-8_3


mailto:jbueno@vhebron.net
mailto:jbrecio@yahoo.es
mailto:mnramirez@gmail.com
mailto:jamolino@vhebron.net

58

Keywords
Donor ¢ Liver  Transplantation * Procurement

Introduction

Liver procurement using the standard and rapid
techniques was first described by Starzl and col-
leagues in 1984 and 1987, respectively (Starzl
et al. 1984, 1987). Later, Nakazato
et al. described the “en bloc” total abdominal
evisceration procedure (Nakazato et al. 1992).
Since then, several modifications have been
described that simplify the surgical methods and
minimize the risk of damage to the liver allograft
(Boggi et al. 2004; Gubernatis 1989; Miller
et al. 1988; Starzl et al. 1991).

The liver is usually retrieved simultaneously
with one or more other organs (heart, lungs, pan-
creas, kidneys, and sometimes the intestine).
Therefore, several surgeons are usually involved
in the whole procedure: heart—lung surgeons, liver
surgeons, pancreas surgeons, and urologists. The
participating teams are committed to carrying out
the surgical strategy without causing jeopardy to
any of the individual grafts. The order of organ
retrieval starts with the thoracic organs and is
followed by liver, pancreas, and kidney procure-
ment. The guiding principle is the avoidance of
warm ischemia in all organs. The standard guide-
line for organ procurement consists of three suc-
cessive phases: (1) variable dissection of the
organs to be used with intact donor circulation,
(2) cannulation and in situ cooling by aortic infu-
sion of the different organs with simultaneous
exsanguination, and (3) organ removal (Starzl
et al. 1984, 1987; Renz and Yersiz 2005).

Some surgeons perform the liver dissection
before the perfusion, while others perform the
perfusion first, followed by en bloc recovery, and
then proceed with the dissection during bench
surgery. Each procedure has its advantages and
disadvantages. In situ dissection reduces the cold
ischemia time, simplifies identification of vascular
structures,  eliminates  unintentional  graft
rewarming during ex vivo manipulation, and
reduces hemorrhage. The different methods to

J. Bueno et al.

procure the liver are influenced by different vari-
ables, which include donor hemodynamic insta-
bility, non-heart-beating donors (NHBDs),
logistics, and the surgeon’s experience, among
others. In those circumstances, it is usual to per-
form immediate aortic cannulation,
clamping of the thoracic aorta, and in situ cooling,
with en bloc recovery of the kidneys, pancreas,
stomach—duodenum, and liver, and its posterior
separation with preparation of vascular structures
during bench surgery (Boggi et al. 2004;
Nakazato et al. 1992). However, in this method,
the bench work is time consuming, which causes a
prolonged warm ischemia time. In addition, the
methods of dissection and cannulation may be
different in cases of multiorgan procurement, par-
ticularly when the liver is procured simulta-
neously with the pancreas and/or the intestine. In
certain cases, the liver is divided to obtain two
grafts for two recipients (split liver). This partition
can be in situ in the donor or ex vivo during
benchwork.

An optimal procurement technique is crucial in
allowing a good post-operative graft function. A
suboptimal technique, particularly in marginal
donors, aids development of primary or poor
graft function. The potential mechanisms for this
can be divided into donor-, procurement-, and
transplantation-related factors. In the majority of
transplant centers, the rate of primary graft
nonfunction of the liver allograft is in the range
of 2-10 % (Jain et al. 2000; Ploeg et al. 1993;
Strasberg et al. 1994). Several studies have dem-
onstrated that donor-related factors, such as
extremes of age, steatosis, hemodynamic instabil-
ity, and high-dose administration of vasopressive
drugs, among others, are potential risk factors for
primary graft nonfunction or delayed graft func-
tion (Busuttil and Tanaka 2003).

Cross-

Deceased Donors

Deceased donors are classified as heart-beating
donors or NHBDs. The heart-beating group
includes the classical brain-dead donor, from
whom organs are procured while the heart is still
beating and the lungs are mechanically ventilated.



3 Donor Operation

Table 1 Non-heart-beating donor categories (Maastricht
criteria)

Category | Status Condition

1 Dead on arrival Noncontrolled

2 Unsuccessful Noncontrolled
resuscitation

3 Awaiting cardiac arrest Controlled
Cardiac arrest while brain | Noncontrolled

dead

The NHBDs develop definitive cardiac arrest,
defined as a nonreversible absence of circulation,
before organs are procured, resulting in severe
ischemic injury. The warm ischemia time is very
important for the viability of the organ and post-
transplant graft function. It is crucial with NHBDs
to cool the organs as soon as possible after cessa-
tion of circulation in order to protect them. Several
cooling techniques may be used, the simplest of
which is to establish intra-aortal cooling after
laparotomy.

Because cardiac arrest may occur under very
different conditions, four categories of donation
after cardiac death or NHBD can be distinguished
following the Maastricht criteria (Kootstra
et al. 1995, 2002), as shown in Table 1.

Category 1, or “dead on arrival,” donors are
declared dead outside the hospital prior to their
arrival at the emergency department. It is probable
that only the kidneys will be recovered from these
donors, and the delay in obtaining consent from
relatives and legal authorities may lead to an
unsuccessful donation. However, immediate
intra-aortic cooling could salvage the organs for
donation.

Category 2, “unsuccessful resuscitation,”
donors are maintained with external cardiac mas-
sage and artificial ventilation. After consent, the
organs are cooled immediately.

Category 3, “awaiting cardiac arrest,” includes
the group of patients who are going to die from
irreversible brain damage but who do not fulfill
the criteria for brain death. Organs are procured
after intentional withdrawal of ventilatory support
and subsequent cardiac arrest in a controlled situ-
ation that takes place in the operating room. After
cardiac arrest, immediate laparotomy and intra-
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aortic cooling can preserve abdominal and tho-
racic organs for transplantation. Under
noncontrolled conditions, it is likely that only
the kidneys can be obtained.

In category 4, “cardiac arrest while brain
dead,” patients suffer a cardiac arrest during the
process of being declared brain dead or after brain
death has been diagnosed but before organs could
be retrieved. To prevent the kidneys from being
lost in these donors and to establish cooling as
soon as possible, a femoral double-balloon triple-
lumen cannula to administer cooling preservation
solution should be ready for use at the bedside. A
liver allograft is seldom retrieved from these
donors due to the risk of primary graft
nonfunction and severe biliary tract damage.

Donor Preparation and Surgical Fields

To prepare the patient for donation, they are
brought to the operating room orotracheally
intubated, with the radial or femoral artery and
peripheral and central veins canalized. The donor
is placed on the operating table in the supine
decubitus position with their arms extended; the
chest and abdomen are fully covered with
povidone and draped. This permits simultaneous
interventions.

Donor Surgical Procedure

Dissection with Intact Circulation

Initially, chest and liver surgeons work simulta-
neously. Following a complete midline incision
from the suprasternal notch to the pubis, evalua-
tion of thoracic and abdominal organs is
performed, and their viability is confirmed.
Some surgeons use a cruciform abdominal inci-
sion. It is essential that a full manual and visual
exploration is performed to exclude unknown pri-
mary or secondary tumors in the abdomen. Liga-
tion of the round ligament and division of the
falciform ligament up to the coronary ligament
allows the surgeon to analyze the liver for aspect,
color, texture, signs of steatosis or ischemia, and
visible or palpable lesions. Two anatomical
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variations are important in liver transplantation: a
right accessory hepatic artery or a total hepatic
artery replacement originating from the superior
mesenteric artery (SMA), which runs posterior or
lateral to the portal vein, and a left accessory
hepatic artery originating from the left gastric
artery by the gastrohepatic ligament (Abid
et al. 2008; Hiatt et al. 1994; Todo et al. 1987).
The surgeon will check for both anomalies. First,
tactile assessment with the index finger of the
posterior aspect of the hepatoduodenal ligament
is performed to feel the pulse of the anomalous
right hepatic artery (present in around 15 % of
total cases). However, despite its existence, the
pulse is not always perceivable. Therefore, a prin-
ciple in liver procurement is to act assuming that a
right accessory or replaced hepatic artery is pre-
sent. Second, the left triangular ligament of the
liver is incised to allow exploration of the
gastrohepatic ligament for the presence of the
left accessory hepatic artery, which is present in
between 10 % and 13 % of cases.

The Cattel-Braasch and Kocher maneuvers
mobilize the cecum, right colon, duodenum, and
small bowel en bloc to the left, allowing exposure
of the retroperitoneum and inferior vena cava,
renal veins, SMA, and infrarenal aorta down to
the iliac bifurcation (Cattel and Braasch 1960).
The inferior mesenteric artery is identified and
divided between ligatures to facilitate later aortic
cannulation. The infrarenal aorta should be dis-
sected from right to left to avoid injury of the vena
cava and should be encircled with two umbilical
tapes for the eventual insertion of a cannula for
preservation solution infusion, with special care
taken to avoid damage and bleeding of the lumbar
arteries that originate on the posterior aortic wall.
In certain cases, a polar renal artery may have its
origin in this portion of the aorta and can also be
injured. In addition, the inferior mesenteric vein
(IMV) is identified in the inframesocolic
retroperitoneum, lateral to the ligament of Treitz,
and referenced with two ligatures for posterior
cannulation and portal perfusion.

The SMA, located above the left renal vein, is
identified and encircled. The intestine is then
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repositioned inside the abdomen to allow explo-
ration and dissection of the hepatic hilum. The
common bile duct is localized, mobilized, and
transected as far as possible, always below the
cystic duct. Then, the common hepatic artery is
identified and freed of the surrounding tissues; the
origin of the gastroduodenal artery is identified
and carefully ligated to avoid intimal dissection or
stricture of the common hepatic artery. The com-
mon hepatic artery is followed till the origin of the
splenic and left gastric arteries, which are
encircled. In situations in which either an acces-
sory right or left hepatic artery, or both, are found,
those arteries require dissection and individuali-
zation until their origin with posterior reconstruc-
tion during bench surgery.

The portal vein is beneath the gastroduodenal
and common hepatic arteries. The portal vein
dissection extends down to the confluence of the
splenic and superior mesenteric veins (SMVs),
providing another site for further cannulation
and venous perfusion. Once the portal vein has
been cleaned, no further dissection is required in
the liver hilum. The SMV, splenic vein, and IMV
can also be used for cannulation and portal vein
perfusion (Fig. 1). The choice of vein is based on
surgeon preference, the organs procured (avoid
the SMV in cases of pancreas retrieval), and unsta-
ble donor condition (IMV being the preference in
this case).

The last step prior to perfusion and cooling is
exposure of the supraceliac aorta, which is cross
clamped to prevent the cold preservative solution
going to the cephalic part of the body and to the
extremities, so that the flush can be concentrated
into the abdominal organs. The types of
supraceliac aortic cross-clamping are shown in
Fig. 2. The most frequent site of aortic cross-
clamping is at the level of the diaphragmatic
crura (Fig. 2a). The most common technique for
its exposure is to retract laterally toward the right
of the left lateral segment (the left triangular liga-
ment of the liver has already been sectioned) and
for an assistant to retract the esophagus and stom-
ach toward the left to expose the diaphragmatic
crura. Next, the diaphragmatic crura is
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cannula SMV

Fig. 1 (a) Sites for portal venous system cannulation.
Choice of the site is based on surgeon preference, the
organs being procured (avoid the superior mesenteric
vein in cases of pancreas procurement), and unstable
donor condition (for which the inferior mesenteric vein is
preferred). When the cannula is inserted in the portal vein,
the surgeon must check that the tip of the portal vein

Fig. 2 Sites of supraceliac aortic cross-clamping. (a) The
most frequent site is at the level of the diaphragmatic crura.
(b) Another option is to cross-clamp the aorta at the thorax
following incision of the left diaphragm. (¢) In cases in
which the thoracic organs are not procured, the easier way
to encircle the thoracic aorta is to eviscerate the left lung
through the sternotomy

IMV

IMV

)

SMV cannula

cannula is placed in the portal vein trunk and not in one
of its branches. (b) When the cannula is inserted in the
inferior mesenteric vein, the surgeon must be aware that the
tip of the cannula is in the portal vein. /MV inferior mes-
enteric vein, PV portal vein, SMV superior mesenteric vein,
SV splenic vein

longitudinally sectioned, exposing the preaortic
fascia, followed by encirclement of the supraceliac
aorta with an umbilical tape to allow cross-
clamping later. Intercostal or lumbar branches are
ordinarily not encountered in this location. In the
case of a replaced or accessory left gastric artery,
this maneuver might add undue tension, which can
injure the accessory left gastric artery. To avoid
such tension, the left lateral segment, gastroesoph-
ageal junction, and stomach can be retracted to the
right side and the spleen retracted downward to
expose the right diaphragmatic crura, followed by
aortic encirclement (Desai et al. 2014).

Another option is to perform supraceliac aortic
cross-clamping at the thorax (Fig. 2b). The stom-
ach is retracted to the right, the spleen is retracted
down, and the posterior abdominal side of the left
diaphragm is incised. Following division of the
left pulmonary ligament, the thoracic aorta is eas-
ily identified. In cases in which the thoracic organs
are not retrieved, an easier way to encircle the
thoracic aorta is to eviscerate the left lung through
the sternotomy (Fig. 2c¢).

Finally, before cannulation and in situ cooling,
the gallbladder is incised and washed out with
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saline solution in order to prevent autolysis of the
mucosa of the biliary tract.

Cannulation and In Situ Cooling

Following full heparinization of the donor with
350 units/kg of intravenous sodium heparin, the
infrarenal aorta and either a portal, splenic, SMV,
or IMV cannula are inserted. The tip of the aortic
cannula must be introduced with caution below the
origin of the renal arteries for adequate perfusion of
the intra-abdominal organs (Fig. 2). Where there is
severe aortic atherosclerosis, the cannula is inserted
in one of the iliac arteries instead of the aorta. Also,
for adequate perfusion of the whole liver, it should
be confirmed that the tip of a portal vein cannula is
placed in the portal vein trunk instead of one of its
branches (left or right portal vein) (Fig. 1a). When
the cannula is inserted in the IMV, the tip is
advanced superiorly approximately 5 cm. To opti-
mize portal perfusion, the surgeon must be certain
that the tip of the cannula is in the portal vein and
not directed toward the splenic hilum (Fig. 1b).

The cross-clamping and perfusion sequence is
initiated by the cardiac/pulmonary team. Immedi-
ate cardioplegic, pulmoplegic, and chilled preser-
vation solution is then perfused through the
cannulas for the heart, lungs, and abdominal
organs. The vena cava is then immediately vented
at the junction with the donor right atrium to
permit venous drainage of the abdominal organs,
avoiding their congestion. In those situations in
which the chest cannot be approached through
sternotomy (i.e., previous heart surgery) and the
thoracic organs are not retrieved, vena cava
venting is performed through the right diaphragm,
which is incised following retraction of the liver
downward with the surgeon’s left hand.

The donor heart and lungs are immersed in
cold solution. Simultaneously, the encircled
supraceliac aorta is cross clamped, and perfusion
of the abdominal organs with preservation solu-
tion starts through the cannula inserted in the
infrarenal aorta (1822 F) and portal vein, splenic
vein, or IMV (12-14 Fr) (Figs. 1 and 2). The
abdominal organs are immersed in an ice-slush
cold solution. The total amount of preservation
solution used is guided by blanching of the organs
and when the effluent solution through the vented
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cava changes to a light color. The liver requires
2-4 L of preservation solution through the aorta
and 2 L through the portal system. The organs
remain in situ until the cold infusion is completed
(Renz and Yersiz 2005; Starzl et al. 1984).

The majority of liver procurement teams still
consider portal system cold infusion to be manda-
tory for liver cooling. However, the method of
only cannulation and perfusion through the aorta
is also effective (de Ville de Goyet et al. 1994;
El-Rassi et al. 2005). In this method, the portal
system is perfused after the preservation solution
crosses the intestinal circulatory bed via the SMA
(which is not ligated) and splenic artery. The
author has performed such a technique in more
than 200 donors (unpublished data) without dele-
terious effect and with correct post-transplant
graft function. This technical modification
requires less dissection and cannulation, making
it safer in critically unstable donors. The same
technique is performed in cases of retrieval of
multivisceral grafts, which include the intestine
(Abu-Elmagd et al. 2003).

Organ Removal
During organ removal, the heart and lungs are
procured first. When the perfusion of the abdom-
inal organs is finished, the organs are then
retrieved: first the liver, then the pancreas, and
finally the kidneys.

In those cases in which the liver hilum has not
been dissected or a rapid technique is required,
mobilization of the colon out of the field will
facilitate the organ procurement enormously.

The upper vena cava is transected together
with a patch of the right diaphragm around the
lumen of the suprahepatic inferior vena cava. The
inferior vena cava is divided above the renal veins,
leaving a cuff of the vena cava for the kidney
allografts. This is followed by portal vein division
at the confluence of the splenic vein and the SMV.
Finally, the splenic and the left gastric arteries are
sectioned. The left gastric artery is preserved when
a left accessory hepatic artery is present, and its
division will be distal to this branch with ligation of
the proximal gastric branches. The celiac artery is
dissected until its origin from the aorta and is
recovered with a Carrel patch.
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Fig. 3 Liver allograft procurement. The upper vena cava
is transected above the suprahepatic veins, and the inferior
vena cava is divided above the renal veins. The portal vein
division is at the confluence of the splenic vein and the
superior mesenteric vein. The celiac artery is dissected till
its origin from the aorta and recovered with a Carrel patch.
BD bile duct, CT celiac trunk, /CV inferior vena cava, PV
portal vein

When a rapid technique is being performed,
another way to approach the celiac axis is to dissect
the SMA above the renal arteries and veins (Fig. 3).
To facilitate this step, the axis of the intestine and
SMA is placed perpendicular to the aorta. Then, the
SMA anterior wall is cleaned from the surrounding
tissue and celiac plexus. The aorta is transected
(scissor at 45 °) immediately caudal to the origin
ofthe SMA to avoid damage of the renal arteries. A
large aortic patch that encompasses both the origins
of the celiac artery and SMA is then applied. This
maneuver is also useful when an anomalous right
hepatic artery is present. To avoid injury of this
accessory artery, a length of SMA needs to be
preserved with the graft for posterior reconstruc-
tion during the benchwork.

Finally, the liver is released of all its attach-
ments to the diaphragm and the right kidney to
permit its recovery, concluding the liver allograft
procurement. It is then stored in a sterile bag with
cold preservation solution until bench surgery is
performed.

Following liver procurement, iliac venous and
arterial grafts are retrieved and conserved in pres-
ervation solution as they may be needed in the
recipient operation. In severe atherosclerotic dis-
ease, the grafts can be taken from supra-aortic
branches.

Bench Surgery

Bench surgery is performed with the liver in a
basin with slush ice and preservation solution at
a temperature of 4 °C. It consists of a meticulous
inspection to identify and repair lesions and prep-
aration and cleaning of the blood vessels from the
surrounding tissues to facilitate the anastomosis
with the recipient’s vessels. The inferior vena cava
is released from the diaphragm, via ligation of the
phrenic veins, with special care taken to avoid
injuries of the suprahepatic veins. The right adre-
nal vein is ligated to prepare the infrahepatic vena
cava. The branches of the portal vein (right gastric
and left coronary vein) are tied, and the main
portal vein trunk is dissected until its bifurcation
into left and right portal veins. This maneuver
helps to orient the portal vein reconstruction on
the recipient, and it avoids portal kinking,
which can result in vein thrombosis. The hepatic
artery is cleaned out from the origin of the
gastroduodenal artery up to the Carrel patch to
facilitate the arterial reconstruction in the recipi-
ent. When an anatomic variation is present, the
arterial reconstruction should be performed at
this time.

Pancreas Procurement

There are several key points in pancreas retrieval
when it is performed simultaneously with liver
procurement. As the liver and pancreas share the
same arterial supply and arterial anomalies are
common, good communication between the pan-
creas and liver procurement teams is necessary.
The main technical considerations in combined
liver and pancreas procurement are preservation
of the arterial blood supply and an adequate length
of portal vein for both organs. The head of the
pancreas and duodenum have a dual arterial sup-
ply: the superior pancreaticoduodenal arcade with
its origin from the gastroduodenal artery and the
inferior pancreaticoduodenal arcade with its ori-
gin from the SMA. The tail and most of the body
of the pancreas are supplied by the splenic artery,
which is a branch of the celiac axis. Therefore,
preservation of both the splenic artery and SMA is
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essential for this organ. Venous drainage of the
pancreas is by the splenic vein and SMV.

Opening of the lesser sac permits visual and
tactile assessment of the pancreas. Pancreases
with extensive fibrosis/calcification, intralobular
fat, and severe edema should be discarded. Once
the liver surgeons have finished the dissection and
preparation of the liver allograft, the greater
omentum is divided between ligatures along its
entire length. A total colectomy before or after
cooling of the organs may facilitate pancreas pro-
curement. The spleen, body, and tail of the pan-
creas require mobilization from its retroperitoneal
attachments with ligation and division of the short
gastric vessels between the stomach and spleen.
The spleen is mobilized by dividing the
splenocolic and splenorenal ligaments and dia-
phragmatic attachments. The stomach is retracted
upward and to the right, exposing the lesser sac
and anterior surface of the pancreas. The spleen is
used as a handle to avoid pancreas manipulation.
The duodenum, together with the head of the
pancreas, will have already been mobilized with
the Kocher maneuver. Following irrigation of the
stomach and duodenum with the antibiotic
amphotericin and cold povidone—iodine solution
through a nasogastric tube, the duodenum is
transected just distal to the pylorus with a gastro-
intestinal anastomosis (GIA) stapler. In the same
manner, the proximal jejunum next to the liga-
ment of Treitz is also divided.

The aorta and IMV are used for cannulation
and perfusion, with the portal vein and splenic
vein remaining intact. The gastroduodenal and
splenic artery should never be tied before in situ
cooling. Once in situ cooling has been finished,
the splenic artery is divided close to the celiac
trunk, leaving as much splenic artery length with
the pancreas as possible, and is marked with a 6-0
polypropylene suture for its later identification.
The gastroduodenal artery is divided and marked
in a similar way. The portal vein is transected,
leaving 1-2 cm of portal vein on the pancreas
side. The left gastric vein is an optimal landmark
for portal division.

The root of the small bowel mesentery away
from the pancreas is divided after ligation of mes-
enteric vessels. It can be transected with mass
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ligature using an umbilical tape or stapling device
or with individual ligation of the major branches
of the SMVs and SMAs. Finally, the nerve bun-
dles and lymphatic tissue around the SMA are
divided, and the SMA is skeletonized down to
the aorta. The SMA, with an aortic Carrel patch,
will remain with the pancreas rather than the liver.
Care should be taken to avoid injury to renal
arteries.

The presence of an anomalous right hepatic
artery originating from the SMA is a matter of
discussion. Pancreas surgeons prefer to divide the
anomalous branch before its SMA origin and to
leave the SMA and aortic patch with the pancreas
allograft. In contrast, liver surgeons prefer to leave
the origin of the anomalous right hepatic artery
with a patch of SMA and perform its reconstruc-
tion during benchwork with the stump of the
gastroduodenal artery. If agreement cannot be
reached between teams, the rational decision
should always be based on liver transplantation
being a life-saving procedure.

The pancreas allograft includes the
duodenal C, the pancreas itself, and the spleen
(as a handle). The arterial reconstruction during
benchwork consists of anastomosis of the splenic
artery and SMA to a bifurcated iliac or supra-
aortic arterial graft. The allograft splenectomy
will be performed in the recipient after organ
reperfusion.

When the pancreas and small bowel are pro-
cured simultaneously for different recipients, the
SMA and SMV are transected at the insertion point
of'the middle colic vessels immediately distal to the
uncinate process, allowing enough vascular length
for the intestinal allograft without harming pancre-
atic arterial supply (Abu-Elmagd et al. 2000). The
principal concern during this dissection is to avoid
injury to the inferior pancreaticoduodenal artery,
which originates just proximal to the origin of the
middle colic artery and must be left intact with the
pancreas. The reason for this is that the superior
pancreaticoduodenal artery is the terminal branch
of the gastroduodenal artery, which is ligated while
removing the liver. The additional loss of the infe-
rior pancreaticoduodenal artery will devascularize
the head and part of the uncinate process of the
pancreas.
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Small Bowel Procurement

The small bowel allograft can be retrieved in
isolation, combined with the liver, or as part of a
multivisceral allograft (with or without the liver)
in cases in which the stomach is included. The
procurement technique is different based on the
organs being retrieved.

In all cases, the first step is the division of the
ileum with a GIA stapler near the ileocecal valve,
followed by a total colectomy preserving the ileal
branches of the ileocolic artery. The sigmoid
colon is stapled, and the large bowel and greater
omentum are removed in continuity from the
field. The small bowel is wrapped, and using
upward retraction, the root of the small intestinal
mesentery is freed from its retroperitoneal attach-
ments. The mesenteric root, abdominal aorta, and
infrahepatic vena cava, including the entry of the
renal veins, are further exposed with an extended
Kocher maneuver.

Isolated Small Bowel Procurement

Following transection of the pylorus with a GIA
stapler, the bile duct and gastroduodenal artery are
ligated and divided and the portal vein dissected.
After exposure of the SMV at the root of the
mesentery, the index finger is passed under the
neck of the pancreas, which is ligated and
transected. The jejunum is then divided approxi-
mately 10 cm from the ligament of Treitz with a
GIA stapler. The mesentery at the mesenteric bor-
der of the proximal jejunum is ligated and divided.
Next, the proximal jejunum and fourth and third
portion of the duodenum are reflected gently
beneath the mesenteric vessels and to the right.
The uncinate process is separated carefully from
the SMV by division of the small venous tributary
branches, and the SMV is scheletonized until
exposure of its confluence with the portal vein
and splenic vein. The wrapped intestine is gently
lifted, and the origin of the SMA from the aorta is
exposed. Once the liver has been prepared for its
retrieval, the aorta is cannulated. In addition, the
IMV can be cannulated for portal perfusion. After
cross-clamping the supraceliac aorta and in situ
cooling, the SMV is sectioned at the level of the
splenic vein. The origin of the SMA is obtained
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with a small aortic cuff, using special care to avoid
injury of the renal arteries and celiac trunk. The
liver is then retrieved, as described earlier. The
donor’s external iliac artery and vein will be used
as interposition grafts between the SMA and SMV
of the allograft and the aorta and vena cava or
SMYV of the recipient, respectively.

Combined Liver and Intestine
Procurement

In combined liver and intestine procurement, the
entire liver hilum (preserving the biliary system)
in continuity with the duodenum and the pancreas
is also included in the allograft. The duodenum,
spleen, and body and tail of the pancreas are
mobilized, as explained in the Pancreas Procure-
ment section. The duodenum is transected just
distal to the pylorus with a GIA stapler. The origin
of the SMA is dissected from the origin of the
aorta. In this case, only cannulation of the aorta is
required. After cross-clamping the supraceliac
aorta and in situ cooling, the upper vena cava is
transected together with a patch of the right
diaphragm, and the inferior vena cava is divided
above the renal veins. A large aortic patch that
encompasses both the origins of the celiac
artery and SMA is obtained (Fig. 3). In addition,
the thoracic aorta is removed, and this conduit
will be anastomosed to the aortic patch during
the bench surgery. Another option is to free
the proximal aorta in continuity with the celiac
trunk including the thoracic aorta. This portion
of aorta is prepared for anastomosis to the
conduit by closure of the distal abdominal aorta
beyond the SMA orifice using a simple
running suture or arterial patch. An allograft sple-
nectomy will be performed during bench surgery

(Fig. 4).

Multivisceral Procurement

The same technique as used for procurement of a
combined liver—intestine graft is applied for
multivisceral procurement, the only difference
being that the stomach and the left gastric and
gastroepiploic arteries are preserved. The junction
of the stomach with the esophagus is transected
with a stapler device. In this case, only cannula-
tion of the aorta is required.
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Fig.4 When a rapid technique is needed, a useful maneu-
ver to approach the celiac axis is to dissect the superior
mesenteric artery above the renal arteries and veins. To
facilitate this step, the axis of the intestine and superior
mesenteric artery is placed perpendicular to the aorta, and
the anterior wall of the superior mesenteric artery is
cleaned from the celiac plexus. The aorta is transected
(scissor at 45 °) immediately caudal to the origin of the
superior mesenteric artery to avoid damage to the renal
arteries. BD bile duct, CT celiac trunk, /CV inferior vena
cava, PV portal vein

Kidney Procurement

The kidneys are the last organs to be removed.
The procurement is en bloc, without identifica-
tion of the hilar structures. The first step is mobi-
lization of the ureters following their division
distally as close as possible to the bladder.
Hemostatics are placed on the tip of each ureter.
They are dissected in a cephalad direction with
adequate amounts of periureteral tissue left in
place to avoid damage of the ureteral blood sup-
ply. The distal cava as well as the distal aorta with
the cannula in place are divided and separated
from the vertebral bodies, sectioning the lumbar
arteries from the posterior wall of the aorta. The
paraspinal muscles are sectioned and the kidneys
mobilized in their lateral and superior aspect,
preserving Gerota’s fascia and adrenal glands.
As the dissection advances, all of the structures

(kidney, cava, aorta, and ureter) are lifted to
avoid injury to them. The procurement is finished
once the vena cava and aorta above the renal
vessels are reached. During benchwork, the kid-
neys are separated, which is started by exposing
the posterior surface of the grafts. The aorta is
split first in its posterior aspect along its length
between the lumbar arteries. The ostias of the
renal arteries are identified, as well as the acces-
sory polar arteries. Thereafter, the left renal vein
is identified easily and is divided with a small
cuff of the vena cava, leaving the entire vena
cava with the right kidney.

Conclusion

An efficient procurement technique that ensures
optimal preservation of undamaged organs is
essential, and an optimal outcome will depend
on the surgeons and donor condition. The differ-
ent techniques used to retrieve the organs depend
on multiple variables, such as which and how
many organs are procured, type of donor, and
hemodynamic instability.
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Abstract

The authors have chosen to describe the most
commonly used surgical techniques for liver
transplantation and their variations, namely,
the standard technique with and without
venous-venous bypass, the piggy-back tech-
nique with and without venous-venous bypass,
and the Belghiti modification of the piggy-
back. In addition to that, two rare forms of
liver transplantation will be discussed: the pro-
cedures used for situs viscerus inversus and
auxiliary liver transplantation.

Keywords
Liver transplantation ¢ Surgical technique
Venous-venous bypass ¢ Bile duct

Introduction

Thomas E. Starzl performed the first orthotopic
liver transplantation in 1963 (Starzl 1969). The
introduction of venous-venous bypass, complex
immunosuppression regimens, and computer
imaging contributed to making this procedure
widely available in a span of half a century.
Figure 1 indicates the textbook hepatic anatomy.
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Fig. 1 Liver anatomy
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Orthotopic Liver Transplant (OLT):
Standard Technique With and Without
Venous-Venous Bypass

The standard procedure of orthotopic liver trans-
plant is the preferred surgical method. This tech-
nique should be used any time a liver malignancy
is growing next to the inferior vena cava (IVC).
The standard technique is the simplest of the pro-
cedures to perform, and it takes the shortest
amount of time. The introduction of the venous-
venous bypass has made the training of many
surgeons possible and has dramatically decreased
the intraoperative mortality experienced during
the early days of liver transplantation. Before the
introduction of the venous-venous bypass, sur-
vival rates were low in the setting of hemody-
namic instability (Shaw et al. 1984). Patients
were especially vulnerable during the anhepatic
phase due to decreased venous return to the heart
and hypertension in portal and systemic vessels
upon clamping of the IVC and the portal vein
(Shaw et al. 1984). The venous-venous bypass
shunts blood flow from the portal and caval sys-
tems in the lower part of the body into the internal
jugular vein, bypassing the inferior vena cava.
This shunt provides the surgical team with time
to implant the allograft without subjecting the
patient to a decreased venous return to the heart
during a complete occlusion of the IVC.

Falciform ligament

Left gastric a.
Celiac trunk

Portal v.

Splenic a.
Common hepatic a.

The preferred incision of choice is known as
the Mercedes-Benz. It consists of a bilateral,
subcostal incision with an upper midline exten-
sion made with electrocautery. Once the perito-
neum is entered, the ascitic fluid, if present, is
drained. Specimens are sent for culture and sensi-
tivity studies. The round ligament of the liver is
divided between O silk ties, and the falciform
ligament of the liver is divided with electrocau-
tery. At this stage, the xiphoid process is removed
using electrocautery and heavy scissors. Subse-
quently, the midline peritoneum is tucked to the
fascia with interrupted 2/0 silk stitches. This
maneuver facilitates reopening of the midline if
needed. In fact, by bringing the peritoneum up to
the fascia, the intensity of the adhesions is limited
in that area. In addition to that, covering the stump
of the xiphoid process with peritoneum prevents
injuries during the mobilization of the cirrhotic
liver and the implantation of the allograft. A wet
folded lap is placed on the tip of the spleen to
avoid splenic injury caused by the retractor’s
blades. To provide adequate exposure, the sur-
geon uses a combination of the self-retaining
rib-grip (Stieber) and the Iron Intern retractors.
The operation begins with an exploratory laparot-
omy. This phase is particularly important and aims
to rule out possible contraindication to transplan-
tation. Contraindication is most commonly lymph
node metastasis from primary liver cancers.
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Subsequently, the elements of the hepatic hilum
are skeletonized. First, the common bile duct is
isolated and transected between 2/0 silk ties. A
sample of bile is collected and sent for culture.
This is the second and last standard culture
obtained during liver transplantation. Patients
undergoing liver transplantation are often colo-
nized with bacteria that can cause infection post-
operatively under the effect of the
immunosuppressive treatment. Therefore, know-
ing which bacteria, if any, are colonizing the bile
duct and the peritoneal cavity can help expedite
antibiotic treatment while waiting for the final
culture results. Next, the hepatic artery is divided
between 2/0 silk ties. It is a good practice for the
surgeon to alert the anesthesiologist before the silk
is tied off on the artery. This provides the anesthe-
siologist enough time to draw the last arterial
blood sample while the native liver is perfused
with systemic blood flow. In fact, the lactate clear-
ing activity of the liver is predominantly con-
trolled by the blood flow coming from the
hepatic artery. Lastly, the portal vein is skeleton-
ized. At this stage we proceed to dissect the
hepatic artery proximally to 1 cm below the take-
off of the gastroduodenal artery (GDA). The dis-
tance of 1 cm generally provides enough room to
place a surgical clamp on the common hepatic
artery and to rotate the vessels when performing
the anastomosis.

At this stage, the access sites for the venous-
venous bypass are prepared. The return cannula is
placed in the right internal jugular vein by the
anesthesia team after induction of general anes-
thesia and before prepping the surgical field. The
IVC cannula is placed percutaneously through the
left groin using a Seldinger technique. Although
the left groin is preferred, the right groin can be
used if needed. Of note, the IVC is accessed
through the iliac-femoral vessels. To safely place
the portal vein cannula, the portal vein
skeletonization is first maximized to obtain the
longest possible vessel trunk. Then, a large surgi-
cal clamp is applied distally on the portal vein as
far as possible in the porta hepatis, while the
proximal end of the vessel is clamped between
fingers. The portal vein is divided as close as
possible to the clamp in the porta hepatis. To

Internal
jugular v.

Suprahepatic
cavalclamp,

N
- ""'-:.’_f

Femoral v.

Fig. 2 Venous-venous bypass anatomy

facilitate the cannulation of the portal vein, three
tonsils are applied on the edge of the vessel to
keep it open. The cannula is secured in place by
two wet umbilical tapes. Both cannulas are tested
and flushed with a heparinized saline solution.
The portal and femoral vein cannulas are
connected with a Y connector, and the bypass
cannula is connected to the patient, as shown in
Fig. 2. The bypass is started and the flow is
maintained above 1 1 per minute. Below this
speed, the patient is subject to thrombosis (Shaw
etal. 1984). If the volume flow rate slows to below
1 l/min, it may be a sign of hypovolemia or
malpositioning of the portal vein cannula. In the
first case, administration of fluid boluses can
increase the bypass flow rate. At times, low flow
results from a cannula facing the wall of one of the
vessels, typically at the juncture of the splenic and
superior mesenteric veins. To increase the flow in
this case, the surgeon must maneuver the cannula
away from the wall of the vessel. However, if the
flow rate cannot be increased above 1 L/min, the
patient is required to go off bypass.

The distal stump of the portal vein is oversewn
with Prolene 3/0. The infra-hepatic IVC is skele-
tonized and cross-clamped with an adult angle
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Potts clamp. The left triangular ligament is
divided with electrocautery, and the gastrohepatic
ligament is divided between 2/0 silk ties. The right
triangular ligament is divided with electrocautery.
The suprahepatic IVC is encircled and clamped
with a German clamp. The liver is removed from
the field using blunt and sharp dissection. As soon
as the native liver is removed from the surgical
field, the right adrenal vein is tied off using a 0 silk
tie, which is passed around the area where this
vessel merges with the IVC. Further hemostasis is
obtained in the bare area of the liver by two
running 2/0 Prolene sutures: one vertically placed
in the IVC area and one from the tip of the right
triangular ligament forward as shown in Fig. 3.
These two running sutures are not always neces-
sary. At times, proper hemostasis of the bare area
can be achieved with argon beam coagulation.

Achieving hemostasis by oversewing the bare
area tends to decrease the size of the retro-hepatic
area, allowing for transplantation of a smaller
liver. This change in size of the right upper quad-
rant of the abdomen should be kept in mind when
using large livers that might not fit the anatomical
area. In that case, different hemostatic techniques
should be considered.

The cuffs of the supra- and infra-hepatic IVC
are prepared, and the new liver is brought into the
operative field. It is helpful to position two 4/0 silk
sutures on the upper left of the suprahepatic IVC

cuff. By pulling these two sutures cranially, a
better exposure of the posterior wall of the anas-
tomosis is achieved. The suprahepatic IVC anas-
tomosis is done in an end-to-end fashion using
running 3/0 Prolene sutures. Subsequently, the
infra-hepatic IVC anastomosis is completed in
an end-to-end fashion using running 4/0 Prolene
sutures. Once the posterior wall of the infra-
hepatic IVC anastomosis is completed, the liver
is flushed with 1 1 of chilled (4 °C) lactated
Ringer’s (LR) solution. The allograft is flushed
through a cannula that was secured in the portal
vein at the time of the back-table preparation. The
practice of flushing the liver with chilled LR
intends to remove as much University of Wiscon-
sin® solution (UW) as possible from the allograft.
UW is rich in potassium. If the UW is not removed
from the allograft, a load of potassium would
reach the right atrium at the time of reperfusion.
This process may be responsible for deadly car-
diac arrhythmias. At this stage, in preparation for
the portal vein anastomosis, the portal cannula of
the venous-venous bypass is clamped with a tub-
ing clamp. The portal cannula is removed from the
portal vein, and the portal vein is clamped with a
pediatric angled Potts clamp. The surgeon should
clamp the tip of the portal vein cannula with a
large Kocher clamp to prevent air embolism in the
case of failure of the tubing clamp. In preparation
for the portal vein anastomosis, three wet lap
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sponges are placed Dbetween the right
hemidiaphragm and the dome of the liver. The
right arm of the rib-grip retractor is lowered by
three complete turns. The combination of these
two maneuvers shortens the distance between the
donor and recipient’s portal vein stumps. This
prevents the creation of a long portal vein that
could kink and therefore cause vessel thrombosis
in the postoperative time. The donor’s portal vein
is then shortened to a sufficient length to obtain a
straight and nonredundant anastomosis. The por-
tal vein anastomosis is completed end-to-end with
running 6/0 Prolene sutures. When the running
suture is tied, a generous growth factor is left
behind so the anastomosis can expand at reperfu-
sion and stenosis can be prevented. The laps are
removed from the field and the rib-grip retractor is
placed in its original position. There are two ways
of proceeding at this time. One way is to perfuse
the liver solely with portal blood and to recon-
struct the hepatic artery once reasonable hemosta-
sis is achieved. The second option consists of
reconstructing all of the vessels before reperfusing
the allograft. This second option is the one
favored. However, in order to safely proceed
with four-vessel reconstruction before reperfu-
sion, the total implantation time cannot exceed
1 h. In addition, reperfusing allografts with portal
as well as systemic blood can cause more hemo-
dynamic instability that should be taken in
account by the anesthesiology team. The four-
vessel technique is completed as follows. The
GDA is tied off with two 2/0 silk ties. The use of
two separate sutures guarantees better control of
this vessel. The common hepatic artery is clamped
with a spoon clamp, and the recipient’s hepatic
artery is opened. A cuff of the recipient’s hepatic
artery is prepared at the level of the GDA patch.
The donor’s hepatic artery is shortened and
beveled in the opposite direction, and a straight
and nonredundant anastomosis is made end-to-
end using running 7/0 Prolene sutures. Once the
anterior wall of the hepatic artery anastomosis is
completed, the anesthesia team is alerted that the
allograft will be reperfused in approximately
3 min. This gives the anesthesiologist enough
time to prepare the drugs needed to counteract
possible  hemodynamic  instability  after
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reperfusion and to record the last potassium level
before reperfusion. At this stage the liver is
reperfused. The hepatic artery, the portal vein,
the infra-hepatic IVC, and the suprahepatic IVC
clamps are removed in sequence. It is possible to
keep the suprahepatic IVC clamp on until the liver
is fully reperfused. In this case, the liver outflow
runs into the bypass machine before reaching the
heart rather than going directly into the right
atrium. This maneuver prevents a potentially
fatal, arrhythmogenic potassium load.

If the patient is stable after packing the opera-
tive field, it is suggested to go off bypass. After all
cannulas are removed, the blood in the circuit can
be recuperated in the cell saver. The next step of
the operation is to achieve hemostasis. It is cus-
tomary to proceed in a clockwise fashion starting
from the anterior wall of the suprahepatic IVC,
moving toward the medial side wall of the same
vessel, to the infra-hepatic IVC on its medial
aspect, to the hepatic hilum, and lastly to the
lateral walls of the infra- and suprahepatic IVC.
There are several areas not mentioned above that
are addressed while moving in the clockwise
direction, namely, the falciform ligament on both
sides (donor and recipient), the left triangular liga-
ment on both sides, the hepatogastric ligament on
the recipient’s side, and the right triangular liga-
ment on the donor’s side. Generally, these areas are
addressed with argon beam coagulation. Packing
during hemostasis is exceptionally important
because pressure alone has been shown to be one
of the most effective methods of achieving hemo-
stasis, and because it maintains hemostasis while
the anesthesiologist progressively corrects any
coagulopathy based on the results of thromboelas-
tography (Kang et al. 1985).

The last step of the operation is the bile duct
reconstruction that will be discussed in a separate
paragraph.

This same operation can be performed without
venous-venous bypass when the degree of portal
hypertension is such that cross-clamping the IVC
would not cause a significant reduction in the
blood flow return to the right heart. Hemodynamic
stability in this case can be achieved by
maintaining the patient’s electrolyte and volume
status (Starzl et al. 1968).
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Bile Duct Reconstruction

The bile duct continuity can be achieved with
several techniques. It is preferential to perform
an end-to-end choledochocholedochostomy over
a T tube. First, the donor’s duct is explored. This is
done with a bile duct probe. With this maneuver,
the distance between the stump of the donor’s duct
and the bifurcation in the right and left duct is
assessed. Next, cholecystectomy is carried out in
an antegrade fashion using electrocautery. The
cystic artery is transected to check for good
blood flow from the hepatic artery. The cystic
artery is then tied off with a 2/0 silk tie when
satisfactory pulsating blood flow is identified.
The gallbladder is removed from the surgical
field. Hemostasis is achieved in the bed of the
gallbladder with argon beam coagulation. The
cystic duct is then opened flat with electrocautery
to avoid possible mucocele formation in the post-
operative time. The stump of the bile duct is
trimmed by 1 or 2 mm until arterial bleeding is
noted from the edge of the duct. The bleeding
vessels are always located in the medial and lateral
corner of the bile duct stump; hemostasis is
achieved with one transfixed stitch per arterial
vessel. Different types of stitches can be used,
such as 4/0 silk or 6/0 PDS. At this stage, two
4/0 silk stitches are placed on the lateral and
medial corner of the donor’s bile duct stump.
The recipient’s duct is opened, explored, and
trimmed. Although this anastomosis can be
performed with or without a T tube, T tube use
is preferred. The T tube gives easy access to the
bile duct if a cholangiogram is needed in the
postoperative time. Other uses of the T tube
include: macroscopic evaluation of the bile char-
acteristics and bile collection for culture in case of
postoperative infections. Thick dark bile is con-
sidered to be normal. Bile that is light in color, and
less dense than normal, is typical in primary
non-function or acute cellular rejection. Nine 5/0
PDS sutures are used to complete the anastomo-
sis. Two stitches are placed in the posterior wall,
three on each side, and one on the anterior wall. A
purse string is placed around the exit site of the T
tube. Lastly, the anastomosis is checked for leak-
age by injecting heparinized saline solution

C. Doria et al.

Fig. 4 End-to-end choledococholedochostomy without
T tube

through the T tube first, and air, while the anasto-
mosis is submerged in water, second.

In cases of significant size discrepancy
between the donor and recipient’s ducts, the larger
duct is partially sutured closed prior to performing
the anastomosis, as displayed in Fig. 4 (Busuttil
and Klintlalm 1996). Alternatively, a choledocho-
jejunostomy over a Roux-en-Y can be used for the
same purpose (Sarmiento 2000). The latter is also
indicated for patients with primary sclerosing
cholangitis (PSC), a disease that carries an
increased risk of malignancies of the bile duct.
From a technical standpoint, the Roux-en-Y loop
is created in the usual fashion, using a hand-sewn
technique in two layers, where the sero-serosa is
completed with 4/0 silk interrupted sutures. The
inner layer is anastomosed using the Gambee
technique with 4/0 PDS. The tip of the afferent
loop is oversewn with interrupted 4/0 silk stitches.
The Roux loop is placed ante-colic; however, a
retrocolic placement is an acceptable choice. The
ante-colic option is safer, because although portal
hypertension is resolved after reperfusion,
enlarged varicosities are spread through the
abdominal cavity, including the transverse
mesocolon. These varices can be injured when
the tunnel in the transverse mesocolon is created.
Once the intestine is opened, in the antimesenteric
border, the mucosa and the serosa are tucked
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together in the four cardinal points using 6/0 PDS.
A silastic tube, placed across the anastomosis, is
anchored to the intestine with 5/0 chromic; the
9 stitches technique previously described is used
to complete the choledochojejunostomy.

Piggy-Back Technique

There are different ways of performing a liver trans-
plantation using the piggy-back technique. The
common denominator of the different approaches
is that the recipient’s caval blood flow to the heart is
never more than partially occluded at any time
during the surgery. Uninterrupted flow through the
IVC affords ample venous blood flow, proper car-
diac filling, and hemodynamic stability throughout
the procedure (Calne and Williams 1968).

Sir Roy Y. Calne first described the piggy-back
technique, but Andreas Tzakis popularized it in
1989 (Tzakis et al. 1989). It is especially indicated
in cases when the donor’s liver is smaller than the
diseased liver (Tzakis et al. 1989). The procedure
is identical to the standard technique up until the
skeletonization of the hepatic hilum is completed.

Subsequently, the liver is peeled off the IVC.
The accessory hepatic veins are divided between
2/0 silk ties, and the accessory hepatic caval stumps
are sutured with transfixed 4/0 silk stitches. This is
done to prevent the ties from coming off in the
postoperative time due to the swings in the central
venous pressure (CVP), which are typical during
recovery in the intensive care unit (ICU). The right
hepatic vein is skeletonized free and clamped both

Fig. 5 Left and middle
hepatic vein division and
cuff formation
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proximally and distally. It is subsequently divided,
and the two stumps are oversewn with running 4/0
Prolene sutures. The portal vein is divided between
clamps. A German clamp is applied at the common
trunk of the left and middle hepatic veins anterior to
the vena cava, and the liver is removed from the
surgical field using blunt and sharp dissection.
Figure 5 demonstrates the left and middle hepatic
veins being opened, and the septa separating both
veins being cut, creating a common cuff.

The new liver is brought into the field. The
anastomosis between the recipient’s hepatic
venous cuff and the donor’s suprahepatic IVC
is completed in an end-to-end fashion using 4/0
Prolene sutures. In this case, the upper left of the
hepatic veins cuff is kept open by two 4/0 silk
stitches while the posterior wall is sewn. Once
the posterior wall of this anastomosis is com-
pleted, the liver is flushed with 1 I of chilled LR
at 4 °C. Subsequently, the allograft’s infra-
hepatic IVC is tied off. The portal vein and
hepatic artery anastomoses are performed as in
the standard technique. At this stage, the liver is
reperfused. The hepatic artery, the portal vein,
and the hepatic vein clamps are removed in
sequence. In the piggy-back procedure as well,
the liver reperfusion can be done with or without
hepatic arterial flow. After a few complete rounds
of hemostasis, the bile duct reconstruction is
completed as previously described. More hemo-
stasis is performed, and the field is washed
with several liters of antibiotic solution. Three
Jackson-Pratt drainages are place in the

abdominal cavity.
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Fig. 6 Anatomy post piggy-back procedure

Since there is no end-to-end infra-hepatic IVC
anastomosis, the completed procedure leaves the
recipient with a section of the donor’s IVC lying
anteriorly to the recipient’s IVC, as diagrammed
in Fig. 6. Within 1 week post-operation, a throm-
bus is often visible by ultrasound in the section of
the donor’s IVC sandwiched between the liver
and the recipient’s IVC. This is common and is
not pathologic, as it does not often result in pul-
monary embolus (Tzakis et al. 1989). There is no
reason to administer anticoagulant medications in
this case.

Piggy-Back with Side-to-Side Caval
Anastomosis (Also Known
as the Belghiti Technique)

Jacques Belghiti described the side-to-side piggy-
back technique. Without removal of the retro-
hepatic vena cava, and by requiring only one
caval anastomosis, Belghiti claimed to reduce
the duration of the anhepatic phase (Belghiti
et al. 1992). It is the opinion of the authors that
this is not the case. Belghiti describes that often,

Retrohepatic IVC stump

Recipient IVC

Fig. 7 Belghiti modification of the piggy-back procedure

the piggy-back procedure necessitates temporary
caval occlusion when creating the common cuff of
the left and middle hepatic veins. This assumption
is arguable, especially because in the classic
piggy-back technique, the common trunk of the
middle and left hepatic veins is clamped, a struc-
ture that is distant from the IVC. In the Belghiti
technique, the IVC is always partially clamped.

In the following paragraph, discussion of the
portions of the operation that are not different
form the ones previously discussed is omitted.

The IVC is peeled off retro-hepatically by
dividing the accessory hepatic veins between 2/0
silk ties. Following this, the left, middle, and right
hepatic veins are clamped, divided, and oversewn.
The vast majority of the surgeons embracing this
technique perform this part of the operation with
mechanical staplers, increasing the cost of the
operation significantly. The liver is removed
from the peritoneal cavity, leaving the full length
of the IVC intact.

To perform the cavotomy on the recipient’s
IVC, a vascular clamp is placed on a section of
the IVC “pinching” the vessel’ side wall, as
exhibited in Fig. 7. This incomplete vascular
clamp ensures a constant caval flow throughout
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the procedure. This clamp stays on the recipient
vessel until the surgeon is prepared to allow portal
blood to flow into the IVC. The donor’s cavotomy
is performed on the back table as well as
oversewing of the donor’s supra- and infra-
hepatic cavas. This ensures that once the caval
anastomosis is performed, blood flows from the
donor’s IVC stump into the recipient’s IVC. The
donor’s liver is then brought into the peritoneal
cavity, and a side-to-side caval anastomosis is
created, connecting the donor and recipient’s
retro-hepatic vena cavas. The vessels of the porta
hepatis are anastomosed. Once the portal vein
anastomosis is complete, both portal and caval
clamps are removed. This is, generally speaking,
done in sequence while the running suture on the
caval anastomosis is not tied off yet, so that the
residual air in the anastomosed vessels can vent
out of the blood stream. Supposedly, an advantage
of this technique is that the anastomosis formed
between the donor and recipient’s vena cavas is
large. This ensures that there will not be outflow
obstruction.

Although this procedure technically is feasible,
there are several drawbacks. Following this pro-
cedure, there tends to be a large amount of scar
tissue formation postoperatively surrounding the

Fig. 8 Common
complications with situs
inversus

Transverse,

Preduodenal
portal v.

Malrotation
of the gut

Aberrant main hepatic a.

side-to-side caval anastomosis. In the event that
the patient needs a secondary liver transplant, it is
difficult to access the suprahepatic IVC to remove
the existing liver. Also, due to the nature of the
neo-anatomy, if a TIPS procedure is needed, it is
difficult to reach the right hepatic vein from the
internal jugular vein, because with the new anat-
omy, a near right angle is formed at the IVC
anastomosis.

Liver Transplantation in Situs Viscerus
Inversus

Situs inversus (SI) is a rare congenital condition in
which the abdominal viscera are located in mirror
image positions across the midline compared to
situs solitus. The inferior vena cava is located to
the left of the abdominal aorta. During normal
embryological development, the liver forms a
larger right lobe compared to the left lobe due to
asymmetric venous outflow (Farmer and Busuttil
1996). In SI, asymmetric hepatic venous outflow
does not exist, leading to the formation of a sym-
metric liver. Other complications, presented in
Fig. 8, often coexist with SI including
polysplenia, aberrant left hepatic artery, aberrant

Interrupted IVC with
azygous continuation

Aberrant left hepatic a.
off the left gastric a.

symmetrical liver

Polysplenia

off the superior mesenteric a.
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Fig. 9 Situs inversus
anastomoses

Common
hepatic a.

Splenic v.

Portal v.

main hepatic artery, preduodenal portal vein,
malrotation of the gut, and interrupted IVC with
azygous continuation (Farmer and Busuttil 1996).

Indications for transplant in SI patients are
similar to those with SS anatomy. Often, the dis-
covery of SI anatomy occurs during radio-
imaging for nonrelevant procedures. There is
much debate on how to position the allograft in a
patient diagnosed with SI who needs transplanta-
tion. If a SS allograft is positioned without rota-
tion in the recipient’s upper left quadrant, the large
right hepatic lobe lays across the stomach and
vertebral column where space is restricted.

Dr. Klintmalm and associates described a case,
in 1991, of a liver transplantation into an SI
patient (Klintmalm et al. 1993). All vessels and
ligaments to the recipient liver are divided, and the
retro-hepatic IVC is left intact. The native liver is
removed, and the allograft, in preparation for the
implantation, is rotated clockwise 90°, as in
Fig. 9, with the left lobe pointing into the left
iliac fossa and the right lobe sitting in the recipi-
ent’s hepatic fossa. The donor’s suprahepatic vena
cava is oversewn. The donor’s infra-hepatic vena
cava is anastomosed end-to-side to the recipient’s
left-sided inferior vena cava. The other major
vessels are anastomosed end-to-end and blood
flow to the allograft is restored. Benefits of this
technique are the recipient’s stomach is not
obstructed by the donor’s right lobe, there is no
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Aorta

Closed
suprahepatic
cava

Right hepatic a.
Recipient vena cava

risk of venous outflow obstruction, and the size of
the allograft is not an exceedingly important factor
(Klintmalm et al. 1993).

Auxiliary Liver Transplantation

Orthotopic liver transplant (OLT) is the treatment
of choice for fulminant hepatic failure (FHF) (Bis-
muth et al. 1995). A suitable alternative is auxil-
iary liver transplantation, a procedure where the
allograft is transplanted either heterotopically or
orthotopically in place of a section of the native
liver. The allograft is removed after the native
liver recovers from the original insult. The main
advantage of this procedure is that the patient
avoids life-long immunosuppressive treatment
once the allograft is removed (Jaeck et al. 2002).
The theory behind auxiliary liver transplant is that
the implanted allograft will lend the patient
hepatic support while the failing liver regenerates.
Orthotopic versus heterotopic auxiliary partial
liver transplant is debated.

Auxiliary partial orthotopic liver transplanta-
tion (APOLT) is completed by removing a section
of the failing liver and replacing it with an equal
lobe or part of a lobe from a donor. This operation
is more commonly done in children using a live
donor. Depending on the recipient’s size, the left
lobe or the left lateral segment is used (Jaeck
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et al. 2002). When the left lateral segment is
chosen, the donor’s operation requires the resec-
tion of the left lateral segment with accompanying
vessels. The donor’s vessels procured with the
partial allograft consist of the stumps of the left
portal vein, hepatic artery, and hepatic vein. The
left bile duct is taken with the allograft.

The allograft’s left hepatic vein is anastomosed
end-to-end with the recipient’s vessel. The donor’s
hepatic artery is anastomosed, preferably, with the
recipient’s left hepatic artery. The portal vein and
the bile ducts are anastomosed to their
corresponding recipient vessels. The anatomy of
the recipient right liver is left untouched. The
hepatic function offered by the partial allograft
provides the failing liver time to heal. Primary
non-function of the graft is not statistically different
between OLT and APOLT (van Hoek et al. 1999).

Gubernatis et al. explain that hypothetically,
portal blood flow should be distributed between
the two livers by resistance to flow. Early after
transplantation, blood should preferentially flow
through the allograft due the high resistance in the
diseased liver. Once the diseased liver begins to
heal, blood flow shifts back to the healing liver
due to resistance in the donor allograft. This
increased resistance is the result of rejection,
once the immunosuppressive medication is
discontinued. Conveniently, the blood flow is
preferentially distributed to the healthy liver sec-
tion (Gubernatis et al. 1991).

Heterotopic auxiliary partial liver transplant is
a procedure where the recipient’s liver is left intact
while a partial donor allograft is implanted into
the recipient’s subhepatic space as illustrated in
Fig. 10. The goal of this procedure is the same as
APOLT, but the efficacy is diminished (van Hoek
et al. 1999). This operation can be accomplished
using a cadaver or a live donor. In preparation for
the allograft’s implantation when a cadaver donor
is used, a section of the allograft is resected so it
can be accommodated in a small space. On the
back table, the suprahepatic IVC is oversewn.
Upon implantation, an end-to-side anastomosis
of the donor’s infra-hepatic IVC and the recipi-
ent’s suprarenal IVC is performed. Anastomoses
are created between the recipient’s celiac axis and
the donor’s hepatic artery as well as the donor and

Inferior vena
cava

Aorta

Donor portal v.
Recipient
portal v.

Hepatic a.

Heterotropic liver
implant (auxiliary)

Bile duct
Jejunum

Fig. 10 Heterotopic auxiliary partial liver transplant
anastomoses

recipient’s portal veins. An end-to-side
choledochojejunostomy is performed between
the donor’s bile duct and the recipient’s jejunum.
Although the heterotopic implantation of a partial
liver should be technically performed as well as
APOLT, it does not due to issues such as elevated
venous backpressure and inadequate portal perfu-
sion of the donor and recipient’s partial livers
(Gubernatis et al. 1991).

Conclusion

In a span of 50 years, liver transplantation has
evolved dramatically and faster than any other
known field in medicine. This is partially due to
a better understanding of the physiology of
patients with end-stage liver disease and the
intraoperative management of these patients. Fur-
thermore, the introduction of the venous-venous
bypass and the development of structured training
programs have made this procedure a routine. It is
unfortunate that we have not observed any growth
in transplantation in the past several years despite
a continuous increase in the number of patients
waiting for a liver transplant. As a consequence of
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that, access to liver transplantation is still
restricted to less than 150 centers in the entire
United States. It should not be forgotten that
although routine, when compared with any other
field in surgery, liver transplantation is still a pro-
cedure left in the hands of a very limited number
of extraordinarily talented surgeons committed to
serving a group of patients that for the most part
fall into the category of the “underprivileged.”

All images are courtesy of Paul Schiffmacher,
Medical Illustrator for Medical Media Services at
Thomas Jefferson University.
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Abstract

Split liver transplantation (SLT) creates two
marginal grafts from one perfect deceased
donor liver to save two recipients simulta-
neously. Since its inception in 1988, SLT has
contributed tremendously to decreased mortal-
ity on the pediatric liver transplant waiting list.
Despite unfavorable survival rates in the early
experience of SLT for adults, successful out-
comes have been reported by experienced cen-
ters, further substantiating the feasibility of this
technique. Indeed, various advancements have
encouraged more frequent use of this technique
to overcome the shortage of donor livers. More
than two decades of experience have
documented the criteria necessary for SLT to
achieve equivalent or superior outcomes to
whole liver transplantation. Still, substantial
challenges in surgical techniques, allocation,
logistics, and ethics persist, and SLT remains
underutilized worldwide. This chapter outlines
the current state of SLT, focusing on donor and
recipient selection, surgical techniques, out-
comes, and current and future challenges such
as allocation and associated ethical issues.

Keywords

Split liver transplantation ¢ Left lateral segment
* Right trisegment * Hemiliver ¢ In situ split *
Ex vivo split * Donor selection * Recipient
selection * Surgical technique * Graft size °
Survival « Ethical issue

Introduction

The shortage of donor livers has led transplant
programs to seek innovative ways to increase the
number of available organs for liver transplanta-
tion. In 1984, Bismuth first reported the use of a
reduced-size liver graft in pediatric liver trans-
plantation, using a whole liver graft from a
deceased donor to create a small functional graft
to fit a pediatric recipient (Bismuth and Houssin
1984). This technique became popular in pediatric
liver transplantation with excellent survival rates
and significantly decreased pediatric waiting list
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mortality. When this technique is used, however,
the remaining part of the liver mass is discarded.
For this reason, the concept of “splitting” a whole
liver graft to simultaneously transplant two recip-
ients emerged and subsequently was performed
successfully (Pichlmayr et al. 1988; Bismuth
et al. 1989; Emond et al. 1990). Unlike reduced-
size grafts, split liver transplantation (SLT) was
initially characterized by higher mortality and
complication rates (Broelsch et al. 1990). How-
ever, with the accumulation of experience,
improved surgical techniques, and better donor
and recipient selection, split grafts have been
used more frequently worldwide.

For successful SLT, two functional grafts have to
be created from a whole deceased donor liver. Since
the first report of SLT in 1988 (Pichlmayr
et al. 1988), deceased donor livers have been most
commonly split into a smaller left lateral segment
(LLS, segments II and I1I; 15-25 % of the liver) for a
child and a larger right trisegment (RTS, segments I,
IV, and V-VIII; 75-85 % of the liver) for an adult.
The potential for SLT was further expanded to use
two hemiliver grafts to transplant two adult recipi-
ents: a left lobe (segments I-1V; 3040 % of the
liver) and a right lobe (segments V-VIII; 60-70 %
of the liver). While the procedure has shown a great
success worldwide and could theoretically double
the number of available organs, many challenges
have precluded its more widespread use.

Donor Evaluation

Careful donor selection is essential to the success
of SLT (Table 1). The upper donor age limit of the
bipartition of a liver graft is between 40 and
50 years (Emre and Umman 2011). The donor
liver function test ideally should be normal, but
can be mildly elevated. When liver enzymes are
elevated, as long as they show improvement
before organ recovery, the liver can be used for
SLT. However, since liver splitting can compro-
mise donor quality, any additional negative fac-
tors are discouraged (Feng et al. 2006). High BMI,
history of heavy alcohol use, and low platelet
counts on donor admission could signal the pres-
ence of graft steatosis and fibrosis. Hypernatremia
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Table 1 Donor
transplantation

selection criteria in split liver

Ideal split
donor

Donor age < 40-50 years

Liver function test (normal or mildly
elevated)

Serum sodium level < 160 mEq/L

No or minimal inotropic support
(hemodynamic stability)

Normal macroscopic and microscopic
appearance of the liver

Mild macrosteatosis < 10-20 % in
biopsy

Mild inflammation in biopsy

Acceptable
split donor

Elevated liver enzymes, but
improving

ICU stay before organ recovery

> 5 days

Serum sodium level > 160 mEq/L
Obese donor (BMI > 30 m*/kg)

(>160 mEq/L) and the use of inotropic support
can be risk factors for a nonfunctioning split graft.
Other compounding risk factors should be taken
into consideration to determine whether the liver
is splittable or not. These include estimated cold
ischemia time, length of ICU stay of the donor,
recipient MELD score, the degree of portal hyper-
tension, and recipient functional status.

Direct evaluation by the donor team at the time of
organ recovery is of utmost importance. If the donor
liver does not look normal on visualization, a frozen
section biopsy of liver is indicated. Pathological
changes such as macrosteatosis, inflammation,
fibrosis, and cholestasis are generally considered to
be contraindications for splitting. However, if other
donor and recipient factors are ideal, mild steatosis
(<10-20 % macrosteatosis) or the presence of mild
inflammation can be acceptable. Once the decision
is made to proceed, the donor team must coordinate
the recovery process with the recipient team to min-
imize cold ischemia time.

Estimation of Graft Size

Split graft size is an important factor in SLT.
Splitting at the falciform ligament yields LLS
and RTS grafts (Fig. 1, line A). The LLS is gen-
erally suitable for pediatric recipients. When a

Right lobe Left lobe

I L 1
Right trisegment Left lateral segment

[ 11 1

Fig. 1 Graft types used in split liver transplantation. Split-
ting at the falciform ligament yields left lateral segment and
right trisegment grafts (line A). In hemiliver splitting for
left lobe and right lobe grafts, the liver is split on the right
side of the middle hepatic vein (line B)

small infant is the recipient, graft-to-recipient
weight ratio (GRWR: [liver graft weight = recip-
ient body weight] x 100) should not exceed
4-5 % to avoid large-for-size-related complica-
tions, such as open abdomen and vascular throm-
bosis. If this is the case, the LLS split graft has to
be further reduced to avoid such problems
(Kasahara et al. 2003). The RTS graft size, on
the other hand, is in most instances large enough
to avoid small-for-size-related graft dysfunction
in adult recipients.

In hemiliver splitting for two adult-sized recip-
ients, the liver is split on the right side of the
middle hepatic vein (Fig. 1, line B). Determina-
tion of graft size is crucial to decide whether
splitting is feasible and to minimize the possibility
of small-for-size-related graft failure. Although
the minimal graft size to meet recipient’s meta-
bolic demand in living donor liver transplantation
is considered to be as small as a GRWR of 0.6-0.8
%, the minimal ratio remains unknown. SLT
appears to require a higher GRWR to compensate
for suboptimal graft quality related to longer cold
ischemia time and donor hemodynamic instability
associated with brain death. Accordingly, a
GRWR of 1.0 % seems to be the minimal
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requirement in SLT to avoid early graft dysfunc-
tion (Lee et al. 2013).

Imaging studies are rarely available in SLT to
estimate graft weight and evaluate donor liver
anatomy. Therefore, this important surgical infor-
mation is most often unknown until the time of
organ recovery or after a liver is taken out of a
deceased donor. Using the donor body surface
area, whole liver volume (mL) can be estimated
using equations 1072.8 x body surface area (m?)
— 345.7 for Caucasians (Heinemann et al. 1999)
and 706.2 x body surface area (m?) + 2.4 for
Asians (Urata et al. 1995). More simply, whole
liver weight can be estimated as 2 % of donor
body weight (Lee 2010). These estimated values
can be divided into standard estimates for lobar
distribution (35 % for the left lobe and 65 % for
the right lobe) to estimate hemiliver graft size.

Recipient Evaluation

For successful SLT, recipient selection is as
important as donor selection. In SLT using the
LLS graft for pediatric recipients, graft-recipient
size mismatch resulting in large-for-size compli-
cations should be avoided. When the recipient is
an older child, the LLS graft might not be enough
to provide adequate liver mass. In such an
instance, the left lobe graft is necessary to achieve
a GRWR > 1.0 %. For the RTS graft, recipients
can be chosen more liberally, similar to when a
whole liver graft is used.

SLT for adults has the potential risk of small-
for-size syndrome, particularly with hemiliver
grafts. Generally, the best SLT recipients for a
hemiliver graft are an adolescent or a small adult
with minimal portal hypertension and/or a rela-
tively low MELD score, particularly for the left
lobe graft. Although a recipient with a high
MELD score can be transplanted with a hemiliver
split graft, the data are not available to support the
routine use of hemiliver grafts for high-risk recip-
ients (Nadalin et al. 2009; Hashimoto et al. 2014).
When a recipient has significant portal hyperten-
sion, a larger right lobe graft is preferred in order
to lower the risk of small-for-size syndrome. In
addition to examining medical history, the
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severity of portal hypertension can be assessed
using a triphasic CT scan or MRI (Aucejo
et al. 2008). These imaging studies show the
recipient’s surgical anatomy and also can show
portosystemic shunt, portal vein thrombosis, and
stenosis of the celiac trunk, which are important
pieces of surgical information. The management
of portosystemic shunt is controversial (Ikegami
et al. 2013). When recipients have a large sponta-
neous or surgical portosystemic shunt, the shunt
can cause hypoperfusion of a transplanted split
graft due to a steal phenomenon. In contrast, it
also helps lower portal vein pressure to favorably
accept a small partial graft that is damaged by
portal hyperperfusion. Accordingly, a case-by-
case assessment is important to determine whether
to close shunts in recipients.

In addition to thorough donor and recipient
selection, appropriate donor-recipient paring is
crucial to achieve good outcomes in SLT. In adult
SLT, split grafts are generally taken from larger
donors and transplanted into smaller recipients.
This graft-recipient paring enables the majority
of recipients to achieve a GRWR > 1.0 % (Hashi-
moto et al. 2014), representing a size advantage
that helps avoid small-for-size syndrome.

Split Liver Transplantation Under
MELD Allocation

The use of split grafts for high-risk recipients is
controversial (Nadalin et al. 2009; Hashimoto
et al. 2014). Under the philosophy of the “sickest
first” MELD allocation, standard criteria donors
who are suitable for bipartition are allocated to
those recipients with a high MELD score who are
generally unsuitable for SLT.

When a splittable donor becomes available,
the most important factors determining whether
to proceed with SLT are when a whole donor
liver is deemed to be too large to fit a primary
adult candidate or a small pediatric recipient is
on the waiting list. SLT has proven to be a great
benefit for pediatric candidates who usually
need an LLS graft without compromising sur-
vival in adult recipients receiving the RTS graft
(Maggi et al. 2015). It is equally important,
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however, that small adults who are often
bypassed on the waiting list due to size
mismatch can have more opportunities by SLT.
For these recipients, split grafts can provide
enough liver volume to tolerate portal
hyperperfusion. The remaining split graft can
be used for a candidate with minimal portal
hypertension and a lower MELD score. This
graft-recipient matching helps achieve excellent
survival after SLT under the allocation system
where the MELD score regulates transplant pri-
ority. However, such ideal matching is difficult
to achieve on a routine basis, and this is why
many centers underutilize or do not use split
grafts, particularly when hemiliver splitting is
indicated. According to the Cleveland Clinic
experience from April 2004 to June 2012,
137 out of 1089 deceased donors (12.6 %) met
the SLT criteria and were identified as suitable
for splitting. However, among these splittable
donors, only 38 (3.5 %) were used for SLT
because suitable recipients were not available.

Sharing Patterns of Major Vessels
and Bile Duct in Split Donors

An important technical challenge in SLT is a lack
of consensus between transplant centers regarding
surgical techniques, particularly sharing patterns
of major vessels and bile ducts between two split
grafts. The ideal sharing pattern was originally
described by Bismuth in 1989 (Bismuth
et al. 1989). The principle concept of this tech-
nique is to avoid multiple branches to be
reconstructed in the recipient operation. Impecca-
ble knowledge of surgical liver anatomy is essen-
tial to understand this sharing pattern. The left
lobe frequently has a single branch of the portal
vein, hepatic duct, and venous outflow that is a
common channel of the left and middle hepatic
veins, but multiple branches of the hepatic arteries
often exist. The right lobe, on the other hand, often
has a single right hepatic artery and multiple
branches commonly seen in the venous drainage,
hepatic duct, and portal vein. According to the
sharing pattern by Bismuth, the left lobe retains
the celiac trunk, and the right lobe retains the
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remaining major structures, including the com-
mon hepatic duct, main portal vein, and vena
cava. Although typically the priority is for the
primary recipient to keep necessary structures in
the graft allocation, sharing should depend on
actual donor anatomy and recipient needs. The
final decision should be made with flexibility
and agreement by both teams who each take one
of the split grafts.

Donor Anatomical Variation

As long as both sides of the split grafts have a
complete set of inflow and outflow vessels and
biliary drainage, anatomical variations are not
considered to be a contraindication to splitting.
Recipient surgeons must decide on the division
of these vital structures to make the liver graft
safely usable in the recipients. The following are
relatively common anatomical variants seen in
organ recovery:

Hepatic Artery

Arterial variants are commonly seen in split organ
recovery. Identification of the origin of the middle
hepatic artery (A4: segment IV artery) is crucial. In
LLS/RTS splitting, A4 can be the only blood supply
to the medial segment of the RTS graft. If A4 arises
from the left hepatic artery, it may need to be
sacrificed. In the presence of the left accessory
hepatic artery arising from the left gastric artery,
retaining the celiac trunk with the left-sided graft
helps keep the blood supply to all small branches
from a single anastomosis. A right replaced hepatic
artery from the superior mesenteric artery is the
most commonly seen variant in the hepatic artery.
In this instance, the artery can be taken with the
superior mesenteric artery to be used as a patch fora
wider anastomosis.

Portal Vein

Anatomical variants of the portal vein leading to
multiple anastomoses or as a contraindication for
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splitting are uncommon. Trifurcation of portal
branches is most commonly seen in about 20 %
of the general population. The right anterior
branch can arise from the left portal vein, but it
is usually identified in the extrahepatic portion. As
long as the left branch of the portal vein is
transected distally to the origin of the right branch,
this variant is not a contraindication to splitting.
When the left-sided graft retains the main portal
vein, the right-sided graft can be left with two
separate portal vein branches. While not ideal,
this situation is not a contraindication to splitting
because conducting two portal vein anastomoses
with or without a vein graft is feasible. When one
of the right portal vein branches arises from the
left intrahepatic portal branch, splitting may not
be feasible. Such a portal variant is usually accom-
panied with a biliary anomaly that can be seen
with an intraoperative cholangiogram.

Hepatic Vein

Since venous outflow is critical in determining
functional graft size, ensuring perfect flow in the
hepatic veins is essential in SLT. Most of the time,
hepatic venous anatomy is unknown before split
organ recovery. Since the left hepatic vein is
almost always (92 %) dominant for the left lobe,
the left lobe graft retaining both the left and mid-
dle hepatic veins usually promises optimal out-
flow. On the other hand, various anatomical
variants are seen in the right and middle hepatic
veins. In general, the right anterior segment (seg-
ments V and VIII) predominantly drains into the
middle hepatic vein that is retained in the left lobe
graft in a hemiliver split. Therefore, a significant
(>5 mm) venous branches of segments V
(V5) and VIII (V8) should be reconstructed with
a vein graft to prevent severe graft congestion
(refer to section “In Situ Hemiliver Split Tech-
nique”). When congestion occurs, the congested
area does not fully function, and the amount of
functional graft volume can be reduced, which
may cause small-for-size syndrome. A significant
branch of the inferior right hepatic vein (>5 mm)
directly draining into the vena cava exists in
20-40 % of donors. When the vena cava is
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retained in the left lobe graft, this vein should be
preserved and reconstructed in the recipient.

Bile Duct

Intraoperative cholangiogram should be routinely
performed in split organ recovery to rule out any
anatomical variant that renders the donor
unsuitable for splitting, particularly in hemiliver
split. For instance, an aberrant right hepatic duct
arising from the cystic duct (2-3 %) increases the
complexity of recipient surgery. If surgeons are
not aware of such variant, it can cause serious
complications in the recipient.

Ex Vivo vs. In Situ

Originally the development of SLT started with
the ex vivo technique that splits the liver on the
back table after conventional whole organ
retrieval. The early experiences in the 1990s dem-
onstrated the feasibility of this technique, which
was followed by the first report of the in situ
technique by Rogiers in 1995, who split the liver
in a heart-beating deceased donor (Rogiers
et al. 1995). Since then, two decades of experi-
ences have proved that both techniques are
equally effective and have been used with contin-
ual refinements. Although pros and cons of both
techniques have been recognized, the decision
whether to use the in situ or ex vivo technique is
often made based on logistical issues, hemody-
namic stability of the donor, and the surgeon’s
preference (Table 2).

Since the ex vivo technique does not require
extra time before organ retrieval, it offers easier
and better coordination with other organ teams.
However, this technique potentially causes
prolonged cold ischemia to perform the complex
back table preparation. During ex vivo splitting,
the liver is hardly immersed in cold preservation
solution, so that the liver may not be preserved
cold enough to prevent graft rewarming injury.
Equally important is the risk of substantial bleed-
ing and bile leakages from the cut surface of liver
parenchyma. On the other hand, the in situ
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Table 2 Comparisons of ex vivo vs. in situ splitting

Ex vivo In situ
Organ recovery | Shorter Longer
time
Donor Same as Potentially unstable
hemodynamics regular due to bleeding
in organ organ during splitting
recovery recovery
Coordination Easier Harder
with other
organ teams
Cold ischemia Longer Shorter
Risk of Higher Lower
rewarming
injury on back
table
Post- Potentially Minimal
reperfusion profuse
bleeding

technique requires prolonged time in organ recov-
ery, which is not always possible due to donor
hemodynamic instability and logistical challenges
with other organ recovery teams. However, the in
situ technique promises shorter cold ischemic
time and better hemostasis after graft reperfusion.

In Situ Hemiliver Split Technique
Laparotomy and Hilar Dissection

After opening the abdominal cavity, the liver is
visually and manually assessed to ensure that it is
suitable for splitting. If the liver looks marginal,
the liver should be biopsied, or the split procedure
can be aborted at this point. Estimated weight of
the liver should be notified to recipient teams. The
left lobe is mobilized by dividing the left triangu-
lar, coronary, and gastrohepatic ligaments. When
a left accessory hepatic artery is seen, it must be
preserved. The right triangular and coronary liga-
ments are taken down to mobilize the right lobe.
The hepatorenal ligament and bare area of the
liver are dissected until the retrohepatic vena
cava appears. The hepatocaval ligament does not
need to be divided, unless the vena cava is kept
with the left lobe graft. Although short hepatic
veins of the left lobe are divided to detach the

87

left caudate lobe from the vena cava, this step
can be easily and safely done on the back table.
Before hilar dissection and parenchymal transec-
tion, the supraceliac and infrarenal aortas should
be isolated according to standard deceased donor
techniques in case the donor becomes unstable.

What need to be done at the hepatic hilum are
cholecystectomy, cholangiogram, and anatomical
evaluation. After a standard cholecystectomy, the
cystic duct is cannulated to perform cholangio-
gram to rule out anatomical variants that would
make it not feasible to perform the split procedure.
If cholangiogram is not available in the donor
hospital, the common bile duct can be transected
to probe the bile duct. The hepatic hilum is exam-
ined manually to delineate the arterial anatomy,
particularly the location of arterial bifurcation and
the presence of the right replaced hepatic artery.
The bifurcation of the hepatic artery can be dis-
sected free, but this step also can be safely done on
the back table.

Preparation for Liver Hanging
Maneuver

The hanging maneuver is used to isolate liver
parenchyma from the vena cava and the hepatic
hilum on the transection line. This technique facil-
itates hemostasis by elevating the liver, and more
importantly, it guides donor surgeons to divide
liver parenchyma straight down to the vena cava.
The groove between the right and middle hepatic
veins is dissected free to tunnel the tissue between
the liver and retrohepatic vena cava. A Kelly
clamp is vertically introduced along the anterior
surface of the infrahepatic vena cava toward the
groove to complete tunneling. After 4-5 cm of
gentle blind dissection, the clamp appears at the
groove, and an umbilical tape is pulled through
this tunnel. An angled clamp is directly intro-
duced into liver parenchyma at 0.5 cm above the
bifurcation of the hepatic hilum and passed behind
the hepatic hilum through liver parenchyma. The
tip of the clamp appears at 0.5 cm below the
bifurcation, and the umbilical tape is pulled back
through liver parenchyma (Fig. 2). This technique
has a minimal risk of major bleeding or bile
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Fig. 2 Hanging maneuver
in the in situ split technique.
An umbilical tape is seen to
isolate liver parenchyma
from the vena cava and the
hepatic hilum on the
transection line

leakage because there are no major vessels or bile
ducts in the area of liver parenchyma where the
clamp passes through. Introducing a clamp along
the cephalad margin of the hepatic hilum may
cause serious bleeding or bile leakage if a tip of
the clamp migrates into the hilar structures
(Hashimoto and Fung 2013).

Parenchymal Transection

A transection line is marked by electrocautery
along the Cantlie line. This line can be deepened
from 0.5 to 1 cm since there is no important
vascular structure or bile duct present. Because
the transection line in hemiliver splitting is deter-
mined based on the anatomy of the middle hepatic
vein, it is not necessary to confirm the demarca-
tion line by a temporary hemihepatic inflow
occlusion. Parenchymal transection can be done
with any available methods at the donor hospital
(clamp-crushing technique, CUSA, etc.). The
Pringle maneuver is usually unnecessary. If
major bleeding occurs and the donor becomes
unstable, the liver surgeon should not hesitate to
abort in situ splitting and proceed with cross
clamping in coordination with the thoracic team.
Then the liver can be split ex vivo after the liver is
taken out. During parenchymal transection, small
vessels can be cauterized, but larger vessels
should be tied or clipped. Once the middle hepatic

Umbilical tape

vein is identified, transection should be continued
to stay on the right side of the middle hepatic vein
until the V5 is identified. The V5 is tied proxi-
mally (on the middle hepatic vein) and clipped
distally (on the right lobe side). Parenchymal tran-
section is continued until the V8 is isolated and
divided in the same manner. When the liver is split
in situ, the degree of graft congestion in the ante-
rior segment can be assessed during parenchymal
transection. To prevent bleeding from small
branches of the middle hepatic vein, a thin layer
of parenchymal tissue should be left over the
middle hepatic vein. To complete parenchymal
transection, the both ends of the umbilical tape
are pulled to give upward traction to facilitate the
exposure and hemostasis. The liver is completely
separated into the right and left lobes, and the
anterior aspect of the retrohepatic vena cava is
exposed.

Cross Clamp and Organ Retrieval

After coordinating with the thoracic team, the
donor is systemically heparinized, and an infusion
cannula is placed into the distal aorta. The
supraceliac aorta is cross-clamped, and cold per-
fusion is initiated. The clips on the V5 and V8 are
removed to better flush the anterior segment. The
liver is subsequently taken out using the standard
technique (Fig. 3). The donor surgeon must
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Fig. 3 A liver graft after
cold perfusion on the back
table. The liver is already
split in situ to yield left lobe
and right lobe grafts

Fig. 4 Preparation of the
venous outflow of the left
lobe graft. The common
channel of the left and
middle hepatic veins is
transected with a small vena
cava patch

Suprahepatic vena cava

retrieve the iliac arteries and veins of good length
and quality. When iliac grafts need to be shared
with other organ teams, extra vessels must be
taken from the carotid artery, subclavian artery/
vein, internal jugular vein, and innominate vein.

Back Table Preparation to Separate
Vessels and Bile Duct

The liver is placed in a basin and perfused through
the main portal vein with cold preservation

e

solution. After the standard preparation of the
vena cava, the common channel of the left and
middle hepatic veins is transected with a small
vena cava patch (Fig. 4). This technique ensures
a good outflow of the left lobe without the need for
a venoplasty, which is commonly needed in living
donor liver transplantation. Short hepatic veins
left undivided in situ are divided to detach the
left caudate lobe from the vena cava. The main
portal vein is dissected free all the way to its
bifurcation. The left branch of the portal vein is
dissected and transected 2-3 mm from the
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Fig. 5 Back table preparation for hepatic artery in
hemiliver grafts. (a) When the middle hepatic artery arises
from the left hepatic artery, the right hepatic artery is
transected distally to the bifurcation. (b) When the middle

Fig. 6 Transection of the
left hepatic duct and the
hilar plate in hemiliver
splitting. White arrowheads
indicate the hilar plate

bifurcation. The caudate branch of the left portal
vein usually needs to be divided. The defect on the
main portal vein is sutured to close transversely.
The defect should not be closed longitudinally
because the risk of stenosis is high. The arterial
component is dissected up to the bifurcation. How-
ever, the proper hepatic artery and the right and left
hepatic arteries should not be skeletonized unnec-
essarily. The right hepatic artery is transected distal
to the bifurcation (Fig. 5a). When the middle
hepatic artery is arising from the right hepatic
artery, the right hepatic artery is transected distal
to the middle hepatic artery (Fig. 5b).

hepatic artery arises from the right hepatic artery, the right
hepatic artery is transected distally to the middle hepatic
artery. L left hepatic artery, M middle hepatic artery, RA
right anterior branch, RP right posterior branch

Finally, the hepatic duct and hilar plate are left
at the hilum. Before bile duct division, both
hepatic artery and portal vein branches have to
be completely divided. The biliary system is
probed through the common hepatic duct to con-
firm the location of the biliary bifurcation. The left
hepatic duct with the hilar plate is sharply
transected at 0.5 cm from the bifurcation
(Fig. 6). The entire stump of the hilar plate should
be oversewn because usually there are small cau-
date ducts. Preservation solution is injected into
the left hepatic duct to check for leakage. At this
point, the left lobe is ready for implantation.
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Reconstruction of Tributaries
of the Middle Hepatic Vein

To prevent venous congestion in the anterior seg-
ment, a new middle hepatic vein is created on the
cut surface of the right lobe graft. A donor iliac vein
graft is prepared, and its distal side is anastomosed
in an end-to-end or end-to-side fashion to the V5
and V8 of significant size. The proximal end of the
vein graft is directly anastomosed to the defect on
the vena cava where the common channel of the left
and middle hepatic veins was located (Fig. 7).
When there are no V5 and V8 of significant size,
the defect on the vena cava is closed with a vein
graft patch. The defect of the left hepatic duct on the
main hepatic duct is sutured to close transversely.
The entire stump of the right hilar plate should be
oversewn. Preservation solution is injected into the
common hepatic duct to check for leakage. Finally,
the right lobe graft is ready for implantation.

In Situ Split Technique for Left Lateral
Segment and Right Trisegment Grafts

Hilar Dissection and In Situ Splitting

After visual and manual assessment of visceral
organs, the left lobe is mobilized in the same manner
as hemiliver splitting. If there is a left accessory

Fig. 7 The right lobe graft
with a new middle hepatic
vein. The iliac vein graft is
used to drain the anterior
segment

hepatic artery, it must be preserved. The division of
the Arantius ligament allows the surgeon to have
better approach to the left hepatic vein. At this stage,
the left hepatic vein does not need to be encircled.

The hepatic hilum is examined manually to
delineate the arterial anatomy. Intraoperative chol-
angiogram is not mandatory, but can be done after
cholecystectomy. Because hilar dissection can be
safely done on the back table, extensive dissection
of the hilum can be omitted at this point.

On the surface of the liver, a transection line is
marked by electrocautery on the right side of the
falciform ligament. The Glissonian triads to the
medial segment are tied and divided. Although the
medial segment often becomes ischemic after divid-
ing its inflows, the ischemic area does not need to be
resected. For parenchymal transection, inflow occlu-
sion (the Pringle maneuver) is not necessary. Vessels
are cauterized, tied, or clipped in the same fashion as
described in the hemiliver split technique. After liver
parenchyma is completely separated into the left
lateral segment and right trisegment grafts, the
liver is taken out of the donor using a standard
cold dissection technique (Fig. 8).

Back Table Preparation

After the standard preparation of the vena cava,
the left hepatic vein is transected with a small
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Fig. 8 Appearance of the
liver split in situ to the left
lateral segment and right
trisegment grafts

Fig.9 Transection of the left hepatic vein in the left lateral
segment graft. (a) The left hepatic vein is transected with a
small patch of the vena cava and the middle hepatic vein.

venous patch of the vena cava and the middle
hepatic vein to secure sufficient length of a venous
cuff to the LLS graft (Fig. 9a). The left branch of
the portal vein is isolated and divided, and the
defect on the main portal vein is sutured to close
transversely in the same fashion as described in the
hemiliver split technique. The right hepatic artery is
transected distal to the bifurcation. The A4 should
be kept with the RTS graft to secure arterial supply
to the medial segment. However, it can be
sacrificed if it arises from the left hepatic artery.
After transecting the artery and portal
branches, the biliary system is probed to confirm

(b) The defect on the vena cava and the middle hepatic vein
is closed with a venous graft patch to prevent stenosis of
the middle hepatic vein

the biliary anatomy from the stump of the com-
mon bile duct. The left hepatic duct and hilar plate
are sharply transected on the line of parenchymal
transection. The entire stump of the hilar plate
should be oversewn to prevent bile leak. Preser-
vation solution is injected into the distal left
hepatic duct to check for leakage. At this point,
the LLS graft is ready for implantation.

A piece of donor vein graft is used to patch the
defect on the vena cava and the middle hepatic
vein (Fig. 9b). A primary closure of the defect is
not recommended because it can cause serious
impairment of venous outflow of the middle
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hepatic vein. The defect of the left hepatic duct on
the common hepatic duct is oversewn. Preserva-
tion solution is injected into the common bile duct
to check for leakage. Finally, the RTS graft is
ready for implantation.

Ex Vivo Split Technique

In the ex vivo split technique, a whole liver is first
retrieved in a standard fashion. As soon as the
liver is assessed visually and manually, recipient
teams should be notified of the estimated liver
weight. If available, intraoperative cholangiogram
can be performed to delineate biliary anatomy
before cross clamping. On the back table, vessels
and bile duct are divided as described in the sec-
tion of the in situ split technique. Parenchymal
transection can be performed by sharp transection
by a surgical knife or clamp-crushing technique.
Decent-sized vessels and bile ducts on the cut
surface should be tied or sutured to minimize
bleeding after graft reperfusion. During back
table preparation, the liver should be immersed
in cold preservation solution to avoid rewarming
of the liver.

Recipient Surgical Techniques

LLS Grafts

In pediatric recipients receiving the LLS graft,
total hepatectomy is performed by preserving the
native vena cava. Because the LLS graft usually
retains the celiac trunk but not the main portal
vein, the native portal vein should be left as long
as possible. To achieve excellent venous outflow
in small infants, a vertical cavotomy from the
common orifice of the hepatic veins needs to be
made to create a triangle-shaped large caval ori-
fice (Emond et al. 1993). Because the graft hilar
structures locate laterally in the right side of the
abdomen, adequate redundancy is necessary in
portal vein anastomosis to prevent stenosis. Bili-
ary reconstruction is usually performed with
hepaticojejunostomy with Roux-en-Y limb.
When the native bile duct is available, a duct-to-
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duct anastomosis can be done with comparable
outcomes to hepaticojejunostomy.

RTS Grafts

Because the RTS graft usually retains the entire
vena cava, caval reconstruction can be done with
either the piggyback or the standard technique.
For arterial reconstruction, the native hepatic arte-
rial branch should be preserved as long as possible
in case the graft right hepatic artery is small.
Sometimes, microsurgical technique is necessary
to safely perform the anastomosis. The medial
segment often looks ischemic due to the lack of
adequate inflow (Fig. 10). However, such change
is not associated with a higher risk of bile leak or
parenchymal necrosis. Therefore, resection of the
ischemic parenchyma is not required.

Hemiliver Grafts

As seen in other types of partial grafts, venous
outflow is important to successful left lobe SLT.
Since the size of the hemiliver donor is usually
larger than the recipient, the donor venous orifice
(the common channel of the left and middle
hepatic veins with a small caval patch) can be
directly anastomosed to the recipient caval orifice
that is created by all three hepatic veins merged
into one large orifice. This technique promises
perfect venous outflow of the left hemiliver
graft. The native portal vein and common hepatic
duct should be left long because the main branch
of the portal vein and hepatic duct are not retained
with the left lobe graft.

In the right lobe graft, caval anastomosis can be
done with either the piggyback or the standard
technique. When the vena cava is retained with
the right lobe graft, excellent venous outflow
almost always can be achieved with a new middle
hepatic vein draining into the donor vena cava
(Fig. 11). When the vena cava is not retained
with the right lobe, a complex venous reconstruc-
tion may be needed to avoid graft venous conges-
tion as seen in living donor liver transplantation.
Portal and biliary reconstructions can be done in
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Fig. 10 Ischemic area of
the medial segment in the
right trisegment graft after
implantation (black arrows)

Fig. 11 The right lobe
graft after implantation. A
new middle hepatic vein
created on the cut surface of
the graft drains the anterior
segment into the donor vena
cava (yellow arrows). White
arrowheads indicate caval
anastomoses. The graft is
transplanted in the standard
caval interposition
technique

the same fashion as whole liver transplantation.
For arterial anastomosis, the native hepatic artery
should be left long as described in the technique
for the RTS graft.

Because excessive portal flow into the small
partial graft can cause arterial insufficiency via
hepatic arterial buffer response, the hemiliver
graft in adults has a high risk of small-for-size
syndrome, particularly when graft size is marginal
(GRWR < 1.0 %), and the recipient physiology is
characterized by severe portal hypertension.

Portal venous pressure and flow volume can be
directly measured to assess the severity of
portal hyperperfusion. If necessary, surgeons
should have a low threshold to modify portal
inflow the split graft of marginal size (Boillot
et al. 2002). Splenic artery ligation, splenectomy,
and hemi-portocaval shunt are well-known tech-
niques for portal inflow modification. Of these,
the use of hemi-portocaval shunt is controversial
due to the risk of portal steal phenomenon (Lee
2015).
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Outcomes
LLS/RTS Grafts

In the last two decades, SLT has been widely
observed, particularly for the child/adult combi-
nation with LLS and RTS grafts. However, the
activity of this technique still accounts for less
than 5 % of the total number of liver transplants
in the United States and even fewer in Europe.
There is no doubt that SLT has helped decrease
liver transplant waiting list mortality in the pedi-
atric population. It is equally important that the
survival after pediatric SLT is equivalent or even
superior to whole liver transplantation. In contrast
to the excellent pediatric outcomes with LLS
grafts, the outcome for the adult population
receiving the RTS graft has been controversial
(Mallik et al. 2012). Due to the technical com-
plexity, the rates of biliary and vascular compli-
cations can be as high as 40 % and 25 %,
respectively. Despite the high risk of surgical
complications, the long-term survival of SLT
recipients using the RTS graft is satisfactory
(Doyle et al. 2013). Under favorable conditions
such as short cold ischemia (< 8 h), nonurgent
recipient status, and young donor age, outcomes
for the RTS graft are promising. Nowadays, expe-
rienced centers no longer consider the RTS graft
to be marginal (Maggi et al. 2015).

Hemiliver Grafts

Because experience with hemiliver SLT for two
adult recipients is limited, its routine use remains
controversial, particularly in countries where
MELD-based allocation regulates organ distribu-
tion. Further, technical and logistical challenges
are significant in precluding the efficient diffusion
of this technique. A recent Italian multicenter
study has shown that hemiliver SLT in adults
had significantly inferior 5-year survival com-
pared to whole liver transplantation (63 %
vs. 83 %) (Aseni et al. 2014). However, under
certain circumstances, the long-term survival of
the hemiliver graft is equivalent to whole liver
transplantation  or  living  donor  liver
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transplantation (Broering et al. 2005; Zambelli
et al. 2012; Lee et al. 2013; Hashimoto
et al. 2014). Biliary complications are the most
common surgical issue in hemiliver SLT with
incidence as high as 30-40 %. Vascular compli-
cations are not as frequent as biliary complica-
tions, but can be experienced at a rate as high as
20 %. According to the Cleveland Clinic experi-
ence, biliary complications were more frequently
seen in hemiliver SLT than whole liver transplan-
tation (32 % vs. 11 %), but generally could be
managed by endoscopic or radiologic intervention
and did not affect long-term survival (Hashimoto
etal. 2014).

Ethical Aspect of Split Liver
Transplantation

Creating two extended criteria split grafts from one
standard criteria whole liver has been a matter of
ethical debate (Vulchev et al. 2004; Collett
et al. 2008). Since SLT per se is a risk factor for
graft failure, especially when hemiliver grafts are
used in adults, we often come up with a question
about the pros and cons of SLT compared to waiting
for a subsequent liver offer of smaller size that could
be wholly transplanted. Although SLT has faced
logistical challenges and less favorable outcomes,
it gives recipients more opportunities to receive a
life-saving liver transplant. While concerns exist
about the general application of this highly complex
surgical technique, which uses a potentially high-
risk organ, SLT is expected to achieve comparable
or even superior survival to whole liver transplan-
tation. By addressing known challenges and
gaining successful experience, sharing deceased
donor livers through SLT is possible even with
other transplant centers that generally have different
strategies. To justify more frequent use of SLT,
further accumulation of successful outcomes and
general consensus between centers is necessary.
Finally, it should be noted that recipients have the
unequivocal right to refuse an offer of a split graft.
With complete and accurate information, thorough
discussion of the risks and benefits of SLT with the
liver transplant candidates should take place at the
time of evaluation, listing, and organ offer.
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Conclusion

SLT is a valid technique to increase the opportu-
nity for both children and adults who are in need
of life-saving liver transplantation. After more
than two decades of experience, we know that
this highly complex surgical technique is feasible
and can achieve excellent outcomes under certain
circumstances. Despite differences in surgical
techniques among centers, various techniques
work well, almost equally, including ex vivo
vs. in situ, pediatrics vs. adults, and split
vs. whole liver. Although technical, logistical,
and ethical challenges are still not completely
overcome, the transplant community should be
encouraged to use split grafts to address the cur-
rent severe donor shortage.
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Abstract

Adult living donor liver transplantation
(LDLT) has become a life-saving procedure
due to the limited availability of deceased
donor organs in many parts of the world. It
continues to be a technically challenging pro-
cedure and involves inherently complex ethical
issues. Donor safety remains the priority; how-
ever, a successful recipient outcome after
LDLT is also paramount.

The safety margin is small for both recipient
and donor, each case should be tailored to the
patients, and every step of the procedure must
be planned and performed meticulously.

Over the last two decades, many of the
issues related to the technical design of adult
LDLT procedures have been solved; there does
however remain room for further innovation. A
better understanding of the complex surgical
anatomy and physiologic differences of adult
LDLT helps avoid small-for-size (SFS) graft
syndrome, graft congestion from outflow
obstruction, and graft hypoperfusion from por-
tal flow steal. Size limitations of partial grafts
and donor safety issues can be overcome with
dual grafts and modified right lobe (MRL)
grafts that preserve the donor’s middle hepatic
vein trunk.

LDLT is a more complex operation than
DDLT, requiring delicate dissection around
the hilum as high as possible in order to obtain
maximum length of individual structures,
allowing for implantation of the smaller-sized
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living partial liver graft vessels. For technically
successful LDLT, the following four condi-
tions should be satisfied: adequate graft vol-
ume to avoid small-for-size syndrome, good
outflow to avoid congestion, adequate portal
inflow to enhance graft regeneration, and
secure bile duct anastomosis to avoid biliary
leak. However, the risk of surgical complica-
tions still remains higher when compared to
DDLT. Crucial to maintaining good outcomes
following LDLT is a robust multidisciplinary
approach with surgical, radiological, and med-
ical teams and a wide range of ancillary
services.

Keywords

Living donor liver transplantation ¢ Right lobe
e Left lobe ¢ Dual graft ¢ Intraoperative
portogram * Bile duct « Hepatic artery « Hepatic
vein ¢ Portal vein

List of Abbreviations

3DCT Three-dimensional computed
tomography
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BD Bile duct

BS Biliary stricture

DDLT Deceased donor liver transplantation

ERL Extended right lobe graft

GRWR  Graft-to-recipient weight ratio

GSV Great saphenous vein

HA Hepatic artery

HPCS  Hemiportocaval shunt

HTK  Histidine-tryptophan-ketoglutarate

HV Hepatic vein

IOCP  Intraoperative cineportography

IOUS  Intraoperative Doppler ultrasound

IRHV  Inferior right hepatic vein

vc Inferior vena cava

LDLT Living donor liver transplantation

LHA  Left hepatic artery

LL Left liver

MELD Model for end-stage liver disease

MHV  Middle hepatic vein

MRI Magnetic resonance imaging

MRL  Modified right lobe

PTFE  Polytetrafluoroethylene

PV Portal vein
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RHA  Right hepatic artery

RL Right liver

SFS Small-for-size

SHV Short hepatic vein

Uw University of Wisconsin

V5 Middle hepatic vein tributaries of
segment 5

V8 Middle hepatic vein tributaries of
segment 8

Introduction

Living donor liver transplantation (LDLT), par-
ticularly in Asia, became the most common type
of liver transplantation because of the scarcity of
deceased donor liver grafts.

LDLT using left lobe grafts for children
(Ozawa et al. 1992) and adults (Hashikura
et al. 1994) proliferated in Japan. This procedure
has not become widespread due to the inability of
these relatively small-sized grafts to meet the met-
abolic demands of all adult recipients. To over-
come the inadequate graft volume and poor results
which were encountered by adult recipients with
left lobe grafts, transplantation with a right lobe
liver graft was introduced for adult recipients in
1996 (Lo et al. 1997).

The surgical technique of deceased donor liver
transplantation (DDLT) and pediatric and adult
LDLT using left liver (LL) graft has been stan-
dardized; however, LDLT using right liver graft is
often technically challenging due to multiple bil-
iary and complex hepatic vein (HV) reconstruc-
tions. The incidence of biliary complications
remains high after right lobe LDLT (Fan
et al. 2002), and acceptance criteria of right liver
(RL) grafts related to the multiplicity of ducts
varies among transplant centers (Liu et al. 2004).
In addition, outflow occlusion and congestion
remain potential hurdles (Lee et al. 2001b).
Despite these technical challenges, ongoing inno-
vations have advanced RL LDLT to allow for
results comparable to DDLT in many specialized
centers. Attention to middle hepatic vein (MHYV)
reconstruction has been a critical factor
(Lo et al. 1999b). Severe stenosis and/or throm-
bosis of the portal vein can be included as an
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indication of LDLT by application of PV
thrombectomy, plasty, and intraoperative
cineportography (IOCP) or sometimes various
innovative jump graft from the splanchnic bed
(Moon et al. 2007).

Not all potential donors can donate their
RL. Safe donation is possible only when the esti-
mated remnant liver volume is more than 30 %
(Fan et al. 2000) and the volume of the right lobe
in the potential donor is more than 70 % to the
volume of the whole liver. If a large-sized recipi-
ent requires more graft volume than expected liver
graft volume from a single donor, dual-graft
LDLT may be an alternative in which two grafts
from two donors are transplanted into one recipi-
ent (Lee et al. 2001a).

Perioperative Considerations

Compared with DDLT, more aggressive peri- and
postoperative care of adult LDLT recipients is
crucial to achieve comparable outcomes. The
degree of portal hypertension is a crucial
intraoperative risk factor in adult LDLT.

Favored skin incision for recipients is a bilat-
eral subcostal incision with midline extension or
inverted T-shape incision. The surgical technique
used for recipients is based on whole liver

Fig. 1 The four major
prerequisites for
technically successful
LDLT are the following:
adequate graft volume to
avoid SFS graft syndrome,
sufficient PV inflow for

Adequate
Graft Volume

N
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resection with preservation of the inferior vena
cava (IVC) (Tzakis et al. 1989). For technically
successful LDLT, the following four conditions
should be satisfied: (1) adequate graft volume in
order to avoid small-for-size syndrome, (2) ade-
quate outflow in order to avoid congestion,
(3) adequate portal inflow to enhance graft regen-
eration, and (4) a secure bile duct anastomosis to
avoid biliary leak (Fig. 1) (Moon and Lee 2009).

Operative Procedure
Recipient Hepatectomy

The surgeons need to be aware of both recipient
and donor anatomy and must also have a specific
plan for how to manage any recipient anatomical
problems including the hepatic artery (HA), portal
vein (PV), hepatic vein (HV), and bile duct (BD).
In addition, there must be a plan for how to main-
tain adequate portal inflow without portal flow
steal in the presence of large portosystemic collat-
erals, massive splenomegaly with enlarged
splenic artery, and small graft size with less than
1.0 graft-to-recipient weight ratio (GRWR).

At the time of surgery, the recipient’s abdomen
is prepared and draped; simultaneously prepara-
tion and draping of the left groin and thigh may

Secure BD
Anastomosis

* no leak, no stricture

7~

* no Hemobilia

liver graft regeneration,
good HV outflow to prevent
graft congestion, and a
secure BD anastomosis to
prevent sepsis. BD bile
duct, HA hepatic artery, HV
hepatic vein, LDLT living
donor liver transplantation,
PV portal vein, SF'S small-
for-size

* Avoidance of Portal Flow Steal
* no Redundancy anastomosis
* no Stenosis by Growth Factor

Technically Successful LDLT l

e

N

Good
Outflow

* no Congestion

* no Stretching of anastomosis
* Wide Ostium

Use of Branch-Patch of PV bifurcation

m o Ligation of splenic artery, gastroduodenal artery
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also be necessary to access the great saphenous
vein (GSV) often used for reconstruction on the
back table and also for graft implantation in the
recipient.

Before beginning perihepatic dissection, a full
laparotomy should be performed, and the decision
made as to when the preoperatively planned inter-
ventions should be undertaken, i.e., splenic artery
ligation, splenectomy, isolation of portosystemic
collaterals, etc. Usually splenic artery ligation or
isolation of splenorenal shunt causing portal flow
steal is undergone at the initial stage because
edematous changes of bowel and mesentery after
liver graft implantation might hinder those pro-
cedures. Other tasks, such as interruption of
portosystemic collaterals and splenectomy, are
performed after engraftment.

Using electrocautery, both coronary and trian-
gular ligaments are divided; the detachment
should be performed along the avascular plane.
In some cases, however, it is more effective to peel
off the hepatic capsule by thorough cauterization
of both diaphragmatic and hepatic surface and
ligation of sizable diaphragmatic vessel so as to
reduce intraoperative bleeding when perihepatic
collateral vessels or dense adhesions are present,
such as in salvage or re-transplantation. After
adrenal detachment, hemostasis of the perihepatic
area becomes easier, and there should be minimal
bleeding before dissection of retrohepatic IVC is
begun. The following step is often dissection of
hepatic hilum prior to retrohepatic IVC dissection.
This takes into consideration the possibility of
significant bleeding and/or technical difficulty
depending on the extent of caudate lobe hypertro-
phy, Budd-Chiari syndrome, etc. Early dissection
and division of hilar structures can facilitate the
following procedures with less bleeding, particu-
larly in salvage LDLT patients who have under-
gone previous major hepatectomy or in secondary
biliary cirrhosis patients who underwent repeated
surgery for biliary problems. Venovenous bypass
through the inferior mesenteric vein or PV or
temporary portocaval shunt may be helpful to
reduce bleeding and splanchnic congestion during
total hepatectomy and the anhepatic phase.

The main technical principle of dissection of
the hepatic hilum is to preserve implantation
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options by maintaining the length and integrity
of all hilar structures. In particular, meticulous
dissection of the hepatic artery to obtain a suffi-
cient length and adequate diameter is very impor-
tant in order to match with the small hepatic artery
opening of the partial liver graft without tension
and to avoid intimal dissection of the recipient
hepatic artery, such as is often encountered during
hilar dissection of a recipient with portal hyper-
tension. Alternatives are not easily achievable
because of the vessels’ small diameter of usually
less than 3 mm, in contrast to the diameters of the
BD and PV.

When cholecystectomy is performed, the cys-
tic duct is divided close to the neck of the gall
bladder in order to preserve as much of its length
as possible in case the cystic duct might be neces-
sary for duct-to-duct anastomosis of where two
bile duct openings are present on the liver graft
with a wide gap between them. When LL implan-
tation is being planned, the left hepatic artery
(LHA) is isolated first at the left hilum and then
dissected up to the umbilical portion of the left
hilum in order to get enough length and also to get
the branch patch of hepatic segment 2 and 3 HAs
to accommodate the often larger graft hepatic
artery. When RL implantation is planned, this
step is a type of insurance procedure, and it is
important for a surgeon to proceed following dis-
section in a comfortable situation. Dissection of
the middle and right HA should be performed
with preservation of the periductal connective
tissue encompassing the axial periductal microcir-
culation in order to avoid posttransplant biliary
complications related to ischemia. The right
hepatic artery (RHA) should be freed up to the
anterior and posterior branches so as to overcome
size disparity between the graft and the recipient
HAs. Division of HAs without ligation in the
recipient side is better than ligation of both sides
in order to obtain longer hepatic arteries and to
avoid intimal injury.

The division site of bile duct should be decided
by size and number of ductal openings of the graft.
Pre- and intraoperatively, there should be commu-
nication between the recipient and donor surgeons
regarding the cholangiogram. If multiple ductal
openings are expected and also situated widely
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apart in the graft, the Glisson tissue containing the
duct in the recipient should be divided at a high
level in the hepatic hilum in order to create mul-
tiple ductal orifices with wide distances between
those of both corners.

The last structure in the hilum to be further
identified is the PV. The PV is usually dissected
toward the right and left bifurcation of the main
PV. For dual-graft LDLT and/or obtaining autog-
enous vessel graft to use for graft implantation, the
PV needs to be dissected toward and beyond the
takeoff of the right anterior, posterior, and left
portal branches up to the umbilical portion. As
for the extent of PV dissection to the opposite
side, the PV is mobilized down at least 2 cm in
length from the portal bifurcation toward the
superior margin of the head of the pancreas.

During the anhepatic phase in LDLT, portal
bypass is usually not the preferred procedure
because most recipients tolerate portal clamping
without hemodynamic instability due to
maintaining caval flow, and construction of
hepatic and portal vein anastomoses requires less
than 60 min. LDLT using a right lobe graft,
excluding extended right lobe, left lobe, and
dual-lobe LDLTs, does not require systemic
bypass because the piggyback technique allows
partial clamping of the vena cava with a side-
biting clamp and without hemodynamic
instability.

The next step is division of the gastrohepatic
ligament. At the time of left liver or dual-graft
LDLT, if a LHA arises from the left gastric artery,
this should be dissected as long as possible for
arterial reconstruction of the implanted liver graft.
The caudate lobe of the liver is detached from the
IVC using a left-side approach in order to enhance
the retrohepatic dissection as much as possible.

Before the removal of the recipient’s liver, an
autologous GSYV is retrieved from the groin, most
commonly on the left side, because the right side
is usually used for placement of the femoral artery
and vein cannulation by the anesthesiologist.

Considering the harvest time of donor graft and
the duration of the bench procedures, the diseased
liver is removed as late as possible to reduce
anhepatic phase. Hepatic veins (HVs) are divided
individually using a vascular clamp instead of an
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endovascular stapler because the recipient’s HV
openings should be used for anastomosis with the
graft HVs after venoplasty.

Anhepatic Phase

Recipient Side

After recipient hepatectomy, bleeding control
should first be performed. A frequent bleeding
site during this phase includes the retrohepatic
dissection area, and particular care should be
given to the inferior phrenic artery and adrenal
gland because they are difficult to expose after
engraftment, and bleeding from these sites often
occurs during the postoperative course.

Optimal venous outflow is critical for the suc-
cess of an LDLT. Making a wide HV orifice in the
recipient to accommodate the corresponding
donor HV is an essential preparatory step for the
engraftment.

For anastomosis of reconstructed MHV tribu-
taries of the modified right lobe (MRL) graft, the
septum between the recipient’s middle and left
HYV is usually divided, and a single large opening
is made using unification venoplasty. Several
Allis clamps are placed at the end of the middle
and left HV stump, after which the previously
applied clamp is removed so as to facilitate deep
placement of side-biting clamp to the right hepatic
vein (RHV) and including the anterolateral wall
of the IVC.

Inappropriate ventrodorsal matching of the
graft-recipient RHV anastomotic sites was found
to be a significant risk factor for the development
of RHV stenosis (Hwang et al. 2010). For
RHV venoplasty, a large side-biting clamp is
placed on the RHV; inclusion of the anterolateral
wall of the IVC is necessary. A longitudinal
incision only toward caudal side or both longitu-
dinal and transverse incisions of the RHV with the
IVC wall toward caudal and ventral sides as
well as a wide patch plasty using bisected autolo-
gous vessel grafts such as GSV, PV, or
cryopreserved iliac vessels are performed. These
methods result in acceptably low incidences of
early onset RHV stenosis (0-2 %) (Hwang
et al. 2010).
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For reconstruction of large short hepatic veins
(SHVs), deep and secure side clamping of the
IVC is required in order to prevent unnecessary
tension during the anastomosis. It is usually there-
fore necessary to extensively dissect greater than
half of the suprarenal IVC, and some branches of
the right adrenal veins to the IVC need to be
divided (Hwang et al. 2012a).

Back-Table Procedures

Vascular plasty or reconstruction may be required
at the back table as a preparation for engraftment.
MHYV tributaries of the RL graft should be
reconstructed using autogenous vessels harvested
from recipient, deceased donor iliac vessels, or
synthetic vascular graft. The RHV of the RL
graft and the trunk of the middle and left HV of
the LL graft may require venoplasty using previ-
ously mentioned vessel grafts in order to prevent
HV outflow obstruction. When single or multiple
SHVs larger than 5 mm in caliber are present,
venoplasty is performed according to the previ-
ously described guidelines (Hwang et al. 2012a).
If two separate pig’s nostril-shaped PV orifices
(right anterior and posterior branches) in the RL
graft are present due to type III or II PV variants,
the recipient’s Y-graft of PV bifurcation prepared
from the recipient’s hilar dissection can be used to
make a single PV opening with adequate length of
the neck for simple and safe anastomosis during
engraftment (Lee et al. 2003b). When the recipi-
ent’s native PV cannot be used for the Y-graft due
to severe PV stenosis, or closely attached hepato-
cellular carcinoma, circumferential fencing of PV
by using autogenous bisected GSV or Y-graft from
cadaveric fresh iliac vein branches can be used as
an alternative (Guler et al. 2013).

Likewise, if two arteries are present in the
graft, arterial reconstruction can be performed
using a recipient’s HA Y-graft including the
proper, right, and left hepatic artery on the back
table wunder optimal conditions (Marcos
et al. 2001). However, two separate HA anasto-
mosis under a microscope using mostly recipi-
ent’s lobar or sectoral HAs after reperfusion
might be preferred in order to avoid recipient
bile duct ischemia and size discrepancy between
graft and recipient HAs. Therefore, the recipient
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HA 1is dissected as high as possible in order to
obtain a long-length and size-matched
HA. Rarely, the HA in the graft may be acciden-
tally injured during harvesting procedure, be too
short, or be located at the posterior side of the PV
with a short stump, all making reconstruction of
HA in the recipient’s side very difficult or even
impossible. Under the microscope on the back
table, repair of the injured HA or lengthening the
HA using a previously dissected and size-matched
recipient’s sectoral or segmental HA segment is
possible.

If more than two separate orifices of the bile
ducts are not too far apart or pig’s nostril-shaped
orifices are present, unification ductoplasty can be
performed to create a large single opening.

These back-table reconstructions may require
up to 2 h due to complex anatomy of the HV, PV,
and BD. The procedures should therefore be
performed while the liver graft is submerged in a
4 °C cold, preservation solution inside an
ice-packed container.

Graft Implantation

Hepatic Vein Anastomosis

To obtain optimal venous outflow, not only the
anastomosis itself but also the positioning of the
graft needs to be considered. A change in graft
position due to regeneration can cause outflow
problems. Venoplasty of the recipient’s HV
extended to the IVC wall to make an oval-shaped
wide orifice with adequate length of the neck may
help to minimize the outflow complications, even
though slight torsion of the anastomosis occurs
and causes outflow stenosis. The recipient’s HV
needs to be maximally incised longitudinally
and/or transversely and then attached like a
fence by using autologous vein patch with a
thick wall. For proper alignment at the time of
HYV anastomosis, two 5—0 nonabsorbable sutures
with double needle arms are placed at the cephalic
and caudal ends of both the graft and the recipi-
ent’s HV. Venting of the liver graft on reperfusion
is usually not necessary in LDLT when histidine-
tryptophan-ketoglutarate (HTK) solution is used
as it has low potassium content.
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Portal Vein Anastomosis

As mentioned in Fig. 1, adequate portal flow is
essential for successful LDLT. The PV anastomo-
sis is performed using the recipient’s PV trunk or
with PV bifurcation to avoid redundancy of the
PV anastomosis. Occasionally, the recipient right
or left PV branch is used due to better size match
or more favorable alignment than the PV trunk.
The PV anastomosis must be constructed without
tension, redundancy, or twisting. The preferred
suture material is 6-0 Prolene, and the anastomo-
sis is generally performed in a running fashion,
incorporating sufficient “growth factor” (Starzl
et al. 1984).

In recipients with severe PV thrombosis who
cannot undergo a thrombectomy and/or PV plasty
to enlarge the diameter of PV, mesenteric or
renoportal interposition grafts are necessary
using a cadaveric iliac vein or a polytetrafluor-
octhylene (PTFE) vascular graft (Moon
et al. 2011). Patients who require caval transposi-
tion or arterializations of the PV or both are at
significantly higher risk of morbidity and mortal-
ity and are perhaps inappropriate candidates for
LDLT because adequate portal inflow is manda-
tory for partial liver graft regeneration.

Prevention of Portal Hyperperfusion or
Portal Flow Steal

Virtually all living donor liver grafts in adult
recipients are relatively small-for-size (SFS) and
require optimal portal inflow for immediate graft
regeneration, particularly when GRWR is less
than 0.7-0.8 %. Portal hyperperfusion can cause
excessive shear stress against sinusoidal cell of a
SFS graft, which is known to be the primary cause
of the SFS syndrome (Troisi et al. 2005). Various
remedial procedures such as splenic artery liga-
tion, splenectomy, and small-caliber
hemiportocaval shunt (HPCS) creation have
been utilized to modulate portal inflow (Kiuchi
et al. 2003). High portal pressure is related how-
ever to not only to portal blood flow, but also to
liver graft outflow resistance. The safest and most
effective way to manage portal hyperperfusion in
a SFS graft is provision of good HV outflow and
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modulation of high portal venous flow (PVF) and
pressure (PVP) by splenic artery ligation or sple-
nectomy (Ito et al. 2003; Ogura et al. 2010). Sple-
nectomy is usually not indicated to decrease portal
hyperperfusion because of its inherent complica-
tions such as bleeding, pancreatic fistula, abscess
formation, PV  thrombosis, and serious
postsplenectomy infections. HPCS may trigger
portal hypoperfusion and result in encephalopa-
thy, graft atrophy, and even allograft necrosis,
which may occur during the first 2 weeks postop-
eratively due to portal flow steal (Moon
et al. 2008); thus, permanent HPCS is not an
appropriate choice for resolving portal hyperten-
sion. In the author’s experience, PVF >250
mL/min/100 g graft weight or early elevation of
PVP >20 mmHg after reperfusion is not associ-
ated with poor outcomes in SFS grafts as long as
perfect venous outflow is provided and portal flow
steal is completely interrupted. Considering portal
flow steal phenomenon, it is not an issue limited to
small-for-size grafts having less than GRWR
<0.8 % undergoing HPCS, but a common issue
in the field of LDLT using partial liver grafts with
more than GRWR >0.8 % and having sizable
spontaneous portosystemic collaterals (Lee
et al. 2007; Moon et al. 2008).

Intraoperative Doppler ultrasound (IOUS) has
been used to ensure hemodynamics of the
implanted liver graft. IOUS however has diffi-
culty in evaluating correct anatomical and hemo-
dynamics parameters of portosystemic collaterals.
Even when IOUS showed adequate portal inflow
during LDLT, portal flow steal syndrome can
manifest a few days after LDLT. To overcome
the limitation of IOUS, IOCP has been used to
evaluate portal flow to liver graft and to detect
stealing hepatofugal flow through persistent
portosystemic collaterals (Moon et al. 2007)
(Fig. 2). In addition, IOCP is therapeutically uti-
lized to complete interruption of surgically inac-
cessible portosystemic collaterals by coil
embolization and to treat PV stenosis interfering
with hepatopetal flow by stent placement (Kim
et al. 2007). Measurement of PVP and PVF is
stopped after introduction of IOCP and MHV
reconstruction. To properly manage the potential
small-for-size graft syndrome that may develop,
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mesenteric vein|

persisting
Collateral vein

Superior |

Fig. 2 TIOCP may salvage liver graft from portal flow
steal. (a-1) IOCP and (a-2) the schema after engraftment
demonstrate persistent PV stenosis in the intrapancreatic
portion (black arrowheads) and portal flow steal through
persisting sizable collateral (white arrowheads). (b-1) PV
stent was placed, and ligation of the collateral vein was
performed under guidance of a guidewire through the
inferior mesenteric vein during IOCP. Portal flow steal
through the collateral vein was not shown (white

both modulation of graft hyperperfusion by exces-
sive portal hypertension and abolishment of portal
flow steal through spontaneous or surgically cre-
ated portosystemic collaterals are equally
important.

Hepatic Arterial Anastomosis

In LDLT, arterial anastomosis is performed after
reperfusion in most cases as the donor hepatic
artery is thin, small, and short and the anastomosis
is tedious and often a time-consuming work
requiring great attention. The diameter of the
donor hepatic artery particularly in Asians is less
than 3 mm in more than three-quarters of the

arrowhead), but intrapancreatic PV stenosis was not
completely relieved (black arrowheads). (b-2) Balloon
dilatation (black arrowheads) of the remnant PV stenosis
was performed additionally. (¢) Follow-up 3D CT after
45 months post-LDLT revealed a patent PV stent without
stenosis and disappearance of a large collateral with good
liver graft regeneration. CT computed tomography, /OCP
intraoperative cineportography, LDLT living donor liver
transplant, PV portal vein, LRV left renal vein

donors (Inomoto et al. 1996; Okochi et al. 2010).
These small anastomoses are generally performed
in an interrupted fashion with 9-0 or 10—0 Prolene
sutures under operating microscope. Introduction
of microsurgical technique instead of surgical
loop magnification has resulted in a decreased
HA complication rate (Inomoto et al. 1996).
Selection of the recipient’s HA for the anastomo-
sis is decided primarily by size matching with the
donor HA. When there is size disparity, the branch
patch technique using small branches of donor or
recipient HA is useful for wide and tension-free
anastomosis (Aramaki et al. 2006). The length,
condition of the arterial wall, and feasibility of
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stable positioning during anastomosis are also all
important factors for choosing the anastomotic
artery.

In many cases of LL and a few cases of RL
grafts, multiple donor hepatic arteries are present.
Whether all accessory vessels require reconstruc-
tion remains debatable (Ikegami et al. 1996;
Suehiro et al. 2002). All hepatic arteries, including
replaced and accessory arteries, are however
essentially necessary arterial inflows because
hepatic arteries are end vessels that supply a spe-
cific area of the liver. In addition, it remains some-
what unclear what impact a smaller ligated artery
in the presence of good pulsatile backflow has on
the arterial blood supply to segmental bile ducts
(Suehiro et al. 2002). Reconstruction of all hepatic
arteries is therefore performed to reduce possible
HA complications, particularly related biliary
complications that remain the Achilles’ heel
of LDLT.

When extended intimal dissection occurs after
hilar dissection of the recipient, a destructed HA is
present related to previous transarterial
chemoembolization, or HA thrombosis occurs
after LDLT; the right gastroepiploic artery can be
commonly usable for alternative HA inflow (Ahn
et al. 2005). The right gastroepiploic artery is
straightforward to dissect, is free from limitation
of length, is frequently enlarged as a compensatory
mechanism, and is feasible to perform anastomosis
with a sizable graft HA. The right gastric artery,
gastroduodenal artery, left gastric artery, splenic
artery, inferior epigastric artery, internal iliac artery,
sigmoid artery, inferior mesenteric artery, radial
artery, and saphenous vein are also useful interpo-
sition grafts for extra-anatomical HA reconstruc-
tion (Uchiyama et al. 2010). When saphenous vein
graft for HA reconstruction in LDLT must be used,
a saphenous vein harvested from the ankle area is
preferred to reduce pseudoaneurysm formation
because it has a thick and strong wall and its caliber
is usually well matched to that of the graft
HA. Occasionally, an interposition graft from the
infrarenal aorta using a fresh cadaveric artery or
GSV is necessary for the arterial reconstruction
when the recipient hepatic artery is thrombosed or
obliterated all the way to the origin of the celiac
axis.
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Biliary Reconstruction

Biliary complications adversely affect the recipi-
ent’s quality of life and can occasionally even
cause graft loss and death (Liu et al. 2004). Care-
ful management in the intraoperative and postop-
erative period to reduce or treat the expected
biliary complications is essential to prevent poor
outcomes.

Hepaticojejunostomy with stent or without
stent was once the standard biliary reconstruction
method. More recently duct-to-duct (D-D) anas-
tomosis became the standard technique for its
several advantages over hepaticojejunostomy
(Shah et al. 2007). Regardless of technique used,
a patient with multiple ductal openings has a
higher incidence of biliary stricture (BS) than
those with single duct. When a LL graft is used,
bile duct reconstruction is generally straightfor-
ward because 88 % of cases have single ductal
orifices. In contrast, nearly 50 % of RL grafts have
two or three ductal orifices, and often two orifices
are more than 1 cm apart.

When RL grafts are to be used, precise inves-
tigation of the donor’s biliary anomalies is of
paramount importance to minimize the number
of ductal reconstructions and to avoid injury to
the donor’s BD near the hepatic duct confluence.
To obtain united bile duct openings, the right
hepatic duct should be divided accurately by
localizing the division site using a rubber-band
tagging method after near-complete parenchymal
transection (Lee et al. 2002) (Fig. 3).

Ductoplasty is not suitable for ductal orifices
that are further apart than the diameter of the
larger ductal orifice. Inappropriate approximation
of two ductal orifices under tension may cause
ischemia, leakage, and subsequent stricture of
anastomosis. Hepaticojejunostomy is a better
option in this situation. During ductoplasty, sim-
ply joining medial walls of two ducts will narrow
the longitudinal diameter of a new opening and
may further increase the risk of BS. Here
septoplasty to make a much larger orifice is nec-
essary to facilitate reconstruction and reduce BS
formation (Fan et al. 2002).

The confirmation of viability of the donor and
recipient bile ducts before reconstruction of duct-
to-duct anastomosis is important to reduce biliary
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Fig. 3 Rubber-band tagging method for bile duct divi-
sion. (a) Schema of rubber-band tagging method during
right hepatic duct division in RL donor hepatectomy. (b)
Intraoperative cholangiography shows two short segments

complications; the viability is decided by the pres-
ence of pulsatile arterial bleeding from the cut
ends of the BD (Dulundu et al. 2004). The recip-
ient duct opening needs to be one and half times
larger than the size of the fully expanded graft
duct opening in order to reduce BS.

The role of stenting in biliary anastomosis cre-
ation is controversial (Liu et al. 2004). For a large
ductal opening, a stent may not be necessary. For
small openings, stents may help prevent occlusion
of the anastomoses by edema in the early postop-
erative period or prevent technical error such as
catching of the posterior wall during placement of
the anterior row of sutures. Routine use of small
external drainage tubes exiting via the anterior
wall of the common hepatic duct is preferred for
several reasons. Firstly, biliary drainage can pre-
vent leakage by minimizing intraductal pressure at
the anastomotic site. Secondly, external drainage
tubes can help keep lumens open in the early
postoperative period. This may be important par-
ticularly when dealing with a very small (<2 mm)
accessory ducts or a spiral cystic duct. Thirdly, it
allows collection of information about bile pro-
duction and hence about graft function. In addi-
tion, cholangiography can be performed to

Rfugg_ber band
‘markers

e

of radiopaque rubber-band marker sutured transversely
2 mm apart on the presumed division site of bile duct,
and three bile duct openings are expected to come out.
RL right lobe

determine occurrence of leakage or stricture
(Hwang et al. 2006b; Kasahara et al. 2006). The
overall incidence of BS in the Asan Medical Cen-
ter LDLT using right hemiliver has been less than
10 % in single ductal openings, 14 % in a
ductoplasty opening, 24 % in two ductal open-
ings, and 70 % in three ductal openings. All BS
have been managed nonsurgically except three
adult LDLT patients. Expert and dedicated inter-
ventional radiologists and endoscopists are abso-
lute prerequisites to tackle the biliary
complications in adult LDLT programs.

Operative Procedures According
to the Graft Type

MRL (RL with Reconstructed MHV
Tributaries) Graft

Currently, MRL graft is commonly used for adult
LDLT. The MHV tributaries (V5 and V8) draining
the anterior segment (AS, Couinaud segments
5 and 8) had not been reconstructed prior to the
introduction of MRL grafts in April 1998 at the
Asan Medical Center (Gyu Lee et al. 2002).



6 Live Donor Liver Transplant

109

widening slit-incision

widening slit incision

-

Fig. 4 The schema of alleviating anastomotic stenosis
of V5 and V8. Widening of the caudal slit incision of
orifices is made at the back table, especially when the
caliber of V5/V8 is less than 10 mm. Length of caudal
incision is recommended to be not more than 30 % of the

Initially RL graft without reconstruction of V5
and V8 resulted in severe congestion of the AS,
prolonged massive ascites, severe hepatic dys-
function, and even death (Lee et al. 2001D).

Preoperatively sizable V5 and V8 (caliber >5
mm) on 3D CT should be planned for reconstruc-
tion of MHYV tributaries. Intraoperative estimation
of congested volume of the AS in the donor can be
made simply and accurately after complete tran-
section of liver parenchyma. Discoloration of the
liver surface of the AS will occur after 5 min of
hepatic artery clamping.

Congestion of the AS in an RL graft without
MHY occurs in 85-88 % of patients to varying
degrees. Thus, an MRL graft must be considered
particularly when the patient is seriously ill

Cryo-iliac vein
interposition graft

wide Anastomosis

widening slit incision

diameter of V5/V8. BD bile duct, IRHV inferior right
hepatic vein, PV portal vein, RHA right hepatic artery,
RHYV right hepatic vein, V5 middle hepatic vein tributary
of segment 5, V8 middle hepatic vein tributary of
segment 8

(MELD >20), the graft size is relatively small
(GRWR <1), the graft is obtained from an older
donor (>50 years), the MHV is dominant over the
RHV on the donor’s three-dimensional computed
tomography (3D CT) or magnetic resonance
imaging (MRI), and the AS is larger than the
posterior sector by volumetry CT.

Early stenosis or occlusion between V5/V8
and the interposition vascular graft is higher
when the orifice of V5/V8 is smaller or the inter-
position graft caliber is smaller than 10 mm. To
alleviate anastomotic stenosis of V5/V8, the slit
incision of the orifices is widened in the caudal
direction on the back table, and this simple proce-
dure enlarges the orifice’s circumference nearly
threefold (Fig. 4). As an interposition vascular
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Fig. 5 Placement of a composite vessel patch to offset
stenosis-inducing tissue reaction and to avoid tearing of
thin-walled V5/V8 during suture when using PTFE
graft. (a) First, small caudal incision (thick black arrow)
(al and 2) is made at V5/V8 to widen orifice (a3). (b)
Composite thick-walled vascular patch (cryopreserved

artery or autogenous GSV) is interposed. (c)

graft, the autologous GSV, PV, dilated umbilical
collateral vein, and HV excavated from the
resected liver have all been used (Gyu Lee
et al. 2002). Generally, a cryopreserved deceased
donor iliac vein is the best conduit because of its
adequate diameter (>10 mm), simplicity, and
excellent early patency rate (90 %). When
cryopreserved homologous vessel grafts are not
available, a synthetic vascular graft, expanded
PTFE graft, can be used, but these have a low
patency rate reported, 1- and 4-month patency
rates of 80.8 % and 38.5 % (Yi et al. 2007). To
improve this patency rate, only ringed PTFE graft
of larger caliber (internal diameter >10-12 mm)
combined with placement of composite vessel
patches (autologous GSV, cryopreserved artery
from tissue bank) between V5/V8 and the PTFE
graft has been used (Hwang et al. 2012c). To
decrease V5/V8 reconstructions, adjacent tribu-
taries are united into a single common opening
with an intervening GSV or a cryopreserved arte-
rial patch between them on the back table.
Placement of composite vessel patches offsets
the stenosis-inducing tissue reaction of PTFE
grafts to the direct anastomotic site of V5/V8,
avoids tearing the thin-walled V5/V8 during

Corresponding site of ringed PTFE graft is elliptically
excised and anastomosed for wide patency (white arrow-
heads). GSV great saphenous vein, PTFE polytetrafluor-
oethylene, RHV right hepatic vein, 5 middle hepatic vein
tributary of segment 5, V'8 middle hepatic vein tributary of
segment 8

suture, yields large orifices, and allows redun-
dancy without subsequent buckling of V8 anasto-
mosis forming a naturally coursing conduit
appearance (Fig. 5). Currently, expected short-
and midterm patency rates of cryopreserved iliac
vein allograft and ringed PTFE grafts are 90 % at
1 month and >60 % at 6 months at the Asan
Medical Center. In regard to infection of PTFE
grafts, none of the patients with PTFE grafts
(n >350) have experienced significant infection.
Antiplatelet therapy with aspirin is maintained for
6 months for PTFE graft patency.

These interposition vein grafts are anasto-
mosed mainly to the recipient’s middle and left
HV trunk or sometimes directly to the IVC by a
continuous 6-0 or 5-0 Prolene suture after the
liver graft has been reperfused by the portal vein.

RHV Reconstruction

The RHYV is the primary outflow pathway for RL
grafts, and its successful reconstruction is essen-
tial for full graft function. Right lobe grafts how-
ever undergo rapid regeneration in all directions
within 2-3 weeks within the limited right
subphrenic space; this may compress the RHV
anastomotic site (Lee 2006). To cope with this
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Fig. 6 Recipient RHV widening plasty to counteract
conformational change at the anastomotic site by com-
pression of the regenerating liver graft. (a) Recipient
2.5 cm RHV orifice is partially clamped. (b) Downward
and/or transverse incision into [VC compatible to the diam-
eter of the enlarged graft’s RHV is made, and a reservoir

conformational change, a wide ostium is indis-
pensable for prevention of venous outflow
obstruction. On the back table, a near half-
circumferential GSV patch plasty is performed
after downward longitudinal incision of the
RHYV to avoid anastomotic breaking at the caudal
end of the anastomosis. This is the most common
form of RHV stenosis, decreasing the longitudinal
diameter of the RHV anastomosis at its root
(Hwang et al. 2012b; Takahashi et al. 2011).
Another conformational change caused by
graft regeneration is tortuous stenosis of the
hepatic IVC with oblique elliptical deformity as
well as stenosis of RHV. This results from asym-
metrical regeneration between anterior and poste-
rior sectors as a result of failed AS drainage, for
example, hypertrophy of the posterior sector and
atrophy of the AS. To counteract the conforma-
tional changes of IVC constriction at the anasto-
motic site, a half-circumferential fence using
autogenous vein graft (GSV, PV) on the ventral
side after downward incision and sometimes addi-
tional transverse incision creates potbellied

creation on the ventral wall of anastomosis is formed by a
half-circumferential GSV fence. (¢) RHV orifice larger
than 5 cm with provision of a sufficient reservoir by aid
of a ventral venous patch likely contributes to preventing
RHV anastomotic stenosis. GSV great saphenous vein, /V'C
inferior vena cava, RHV right hepatic vein

reservoir on the ventral wall of the anastomosis
and contributes to reduction of RHV anastomotic
stenosis (Fig. 6).

SHV Reconstruction

In the case of a single SHV, the back-table proce-
dure is the same as that for the RHV, and anasto-
mosis between the SHV and IVC is also the same
except vascular patch plasty to the IVC wall is not
performed. In the case of multiple SHVs, how-
ever, separate anastomoses are vulnerable to
obstruction or regeneration-related torsion, and
creation of a common large opening of multiple
SHVs is beneficial for simple and safe anastomo-
sis compared to multiple nonaligned SHV anasto-
moses. The Tokyo University group achieved
complication-free reconstruction of multiple
SHVs using the double caval method (Kishi
et al. 2005). With a shortage of cryopreserved
IVC or large-caliber vein graft, quilt venoplasty
is performed using autogenous GSV patchwork
with or without circumferential patch fence (Lee
2006) (Fig. 7).
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a Potential Complication of Individual Reconstruction of Multiple RHVs

b “Common Large Opening ” HV Reconstruction

(B1) Double Vena Cava Technique using
Cryopreserved Vein (Tokyo 2004)

Fig. 7 The mechanism of outflow disturbance and
tackling strategies for reconstruction of multiple
SHVs. (a) Individual anastomoses of multiple short
RHVs are vulnerable to obstruction or regeneration-related
torsion. Double vena cava technique using cryopreserved
deceased donor IVC by Tokyo University (b1) and quilt

Right Lobe Graft with Middle Hepatic
Vein (Extended Right Lobe Graft, ERL
Graft)

The Hong Kong group introduced ERL graft for
adult LDLT because it can secure optimal drain-
age of the AS, thus avoiding venous congestion,
and offers better graft function even for a larger
recipient (Lo et al. 1997). Long-term patency of
venous conduits draining the anterior sector in an
MRL graft is variable depending on technique,
number, and size of V5/V8 and types of interpo-
sition vascular grafts. Therefore, the ERL graft is
generally more beneficial with regard to venous
drainage than an MRL graft, even though the
extent of donor operation is increased.

=

(B2) Quilt Venoplasty using Autogenous
Vein (Asan Medical Center 2005)

unification venoplasty using autogenous GSV patch with
circumferential GSV fence by Asan Medical Center (b2)
can effectively reduce the outflow complications. SHV
short hepatic vein, GSV great saphenous vein, /V'C inferior
vena cava, RHV right hepatic vein

ERL grafts currently constitute only 5.7 % of
the Asan Medical Center’s RL LDLTs. Their
mean GRWR (0.92 %) is smaller than those of
RL without MHV reconstruction (1.26 %) and
MRL grafts (1.15 %) because the use of ERL
graft is limited to the patients with small GRWR
and high MELD scores in order to reduce the
potential donor morbidity and mortality in the
absence of MHV in the remnant left liver.

Various methods of HV reconstruction have
been introduced to ensure good outflow drainage
of ERL grafts. The Hong Kong group introduced
short and direct anastomosis after unification
venoplasty of the graft’s RHV and MHV trunks
and corresponding triangular excision of the
recipient’s IVC (Lo et al. 2003) (Fig. 8a).
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MHV+LHV

RHV RH

(a2)

Fig. 8 Various HV reconstruction methods in ERL
graft. (a) Direct and short anastomosis with triangular
caval excision. (b) Quilt venoplasty to make the ventrally
superabundant dome-shaped anastomosis matches the
enlarged IVC orifice. (bl) Not only are the RHV and
MHYV of ERL graft converted to a single opening, but the
recipient RHV, MHV, and LHV are also converted to a
large common opening by unification venoplasty. (b2)
Autogenous GSV is fenced to the ventral side of graft
MHV orifice and the outer three-quarters of the circumfer-
ence of recipient common HV opening. The second GSV
fence surrounds the ventral side of the graft HV from upper

A new dome-shaped vein cuff attached to the
RHV and MHV orifices by quilt venoplasty with
autogenous GSV is anastomosed to a common
orifice of the recipient’s RHV, MHYV, and left
hepatic vein (LHV) (Hwang et al. 2006a)
(Fig. 8b). Matching this superabundant dome-
shaped ventral vein cuff to the enlarged HV orifice
might permanently protect the HV anastomosis
from stretching or compression, which otherwise
could cause outflow obstruction. There however
still remain drawbacks to this method due to its
complexity and the long wound at the recipient’s
groin GSV harvest site. Despite its excellent
patency, separate anastomosis is preferred

(c1)

V+MHV

(c2)

and lower ends of the RHV. A and A’ and B and B’ indicate
the approximation side of the upper and lower corners of
the posterior wall of anastomosis. This double quilt
venoplasty with autogenous GSV will transform the ven-
tral side of anastomosis to the large dome-shaped reservoir
space. (¢) Separate widened RHV anastomosis and recon-
struction of the MHV with an interpositioning large-caliber
vessel graft. A and A’ indicate the lower corner of RHV
anastomosis. ERL extended right lobe, GSV great saphe-
nous vein, /VC inferior vena cava, LHV left hepatic vein,
MHYV middle hepatic vein, RHV right hepatic vein

currently with the modification that an additional
large-caliber vein conduit (cryopreserved com-
mon iliac vein, autogenous PV, or tube graft
using bisected GSV) is interposed between the
graft’s MHV and the common opening of recipi-
ent’s MHV and LHV (Kasahara et al. 2005;
Lee et al. 2003a) (Fig. 8c). Placement of
large-caliber interposition conduits between both
sides of the MHVs prevents stretching of the
anastomotic site and allows redundancy that
helps lessen compression of the anastomotic side
by subsequent liver graft regeneration. This pro-
cedure is simple and does not require venovenous
bypass.
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LL Graft With or Without Caudate Lobe

In adult-to-adult LDLT, the left lobe graft has a
limited role because the graft volume is not suffi-
cient to avoid the small-for-size syndrome in
many patients. However, as long as the graft size
is over 40 % of the recipient’s standard liver
volume in small-body-sized recipients, a left
lobe is still a useful graft for adult-to-adult LDLT
(Lo et al. 1999a). Although the caudate lobe is a
small part of the whole liver, its volume is not
negligible and in the partial liver graft can provide
a 6-12 % increase in LL graft weight (Hwang
et al. 2004a; Akamatsu et al. 2006).

Considering the relatively small-sized graft
volume, large hepatic vein outflow is essential
for perfect graft function after transplantation.
During total hepatectomy, the retrohepatic IVC
from the retroperitoneal attachment has been
mobilized. To ensure adequate hepatic vein out-
flow, venoplasty of the hepatic veins of the liver
graft should be performed using an autologous
bisected GSV segment. The venoplasty technique
is used to make a wide single orifice with a suffi-
cient length of hepatic vein stump. The right side
ofthe MHV only or both the right side of the MHV
and the left side of the LHV are incised longitudi-
nally, and the bisected GSV segment is attached to
the hepatic vein for venoplasty. On the recipient
side, the orifices of the recipient’s RHV, MHYV,
and LHV are completely opened, and venoplasty
making an adequate-sized, large orifice is
performed to accommodate the enlarged hepatic
vein orifice of the graft. Venovenous bypass under
clamping of supra- and infra-hepatic IVC is nec-
essary step for the recipient’s venoplasty and
engraftment.

When the left lobe with caudate lobe graft is
used, complete revascularization of the caudate
lobe may contribute to full graft regeneration
(Sugawara et al. 2002b). The caudate vein
resected with a cuff of the IVC, which resembles
a Carrel patch, is first reconstructed, after which
the enlarged hepatic vein orifice of the graft is
anastomosed to the large common opening of
recipient’s hepatic veins. When the orifice of the
caudate vein is located close to the left and middle
hepatic veins, the caudate vein with IVC cuff can
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be made into a single opening with a common
orifice of the left and middle HV. A single HV
anastomosis is sufficient for the outflow recon-
struction (Sugawara et al. 2002a).

Dual-Graft Living Donor Liver
Transplantation

One-third of potential live donors are not suitable
single liver donors for adult recipients because of
advanced age, steatosis, small residual liver vol-
ume, and calculations suggesting a small-for-size
graft. To ensure donor safety and avoid small-for-
size grafts, dual left liver LDLT was introduced at
the Asan Medical Center in 2000 (Lee
et al. 2001a). When the available single RL graft
cannot meet the recipient’s metabolic demand,
dual LDLT using RL and LL grafts can expand
application of adult LDLT by satisfying required
GRWR of recipients. The mean GRWR with dual
left liver LDLT (median, 0.9 %; range, 0.59-1.2
%) approaches that of an RL LDLT (median, 1.15;
range, 0.56-2.63).

During the total hepatectomy, the recipient’s
IVC should be mobilized from retroperitoneal
attachment because venoplasty of the recipient’s
hepatic veins and graft implantation are
performed under clamping of the supra- and
infra-hepatic IVC. Venovenous bypass is neces-
sary in most cases to maintain stable hemody-

namic stability and to avoid mesenteric
congestion during the anhepatic phase.
Before implantation of donor grafts,

venoplasty of hepatic veins in the recipient
and/or liver grafts should be performed to make
wide orifices with thick walls and long cuffs. The
recipient’s RHV is enlarged and elongated by
longitudinal incision at the inferior corner and
fencing with bisected GSV. The middle and left
HVs are converted to a single opening by division
of the septum. These are then enlarged and elon-
gated by a transverse incision at the right corner
and fencing with bisected GSV. On the back table,
venoplasty of hepatic veins of the liver grafts can
be performed considering the size match between
the recipient and graft hepatic veins. The methods
are identical to the single-graft LDLT mentioned
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previously. Venoplasty is important in order for
the surgeon to perform engraftment without diffi-
culty during surgery and can also prevent postop-
erative outflow disturbance. If there is some
spared bisected GSV, HV fencing of the left-
positioned liver graft allows the surgeon to per-
form a secure anastomosis without tearing the
vein wall even in a difficult operative field.

Engraftment procedures using two left liver
grafts have previously been described (Lee
et al. 2001a). Engraftment procedures using both
RL and LL grafts are the combination of two
single-graft LDLTs using RL and LL graft, respec-
tively, with both grafts positioned orthotopically.
Firstly, the RL graft is placed into the right upper
quadrant space, and reconstruction of the RHV
and SHVs, if present, is performed. The interpo-
sition graft of the MHV tributaries of MRL is
anastomosed to the anterior wall of the IVC
below the recipient’s middle and LHV common
orifice. If this is too low, the right PV may be
compressed by the reconstructed MHV interposi-
tion conduit. Secondly, the LL graft is placed
orthotopically, and its HV and PV are
reconstructed sequentially. Thirdly, the anastomo-
sis between recipient’s right PV and right liver
graft’s PV is performed; both liver grafts are now
reperfused simultaneously. Lastly, after comple-
tion of the HA anastomoses, BD reconstruction to
both grafts is performed using Roux-en-Y
hepaticojejunostomy or combination of recipi-
ent’s bile duct and Roux-en-Y
hepaticojejunostomy.

Right Posterior Sector (RPS) Graft

A right posterior sector (RPS) graft can be a good
alternative to a full RL graft when it satisfies the
minimum volume requirement for the recipient,
which has been set at 40 % of the recipient’s
standard liver volume (Kokudo et al. 2005). In
addition it has a larger volume than the left lobe
(Sugawara et al. 2002c). Technically, procure-
ment of RPS graft is the most demanding because
it requires the longest parenchymal transection
and detailed hilar dissection (Kokudo
et al. 2005). The procurement of a RPS graft at
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the Asan Medical Center is selectively performed
so as to reduce surgery-related complications after
consideration of anatomical variations including
the PV, HA, and BD. When the left lobe volume is
disproportionately small (<30 % of whole liver
volume) and type Il or III PV is present, successful
RPS graft procurement is likely (Hwang
et al. 2004Db).

In the recipient operation, meticulous hilar dis-
section as high as possible should be performed to
obtain a size-matched hepatic artery with a small
caliber (1-2 mm in diameter) and/or BD openings
for duct-to-duct anastomosis. For successful
engraftment, the preparation and implantation pro-
cedures are basically the same as those for right lobe
implantation. When the PV of the RPS graft has a
short stump and/or a weak wall, making a fence to
the graft PV using a bisected GSV can be useful to
perform safe and wide anastomosis. When the HA
of the graft has a too short stump to rotate under
clamping of a metallic double micro clamp, HA
anastomosis can be successfully performed by pos-
terior wall repair first with interrupted suturing or by
interposition of size-matched recipient’s first- or
second-order HA branch segment with adequate
length at the back table under the microscope.

Conclusion

Over the past decade, most of the issues related to
the technical design of adult LDLT procedures
have been solved. For optimal performance of
LDLT in adult recipients, a comprehensive under-
standing of the dynamic nature of regenerating
partial liver grafts is required and must be applied
to overcome HV outflow insufficiency and portal
inflow steal. Based on the experiences, techniques
described above have demonstrably diminished
the morbidity and mortality associated with tech-
nical errors during adult LDLT procedures.

The possibility of developing surgical compli-
cations remains higher in this challenging proce-
dure compared to the DDLT. A multidisciplinary
approach with surgical, radiological, and medical
teams, and a wide range of ancillary services
which can be provided with institutional support,
is crucial.
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Abstract

Minimally invasive approach for living donor
hepatectomy has been recently applied in liver
transplantation. It has invaluable potential to alle-
viate the vast gap between supply and demand of
hepatic allografts, Even though its advantages
such as shorter hospital stay and faster return to
normal life could attract additional living donors,
safety for donors is still being questioned and
investigated due to its relatively recent develop-
ment. Several studies have described different
surgical approaches and retrospective compara-
tive analysis to conventional open donor hepatec-
tomy. Preliminary results show relatively lower
morbidities and better outcomes, including less
blood loss and hospital stay although they vary
widely depending on institutional experience.
Careful review of existing studies will elucidate
the role of minimally invasive donor hepatectomy
with the ultimate goal to choose the optimal sur-
gical approach for maximal donor safety.

Keywords
Liver transplantation ¢ Live donor « Minimally
invasive surgery ¢ Safety

Introduction

Living donor liver transplant (LDLT) has become an
established modality as an alternative of deceased
donor liver transplant (DDLT) in recent decades.
Together, they are the only existing definitive
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treatments for both acute liver failure and chronic
end-stage liver disease to date. LDLT can be the
solution to reduce the severe shortage of liver avail-
able for transplant (Jeon and Lee 2010; OPTN 2014).

Currently, there are approximately 16,400
patients on the liver transplantation (LT) waiting
list in the United States, and the number is growing
each year. Among those patients, only 6,400 would
receive LT, while around 1,600 would die based on
annual average waiting list mortality. In order to
alleviate this severe shortage of organs, LDLT was
developed as a feasible option and evolved through
many phases. In many of Asian countries, nearly
90 % of LT consists of LDLT as they lack deceased
donors due to cultural beliefs, different legal defi-
nition of death, and administrative reasons (Saidi
2012). However, in the United States, despite more
than two decades of history, LDLT has not yet
achieved widespread use, as only 252 (3.9 %) are
done as LDLT in 2013 (OPTN 2014).

Additional advantages of LDLT over DDLT
have been also proposed and investigated. Various
comparative study results of LDLT and DDLT
remain controversial and highly dependent on
institution experience and liver disease type.
Nonetheless, LDLT can be accepted as viable
option in most cases (Liang et al. 2012;
Zimmerman and Trotter 2003).

The biggest benefit of LDLT would be the abil-
ity to schedule the transplantation at the
best possible time, optimizing both donor and
recipient conditions. In consideration of the high
mortality on the deceased donor waiting list, proper
timing of the transplant is essential in minimizing
mortality. Intraoperatively, as procurement and
grafting operations occur simultaneously, cold
ischemic time of hepatic allograft can be essentially
eliminated, resulting in  better graft
function (Totsukali et al. 2004). It has also been
hypothesized that living relatives would
provide better immunologically matching liver
because of their genetic resemblance and require
less aggressive immunosuppressant postopera-
tively (Zimmerman and Trotter 2003).

Although benefits of LDLT have been well
described in the literature, there has been long
ethical debate questioning the safety of
otherwise-healthy donor who voluntarily risks
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possible harms during the complex procedure.
Several studies analyzed complications that
resulted from surgery and concluded donor mor-
bidity rate ranges 16-39 % (Marcos 2000; Mid-
dleton et al. 2006; Pomfret et al. 2003) and
perioperative mortality rate directly related to the
procedure ranges 0.1-0.3 % (Ringe and Strong
2008; Wertheim et al. 2011). In the NIH-funded
9-center Adult-to-Adult Living Donor Liver
Transplantation Cohort Study (also known as
A2ALL), retrospective review of 393 LDLT
revealed high morbidity of 38 %, of which nearly
50 % was Clavien grade 2 or higher (major com-
plications). This study was not able to prove the
advantages of the “learning curve” however, as
there was no clear association between morbidity
and LDLT experience of each institution. One of
the possible explanations is the positive influence
of non-transplant hepatic surgical experience that
was not assessed (Clavien et al. 1994; Ghobrial
et al. 2008). On the other hand, Hwang et al.’s
(2006) retrospective review of 1,162 living donors
of LT from single institution from 1994 to 2005
showed that major complications, Clavien grade
2 or 3, were observed in only 37 donors (3.2 %).
They suggest steep learning curve exists as the first
401 donors suffered significantly higher complica-
tion rate than later 761, while they performed 3,000
non-transplant hepatectomies concurrently. Cur-
rent literature clearly demonstrated that, in addition
to high level of experience, judicious donor selec-
tion, careful surgical technique, and intense post-
operative care are necessary to reduce donor
morbidity. Most importantly, these valuable data
can help physicians to provide better informed
decision making to potential donors.

Comparison to Renal Transplant

Similar problems regarding the shortage of allo-
grafts exist in renal transplantation (RT). In order to
alleviate these issues, minimally invasive donor
nephrectomy (MIDN) was developed in 1995
(Ratner et al. 1995) and has been the preferred
modality for the past decade. Compared to 1994,
a year before minimally invasive RT was
pioneered, total number of live donor RT cases in
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2013 was increased by 90 %, and 96 % of them
were procured through a minimally invasive
approach (OPTN 2014).

It is worthwhile to acknowledge some of the
fundamental differences between LT and RT. First,
the different anatomical position and complex
structure of the liver, which is much larger and a
single unilateral organ compared to kidneys, make
the procedure much more complicated. It makes
parenchymal resection necessary to obtain right or
left hemi-liver. Complex variation of biliary struc-
ture and location of hepatic veins make the hepatic
resection more challenging as well to generate an
ideal allograft without compromising donor safety.
Larger skin incision size for the donor hepatectomy
not only causes higher rate of complication, but
also leaves the donor with more psychological
sense of disfigurement. The patients on the RT
waiting list can be maintained for an extended
period by hemodialysis which is not an option for
LT. Liver allografts from deceased donors are
strictly allocated by MELD score system (Wiesner
et al. 2003). As scarcity of available livers gets
worse, overall status of the patients on the waiting
list would continue to get worse. As a result, aver-
age MELD score, which indicates severity of ill-
ness of potential recipients, inflates and most
recipients are becoming much sicker by the time
they would receive DDLT. Third, the benefit of
living donor to RT recipients has been clearly
delineated by many studies (Rocca et al. 2012)
whereas that of LT is still controversial as previ-
ously described in this chapter. Lastly, one must
take account of the fact that a very different learn-
ing curve and magnitude of the procedure charac-
terizes donor hepatectomy.

Moreover, it has been nearly 60 years since the
first successful living donor RT compared to
25 years in LDLT.

Minimally Invasive Donor
Hepatectomy

In order to apply the same benefits of MIDN to
LDLT, minimally invasive donor hepatectomy
(MIDH) has been developed and tested cautiously.
Cherqui et al. (2000) reported the feasibility of
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laparoscopic hepatectomy in non-transplant setting
in 30 cases. Since then, many have reported large
studies and breakthroughs in minimally invasive
hepatic surgery that lead to donor hepatectomy. In
2008, Louisville Consensus Conference was orga-
nized to share the important updates of minimally
invasive hepatobiliary surgery in the world, includ-
ing MIDH. While establishing laparoscopic liver
surgery as a safe and effective approach with sev-
eral benefits, the conference also highlighted some
of the limitations and controversies especially in
MIDH (Buell et al. 2009).

Evolution of Surgical Techniques
in Open Donor Hepatectomy

Conventional open hepatectomy has been achieved
by bilateral subcostal incision with midline exten-
sion, also known as “Mercedes-Benz” incision
(Fig. 1a). Although this incision is the most invasive
approach, it provides exceptional exposure to the
upper abdominal viscera and the diaphragm. It carries
significant disadvantages such as risk of incisional
hernia when compared to less invasive, extended
right subcostal incision (D’ Angelica et al. 2006).

Heisterkamp et al. (2008) compared 60 J-shaped
right subcostal to 58 Mercedes-Benz incisions used
specifically for LDLT (Fig. 1b). They reported
significantly improved early wound-related mor-
bidity and incisional hernia, although the rest of
the operative factors did not differ.

In 2011, Lee et al. reported 143 living donor
hepatectomies performed via single 12-18-cm
upper midline incision alone, demonstrating better
cosmetic satisfaction and less wound complications
in the following year. Nagai et al. (2012) confirmed
that even 10-cm upper midline incision can be used
safely without additional use of laparoscopy when
patient has smaller body mass (Fig. 1c).

Emergence of Laparoscopic Donor
Hepatectomy

In the past two decades, there have been numerous
laparoscopic liver resection techniques developed
and described in the literature, with many benefits
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| Exposure, Intraoperative safety

Reduction of morbidity, longterm comfort ‘

Fig. 1 Progression of techniques for donor hepatectomy. (a) Mercedes-Benz incision. (b) J-right subcostal incision.

(¢) Upper midline incision. (d) Laparoscopic hybrid

Table 1 MIDH case studies and series

Operative time Blood loss Cold ischemia Length of stay
Technique® | n (min) (ml) (min) (d)
Cherqui PL (L) 2 420, 360 150, 450 NA 7,5
et al. (2002)
Koffron H 1 235 NA 35 3
et al. (2006)
Suh et al. (2008) HA 2 765, 898 NA 93,72 10, 14
Suh et al. (2009) HA 7° 4894 NA NA 9.44
Lee et al. (2011) UMI 141 254 +47 352 + 144 74 £ 31 103 £ 3.1
Giulianotti RA 1 480 350 35 5
et al. (2012)
Soyama H 15° | 4569 5204 NA NA
etal. (2012)
Choi et al. (2012) SPL 40 278 + 72 450 + 316 NA 11.8 +4.5
Samstein PL (L) 2 358,379 125, 125 NA 17,8
etal. (2013)
Troisi et al. (2013) | PL (L) 4 7724 1,500¢ 139¢ 54
Soubrane PL 1 480 100 NA 7
etal. (2013)

PL pure laparoscopy, (L) left, HA hand assisted, UMI upper midline incision, H hybrid, R4 robot assisted, SPL single-port

laparoscopy assisted

°Excluded overlapping cases from prior report
6 right hepatectomies, 9 left hepatectomies
dCalculated mean

compared to traditional open surgery (Nguyen
and Geller 2010). Several surgical techniques of
MIDH have been created in the literature since the
introduction in pediatric (Cherqui et al. 2002) and
adult donor hepatectomy (Koffron et al. 2006).
Summary of case studies and series is collected
in Table 1.

Cherqui et al. was the first group to describe
two cases of laparoscopic donor left

hemihepatectomy. They performed the left hepa-
tectomy by pure laparoscopy along with a 10-cm
Pfannenstiel incision for extraction (Fig. 2i). Two
cases took 420 and 360 min with estimated blood
loss of 150 and 450 ml, respectively. Those
patients were hospitalized for 7 and 5 days with
uneventful recovery. They describe these findings
very comparable and competitive to conventional
open left segmentectomy, which takes 342 min



7 Minimally Invasive Live Donor Liver Hepatectomy

Uncertain Safety, steep learning curve

Right hepatectomy
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T

Left hepatectomy

Fig. 2 Incision and trocar sites for minimally invasive approach. (a) Hybrid. (b) Hand-assisted. (¢) Single-port
laparoscopic. (d) Left hybrid. (e) Robotic-assisted. (f)—(i) purely laparoscopic

with blood loss of 192 ml and hospital stay of
15 days on average from the analysis of 282 cases
(Fujita et al. 2000).

Koffron et al. (2006) were the first to report a
case of laparoscopic-assisted right donor
hemihepatectomy in 2006. They used “hybrid tech-
nique” that combined two laparoscopic sites with a
subxiphoid midline incision for hand assistance
and graft extraction during a 235-min operation
(Fig. 1d or 2a). They used this incision to directly
visualize parenchymal transection to minimize risk
of bleeding. Many groups adopted this technique
and have made variations. Suh et al. (2008)
reported two cases of modified right
hemihepatectomy including transection completely
by laparoscopy with a 9-cm incision for hand port
and extraction at the right upper quadrant (Fig. 2b).
They reported operative times of 765 and 898 min,
significantly longer than the previous cases, as they
spent 218 and 310 min for transection alone. Both
patients experienced minor complications of pleu-
ral effusion and abdominal fluid collection and
required hospitalization for 10 and 14 days. In the
following year, the same group also reported seven
more cases of laparoscopy-assisted donor right
hemihepatectomy while preserving the middle
hepatic vein with similar outcomes (Suh
et al. 2009). In 2012, Giulianotti et al. (2012)
published the first case of robot-assisted donor
right hemihepatectomy with operative time of

480 min and blood loss of 350 ml. With known
advantage of robotic system in 3-dimensional visu-
alization and versatile manipulation of instruments,
this approach enabled the use of sub-umbilical
incision for better pain control and prevention of
pulmonary complication (Fig. 2¢). In the same
year, Choi et al. (2012) used the single-port lapa-
roscopy-assisted approach to keep only one 15-cm
right subcostal incision at the end of harvest
(Fig. 2¢). Compared to laparoscopy-assisted or
conventional open hepatectomy, they reported sig-
nificantly less operating time and blood loss.
Soubrane et al. (2013) used pure laparoscopy for
right hemihepatectomy in a similar fashion
described in left hepatectomy by the same group
in 2002 and achieved decrease in blood loss to
100 ml during 480 min of operative time
(Fig. 2g). Finally, Soyama et al. (2012) reported a
case series of 15 hand-assisted laparoscopic donor
hepatectomies, including six right and nine left
hemihepatectomies. They reported one donor com-
plication of portal venous thrombosis but otherwise
comparable results among their cases.

Comparative Studies
Minimally invasive donor hepatectomy has mul-

tiple conceivable benefits proven from other min-
imally invasive surgeries that can be also applied
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Table 2 MIDH comparative studies

n OR time (min)
LADH |ODH |LADH |ODH
Kurosaki 13 13 363+ 320+
et al. (2006) 33 68
Baker 33 33 265+ |316 &
et al. (2009) 48 61
Marubashi 31 79 435+ |383 &
et al. (2009) 103 73
Kim 11 11 330+ 306+
etal. (2011)* 68 29
Nagai 28 30 371 £ 363 £
etal. (2012) 52 53
Haetal. (2013) |20 20 335+ 305+
94 88
Makki 26 24 702+ | 675 %
etal. (2014) 124 117
Zhang 25 25 386 £ 378 &
et al. (2014) 47 59

Left lateral sectionectomy

to the organ donors. The minimally invasive pro-
cedure reduces the hospital stay length and recu-
peration time while improving long-term quality
of life. Smaller incision size would also decrease
need for pain medication and risk for incisional
hernia. To date, a few studies have compared
laparoscopic versus conventional incision donor
hepatectomy for LDLT (see Table 2). Baker
et al. (2009) published a comparative analysis
between 33 of each laparoscopy-assisted and
open donor right hepatectomy that showed
reduced operative times and less estimated blood
loss, while having similar complication rates,
length of stay, and hospital costs. Nagai
et al. (2012) compared 28 minimally invasive
cases, which include hand-assisted laparoscopy
and mini-laparotomy, to 30 conventional donor
hepatectomy cases. More recent study by Makki
et al. (2014) also compared 24 laparoscopy-
assisted donor hepatectomies to 26 conventional
donor hepatectomies with 6-month follow-up and
concluded that patients from former procedures
experienced significantly less pain, reduced com-
plication, and better quality of life without
compromising safety. Another prospective case-
matched study by Zhang et al. (2014) showed
improved outcomes in similar fashion when two
study groups of 25 cases were matched with age,
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Blood loss (ml) Complication Length of stay (d)
LADH | ODH LADH |ODH |LADH |ODH
302+ 283+ |NA NA 11+ 12.8 +
191 371 2.7 4.9
417+ 550+ |21 % 21% |43 3.9
217 305

353+ 456+ | 10% 21% [103+ |183+
396 347 33 16.7
306 £ 464+ 0% 9% 6.9 £ 9.8 £
72 78 0.3 0.9
371+ |316+ |25% 23% |59+ 7.8
52 121 1.2 2.3
290+ 250+ (5% 10% |10.7+ |109+
67 111 2.6 25
336 &£ 395+ | 15% 21% |NA NA
89 126

378+ 423+ | 16% 28% |7+ 8.7+
112 139 1.4 2.4

gender, and body mass index. While all the above
studies  mainly = examine  donor  right
hemihepatectomy  for  adult,  Marubashi
et al. (2009) compared laparoscopy-assisted
donor left hemihepatectomy to conventional
open procedure, resulting in similar pattern of
outcome. There is an interesting trend that even
though the reported morbidity is generally lower
in Eastern countries, the overall length of hospital
stay is longer. One possible explanation is differ-
ent healthcare reimbursement system that drives
faster discharge in the United States.

Is It Ready for Widespread Use?

Like any other surgery, the imperative of mini-
mally invasive donor liver surgery is safety. In the
United States, the number of LDLT cases peaked
in 2001 then trended down as a few mortalities
were reported. In 2005, Vancouver Forum was
convened to address the care of different organ
donors. With no doubt, considerably high morbid-
ity and mortality of LDLT became key factors that
resulted in strict guidelines to assess between
recipient benefits and donor risks. As of 2005,
there were 17 catastrophic complications from
6,000 to 7,000 LDLT cases worldwide, with
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right liver donor surgery having five times higher
mortality as the left side (0.5 % vs. 0.1 %) (Barr
et al. 2006). Since then, there were two more
deaths reported in the United States alone in
2010 that included one known death associated
with laparoscopic attempt as reported in the news
media (Cohen 2012).

Even though the minimally invasive approach
for hepatectomy has been rapidly evolved and
studied, risks for different complications still
remain to be determined. As in open donor hepa-
tectomy, safety of both the donor and the recipient
must be guaranteed above all through various
guidelines and self-report. The most important ele-
ment of laparoscopic liver surgery is known as the
bleeding control, since surgeon’s view is limited
and immediate intervention can be challenging.
Wakabayashi (2009) argue that standardization of
procedures is the determining factor for the safety
of laparoscopic liver surgery. As there is no cen-
tralized standard for donor evaluation or adverse
event report, many publications discuss the need
for strong self-regulation and clear informed con-
sent especially when experience and skill levels are
highly wvariable among institutions (Cronin
et al. 2001; Simpson and Pomfret 2012).

In order to proceed with wide use of LDLT, the
following question needs to be addressed: to what
extent of risk can be accepted to justify the benefit
of minimally invasive operation? In an example of
cholecystectomy, since its introduction in 1989,
laparoscopic cholecystectomy has rapidly become
the gold standard treatment for many of gall blad-
der diseases in the United States. More than 90 %
of 750,000 annual cases are now performed in
laparoscopic  approach  currently  (Csikesz
et al. 2010). However, after a decade of experi-
ence, MacFadyen et al. (1998) noted that the bile
duct injury, one of the most feared complications
from cholecystectomy, was as high as 0.5 % com-
pared to 0.1-0.25 % in open cholecystectomy.
This risk still remains the same today to 0.4 %,
and laparoscopy is one of the known risk factors
for bile duct injury (Fullum et al. 2013; Gluszek
et al. 2014), and yet this risk is generally
overlooked for remarkable advantages that the
minimally invasive approach brings to both
patients and providers.
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From Mercedes-Benz incision to robot-
assisted hepatectomy, countless efforts have
been made to make the procedure safer and pre-
vent iatrogenic injury. For instance, indocyanine
green fluorescent cholangiography (IGFC) is one
of the newest innovations which can enable the
surgeon to directly visualize the biliary structure
in real time and to avoid damage (Ishizawa
et al. 2010). A recent study looked over
184 robotic cholecystectomies that utilized IGFC
and confirmed its safety and efficacy (Daskalaki
et al. 2014). It is expected that invaluable tech-
niques such as IGFC can be applied to MIDH
including robotic assist to establish safer environ-
ment for donors in the near future.

Conclusion

Since its introduction nearly two decades ago,
LDLT has evolved many phases to become an
accepted solution to the ever-growing deficit of
available livers for transplantation. Minimally
invasive approach is one of the recent innovations
in LDLT with several inherent advantages includ-
ing quicker recovery, less pain, shorter hospital
stay, and less scarring while maintaining safety.
Widespread use of MIDH has a great potential to
increase donor pool and therefore resolve current
burden of LT in the United States, as previously
shown in the RT. In order to understand current
status, case studies, series, and comparative stud-
ies including retrospective case-matching analysis
were carefully reviewed. Different methods
included pure laparoscopy, hand-assisted laparos-
copy, hybrid technique, and robot-assisted hepa-
tectomy that showed various ranges of operative
time, estimated blood loss, and length of hospital-
ization. As the procedure becomes less invasive
and new techniques are tested, the safety of these
new methods must be ensured and investigated to
find the optimal modality for the patient.

In comparative analysis, the trend of more
recent MIDH shows longer operative time, less
blood loss and complication rate, and shorter
hospital stay although the number of subjects is
too limited to have statistical value. Further
comparison to conventional open procedure
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will provide more data to confirm these prelim-
inary results and evaluate safety and
effectiveness.
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Abstract

Orthotopic liver transplantation (OLT) can be
complicated by medical or surgical complica-
tions. Medical complications include delayed
graft function or primary nonfunction (PNF),
rejection, neurologic complications (encepha-
lopathy, tremors, central pontine myelinolysis,
and seizures), pulmonary complications (pleu-
ral effusions, hospital-acquired pneumonia,
pulmonary edema, adult respiratory distress
syndrome), and cardiovascular complications
(hypertension, hyperlipidemia, diabetes, and
obesity). Surgical complications may include
hemorrhage, vascular complications (hepatic
artery thrombosis or stenosis,
pseudoaneurysm, portal vein stenosis or
thrombosis, hepatic vein or vena cava steno-
sis), and biliary complications (anastomotic
stricture and biliary leak). Hepatic artery
thrombosis is the leading cause of graft loss
and mortality after OLT. Re-transplantation is
the treatment of choice for most cases of
hepatic artery, and portal vein thrombosis,
and percutaneous balloon angioplasty for
hepatic artery, portal vein, and hepatic vein
stenosis. Biliary complications such as biliary
leak or stricture can be managed successfully
by endoscopic or percutaneous biliary drain-
age, while surgical biliary reconstruction is the
treatment of choice for biliary drainage non-
responders. Medical and surgical complica-
tions remain significant causes of morbidity
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and mortality post-OLT requiring early recog-
nition, diagnosis, and immediate treatment.

Keywords

Liver transplantation * Immunosuppression ©
Primary nonfunction ¢ Rejection * Neurologic
complications ¢ Pulmonary complications *
Cardiovascular complications ¢ Stenosis <
Thrombosis ¢ Biliary leak * Biliary stricture ¢
Pseudoaneurysm * Hemorrhage

Introduction

Liver transplantation (OLT) is the treatment of
choice for patients with chronic liver disease,
acute liver failure, and selected patients with
hepatocellular carcinoma. In the last decades, sev-
eral major advancements in surgical techniques of
organ procurement and recipient OLT, introduc-
tion of better preservation fluid and more potent
immunosuppressive drugs, and improvement in
peri- and postoperative care of OLT recipients
have led to improved patient and graft survival
post-OLT. However, medical and surgical
complications, although uncommon, remain a sig-
nificant cause of morbidity and mortality post-
OLT. Most of these complications, which usually
present during the first month post-OLT, require
early recognition and diagnosis and immediate
treatment. The incidence rates, clinical presenta-
tion, diagnosis, and treatment of various medical
and surgical post-OLT complications are
discussed below.

Medical Complications

Immediately after OLT, majority of recipients are
transferred directly to the surgical intensive care
unit where their vital signs, neurologic, hemody-
namic, and respiratory status are monitored
closely. Initially, frequent laboratory examina-
tions are done to assess and correct any metabolic
or electrolyte imbalances and evaluate liver graft
synthetic function. Typically, patients with a func-
tioning liver graft awaken from anesthesia imme-
diately post-OLT. They are usually weaned from
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mechanical ventilation within a few hours after
OLT after they are determined to be hemodynam-
ically stable and can safely be extubated.

Primary Graft Nonfunction (PNF)

The usual manifestations of preservation injury
include an initial rise in serum transaminases
(AST and ALT) in the first 2 days post-OLT,
followed by elevation of cholestatic enzymes
(alkaline phosphatases and gamma-GTP), and
sometimes total bilirubin levels from 3 to 5 post-
OLT days, which peak at 7-10 post-OLT days
before they start to trend down. During this time,
there is slow but progressive improvement in pro-
thrombin time and INR.

Primary nonfunction is a severe form of pres-
ervation injury which is usually associated with
hepatic necrosis. The incidence of PNF is less
than 5 %. PNF may be due to several factors
such as advanced donor age, severe donor
macrosteatosis, and prolonged cold and warm
ischemia time (Marino et al. 1995). There are
conflicting reports on the clinical impact of
prolonged and uncorrected hypernatremia in
liver donors on post-OLT graft function (Totsuka
et al. 1999; Mangus et al. 2010).

Clinical manifestations of PNF include hepatic
coma, hemodynamic instability, poor quantity and
quality of bile, renal dysfunction, severe
coagulopathy refractory to plasma transfusion,
persistent hypothermia, elevated bilirubin and
transaminases, lactic acidosis, and hypoglycemia.
Duplex ultrasound shows patent portal vein and
hepatic artery with low resistance index (RI) of
0.2. These findings eliminate technical causes of
liver graft dysfunction. Transjugular liver biopsy
shows massive zonal necrosis, mixed inflamma-
tory infiltrates, and ballooning hepatocytes.
Urgent re-transplantation is the treatment of
choice.

Rejection

There are three types of rejection: hyperacute,
acute, and chronic (ductopenic) rejection.
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Acute rejection, which is the most common
type of rejection post-OLT, usually develops
within the first 1-2 weeks after OLT. This immune
process results from liver graft tissues being
attacked by activated recipient T-lymphocytes
after exposure of the recipient immune system to
donor tissue antigens. Acute rejection is observed
less frequently in recipients with tacrolimus-based
immunosuppressive therapy, in the elderly group,
and in patients transplanted for alcoholic liver
disease (Wiesner et al. 1993). The usual clinical
presentation of acute cellular rejection includes
malaise, fever, right upper quadrant pain, jaun-
dice, and low quantity and poor quality of bile.
This is usually associated with elevation of cho-
lestatic enzymes, i.e., serum bilirubin, alkaline
phosphatase, and gamma glutamyl transferase.
Since biochemical abnormalities may also be pre-
sent in biliary, vascular, or infectious complica-
tions, liver biopsy, which may be performed
percutaneously or through transjugular approach,
is the gold standard for diagnosis of acute rejec-
tion. Typical biopsy findings include lymphocytic
infiltration of the bile duct, endothelialitis, and
portal tract expansion. In most centers, the first
line of treatment for acute rejection is intravenous
bolus of high-dose methylprednisolone followed
by tapering doses over 3—5 days and maintenance
prednisone dose daily. Antithymocyte globulin
(1.5 mg/kg/dose for four doses) may be used for
steroid-resistant acute rejection. During treatment,
maintenance immunosuppression is increased to
prevent recurrence of rejection. Liver biopsy may
be repeated if there is no response to treatment or
if there is recurrence of rejection. This is necessary
to determine the presence of rejection or to docu-
ment other pathologic diagnoses such as recurrent
HCYV, infection, etc.

Hyperacute rejection occurs within a few
minutes or hours after transplantation and is
dependent on the presence of preformed anti-
bodies in the recipient which are specific to
donor antigens. This occurs very rarely in liver
transplantation and more commonly in kidney and
heart transplantation. It is usually associated with
tissue cross match and ABO blood type incom-
patibility. The typical clinical appearance is simi-
lar to severe liver graft ischemic injury. It is
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associated with poor graft survival, and urgent
re-transplantation is the treatment of choice.

Chronic rejection, in contrast to acute rejec-
tion, usually occurs later after OLT. Precipitating
factors observed include recurrent episodes of
acute rejection, chronic allograft ischemia second-
ary to hepatic artery stenosis, CMV infection, and
chronic antibody-mediated rejection. It has a path-
ologic feature characterized by bile duct loss
(ductopenia) and arteriolar obstruction by macro-
phages. It is usually refractory to steroid therapy.
Most patients will develop graft loss and may
require re-transplantation. However, there were
success stories of patients who responded to con-
version to high-dose tacrolimus particularly when
they were caught prior to developing significant
hyperbilirubinemia and ductopenia (Van Hoek
etal. 1992).

Neurologic Complications

Neurologic complications are common after OLT
and are associated with significant morbidity and
mortality (Guarino et al. 1996). They usually
occur in the first month post-OLT but may be
observed later after 1-year post-OLT (Bronsted
et al. 2000). They may manifest as encephalopa-
thy, seizures, and focal motor deficits in
descending order of frequency (Bronsted
et al. 2000). Encephalopathy may be due to mul-
tifactorial causes like poor liver graft function,
anoxia, sepsis, drugs (calcineurin inhibitors and
steroids), and central pontine myelinolysis
(CPM). CPM is a demyelinating disorder affect-
ing the central pons and extrapontine (basal
ganglia, thalamus, and lateral geniculate body)
areas of the brain and is more commonly observed
in malnourished and chronic alcoholic patients
(Adams et al. 1959). Although CPM has a low
incidence of 0.94-3 % in liver transplant patients,
CPM is one of the most serious neurologic com-
plications after OLT (Lee et al. 2009; Campagna
et al. 2010). Liver transplant patients only consti-
tute the third largest group of patients affected
with CPM, after chronic alcoholic patients and
patients with severe electrolyte imbalance
(Lampl and Yazdi 2002). Rapid changes of
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serum sodium concentration, osmotic imbalances,
as well as isolated hypernatremia are main risk
factors for CPM (Crivellin et al. 2014). Seizures
are the second most common neurologic compli-
cation after OLT. They may be due to calcineurin
inhibitor (CNI) or steroid neurotoxicity, serum
electrolyte imbalances (calcium, magnesium),
hypoglycemia, CNS infections, mass lesions,
cerebrovascular infarction, and hemorrhage. CNI
neurotoxicity may be managed by switching from
amore to a less neurotoxic drug, i.e., tacrolimus to
cyclosporine. Other metabolic causes usually
resolve with supportive measures such as correc-
tion of fluid and electrolyte imbalances and ade-
quate oxygenation, while CNS infections and
cardiovascular events are managed appropriately.

Pulmonary Complications

Pulmonary complications are common after OLT
and they may cause significant morbidity and
mortality post-OLT. Perioperative risk factors for
post-OLT pulmonary complications include pre-
operative pulmonary disorders and other
comorbidities associated with chronic liver dis-
ease; significant fluid shift intraoperatively due
to extensive surgical dissection, prolonged surgi-
cal time, blood loss, massive fluid, and blood
transfusion; and hemodynamic changes associ-
ated with post-reperfusion syndrome. Pulmonary
complications post-OLT may be classified as
infectious and  noninfectious  (Feltracco
et al. 2013).

Pleural effusions mainly involving the right
side are common and do not usually pose a serious
complication early post-OLT. They are thought to
be due to disruption of diaphragmatic lymphatics
coupled with seepage of ascites into the pleural
cavity through diaphragmatic defects created by
extensive dissection during hepatectomy (Judson
and Sahn 1996). Small pleural effusions are usu-
ally asymptomatic and resolve spontaneously
without any surgical intervention within a few
weeks post-OLT. Persistent pleural effusions,
though rare, may cause atelectasis leading to pul-
monary dysfunction and putting patients at risk of
developing pneumonia.
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Hospital-acquired pneumonia (HAP) post-
OLT, which is reported to occur in 5-38 % of
cases, is characterized by the presence of pulmo-
nary infiltrates, fever, leukocytosis, and new-onset
respiratory symptoms, such as cough, productive
sputum, and dyspnea (Feltracco et al. 2013). Most
HAP is reported to be associated with prolonged
orotracheal intubation and mechanical ventilation,
prolonged ICU stay, and higher mortality rates.
Immediate isolation of nosocomial microorgan-
isms causing HAP and treatment with appropriate
antibiotics, while decreasing or temporarily with-
holding immunosuppressive drugs, is crucial to
achieving a favorable outcome.

Pulmonary edema is uncommon in early post-
OLT unless the recipient has acute-onset left ven-
tricular dysfunction or fluid overload due to renal
insufficiency. This is diagnosed based on clinical
symptoms, chest X-ray findings, PaO2/ FIO2
(PF) ratio (<300), and hemodynamic measure-
ments (Feltracco et al. 2013).

Adult respiratory distress syndrome (ARDS),
which has a reported incidence of 4.5-16 % post-
OLT and mortality rate of almost 80 %, may
develop within the first few days to several
weeks post-OLT (Thompson et al. 1988; Takaoka
et al. 1989). Risk factors for ARDS include mas-
sive intraoperative blood loss, significant crystal-
loid fluid infusion and blood transfusion,
prolonged operative time, hemodynamic instabil-
ity, pulmonary aspiration, and sepsis (Obrien and
Ettinger 1996). Major clinical findings in ARDS
include impaired pulmonary oxygen diffusion and
severe pulmonary edema associated with normal
pulmonary capillary filling and oncotic pressures
(Feltracco et al. 2013). Treatment for ARDS is
mainly supportive, with fluid restriction, lung-
protective  mechanical  ventilation,  mild
hypercapnea, and optimal PEEP, with the addition
of inhaled nitric oxide and prostaglandins in
severe forms of ARDS (Dellinger et al. 1998;
Meade et al. 2008).

Cardiovascular Complications

Significant improvements in graft and patient sur-
vival following OLT in recent years has led to
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longer life expectancy for OLT recipients, with
increasing prevalence of medical complications,
such as hypertension, hyperlipidemia, diabetes,
and obesity. These complications can lead to an
increased risk of cardiovascular disease (CVD), a
major cause of late mortality in OLT patients, and
accounting for 21 % of deaths with a functioning
graft in recipients who survived more than 3 years
post-OLT (Pruthi et al. 2001). It has also been
estimated that the risk of coronary artery disease
(CAD) is higher in OLT recipients compared to
the general population, with a 10-year CAD risk
of 11.5 % in OLT recipients vs. 7 % in matched
non-transplant population (Mazuelos et al. 2003).
Another study has shown that the incidence of
cardiovascular events in OLT recipients increases
from 9.4 % to 25 % at 5- and 10-year post-OLT
(Ciccarelli et al. 2005). Risk factors that may
promote or exacerbate CVD post-OLT include
chronic immunosuppression, pre-transplant car-
diovascular and metabolic diseases, and recipient
lifestyle.

Hypertension is the most common CVD risk
factor in OLT recipients with a prevalence of
3677 % (Mells and Neuberger 2007). Several
factors contribute to post-transplant hyperten-
sion, namely, pre-transplant hypertension,
preexisting or worsening renal disease, obesity,
and the use of steroids and calcineurin inhibitors
(CNI). Management plan should include non-
pharmacologic and pharmacologic regimens.
Non-pharmacologic approaches such as weight
reduction, regular moderate exercise, moderate
alcohol intake, and dietary sodium restriction
may be helpful for those with a systolic blood
pressure within 10 mmHg of target blood pres-
sure (BP). However, in cases where lifestyle
modification is not effective, pharmacologic
treatment with vasodilating agents, such as cal-
cium channel blockers may be used (Desai
etal. 2010). Specific indications such as protein-
uria, graft vasculopathy, or preexisting CVD
may warrant the use of angiotensin-converting-
enzyme inhibitors or beta blockers as initial
agents. Loop diuretics should be added in the
presence of fluid and water retention. Further-
more, the use of CNI-free and steroid avoidance
immunosuppressive regimens may also help
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achieve improvement in systemic BP control
and reduction in the number of required antihy-
pertensive drugs. The prevalence rates of hyper-
tension have been shown to be lower with
tacrolimus compared to cyclosporine, and the
addition of mycophenolate mofetil has also
been demonstrated to improve hypertension by
permitting lower doses of CNI.

Hyperlipidemia is present in 27-66 % of OLT
patients (Fellstrom 2001). Risk factors for hyper-
lipidemia in a transplant recipient include genetic
predisposition, age, pre-transplant hyperlipid-
emia, obesity, allograft dysfunction (e.g., recur-
rent primary biliary cirrhosis), hyperinsulinemia,
diabetes, and immunosuppressive drugs, particu-
larly steroids, sirolimus, and CNIs. Treatment of
dyslipidemia includes lifestyle modification and
pharmacologic therapy, such as statin medications
(Desai et al. 2010). Reducing CNI doses may be
beneficial in hyperlipidemic states in addition to
steroid avoidance. Sirolimus is also well known to
cause hypercholesterolemia and should be
avoided if possible in patients who are at risk
for CVD.

Diabetes mellitus (DM) is a major cause of
premature atherosclerosis and increases cardio-
vascular morbidity and mortality. Approximately
25 % of transplant recipients will develop
new-onset insulin resistance and chronic hyper-
glycemia requiring insulin or hypoglycemic
agents. This is partly due to the influence of ste-
roids and CNI. The prevalence of post-transplant
DM (PTDM) after OLT ranges from 13 % to 21 %
(Mells and Neuberger 2007). Numerous studies
have shown that kidney and liver transplant recip-
ients who develop PTDM are at two- to threefold
increased risk of developing fatal or nonfatal
CVD events (Kasiske et al. 2003). Since many
of the risk factors for PTDM are modifiable, the
incidence of CVD due to PTDM can be mitigated
by early diagnosis and treatment with periodic
screening of fasting blood sugar levels, lifestyle
changes to minimize post-transplant weight gain,
steroid avoidance regimen in high-risk patients,
CNI minimization and CNI-free regimens,
aggressive blood sugar control, and periodic sur-
veillance for CVD in patients with PTDM using
appropriate cardiac imaging studies.
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Obesity (body mass index >30 kg/m?) is a
significant risk factor for CVD in the general
population, and obese patients often have other
concurrent cardiac risk factors (DM, hyperten-
sion, hyperlipidemia). It is clear that obesity has
a direct relationship to insulin resistance and
PTDM as well as CVD and death. Post-transplant
obesity is a significant problem, occurring in up to
50 % of patients, with multiple contributing fac-
tors such as decreased physical activity, DM, die-
tary habits, genetic factors, and side effects of
immunosuppressive drugs. Dietary counseling,
weight loss, increased physical activity, steroid-
free immunosuppression, and bariatric surgical
procedures are some of the common lifestyle
change strategies and medical interventions that
can promote weight loss.

Surgical Complications
Hemorrhage

Intra-abdominal bleeding occurs in about 5 % of
cases and is the most common cause of hypoten-
sion in the immediate period after OLT. Contrib-
uting factors may include delayed graft function
due to the use of expanded criteria liver, i.e., fatty
liver (with >30 % macrosteatosis), liver from
older donors, prolonged cold ischemia time, etc.
Clinically, patients usually have increased abdom-
inal girth, bloody drainage, and decreased urine
output. This may be associated with decreasing
serial hemoglobin, prolonged INR, and
thrombocytopenia. Majority of cases resolve
spontaneously and are usually managed conserva-
tively with blood and fluid replacement.
Coagulopathy and thrombocytopenia may be
corrected with plasma or platelet transfusion.
However, the need for more than two units of
blood transfusion in the last 12 h or patients who
become hemodynamically unstable may be indi-
cations for emergent reoperation. No specific site
of bleeding is identified intraoperatively in most
cases. However, in cases where overt bleeding is
identified, they are usually found at the anasto-
motic site.
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Hepatic Artery Thrombosis

Hepatic artery thrombosis (HAT) is the leading
cause of graft loss and mortality (20-60 %) after
OLT (Quiroga et al. 1991). It can be classified as
early (onset within 1-month post-OLT) or late
(onset after 1-month post-OLT) HAT. Early HAT
occurs more commonly in children (42 %) than in
adults (12 %), while late HAT has a lower inci-
dence of 1-25 % (Gunsar et al. 2003; Bekker
et al. 2009). Early HAT is manifested by a sudden
elevation in liver enzymes, increased INR, and
abrupt change in mental status, fever, and hemo-
dynamic instability. In OLT, the hepatic artery is
the sole arterial supply to the liver graft and the
only blood supply to the biliary tree. Therefore,
early HAT can lead to acute liver failure, bile duct
necrosis with bile leak, or intrahepatic abscess
formation. Late HAT is usually asymptomatic
but may manifests with multiple intrahepatic bil-
iary strictures. Doppler ultrasonography is the
most accurate and reliable diagnostic screening
test for detecting HAT (Flint et al. 1991). The
absence of main and intrahepatic arterial flow on
Doppler ultrasound should warrant a hepatic arte-
riography. An abrupt cutoff in the main hepatic
artery with absence of intrahepatic arterial flow on
hepatic arteriography confirms the diagnosis of
HAT. Treatment for HAT is arterial revasculariza-
tion by thrombectomy or surgical revision.
Catheter-based treatments may be tried, but are
rarely successful. Urgent re-transplantation is the
treatment of choice for most early HAT. For late
HAT, the treatment of choice 1is also
re-transplantation, because the biliary tract is usu-
ally damaged by the time HAT is diagnosed (see
Fig. 1).

Hepatic Artery Stenosis

Hepatic artery stenosis (HAS) is not a very com-
mon vascular complication post-OLT with a
reported incidence of 4-10 % (Duff et al. 2009).
It may be due to narrowing at the anastomosis,
trauma to the intimal layer due to catheter manip-
ulation, and twisting or kinking of the hepatic
artery. Although it is generally thought that HAS
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Fig. 1 Hepatic artery thrombosis

may lead to biliary ischemia or liver graft dysfunc-
tion and can progress to HAT, its clinical signifi-
cance remains unclear as many patients remain
asymptomatic without liver dysfunction. High
flow velocity (>200 cm/s) at the site of stenosis
with turbulence distal to the stenosis and low resis-
tive index (RI) of <0.5 in the main, right, or left
hepatic artery are typical Doppler ultrasound find-
ings of HAS. Mild stenosis may not demonstrate
any changes on Doppler ultrasound (Dodd
et al. 1994). Percutaneous angioplasty is an alter-
native treatment to surgery for HAS. However, the
former is not as effective as surgical resection of the
stenotic segment with arterial reconstruction
(Rostambeigi et al. 2012). Without intervention,
more than half of cases may develop HAT.

Hepatic Artery Pseudoaneurysm

Hepatic artery pseudoaneurysm (HAPA) is a rare,
life-threatening complication after OLT with a
reported incidence of 1-2 %, and usual occurrence
of 2-3 weeks post-OLT (Marshall et al. 2001). They
usually involve the extrahepatic portion of the
hepatic artery and commonly originate from a
local infection around the arterial anastomosis.
Rarely, they may be located intrahepatically, and
these are frequently due to percutaneous
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interventional procedures such as liver biopsy, per-
cutaneous transhepatic  cholangiography, or
transhepatic drainage catheter placements (Zajko
et al. 1990). The initial clinical presentation of
HAPA may be nonspecific, i.e., unexplained fever,
liver graft dysfunction, or decreasing hemoglobin
level. Therefore, it is very important to have a high
index of suspicion to make an early diagnosis and
initiation of treatment for HAPA before they rupture
and develop bleeding complications. Liver grafts
can also be lost because of ischemia secondary to
HAPA thrombosis. Rupture of an intrahepatic aneu-
rysm can cause arterio-portal venous leading to
portal hypertension or arteriobiliary fistula leading
to hemobilia or gastrointestinal hemorrhage
(Pawlak et al. 2003). Likewise, rupture of an extra-
hepatic aneurysm can lead to profound shock and
massive intraperitoneal hemorrhage.

Color and spectral Doppler ultrasound is a use-
ful diagnostic study to differentiate HAPA from a
cystic mass close to the hepatic artery by demon-
strating arterial flow within the cystic lesion
(Crossin et al. 2003). CT scan may also demon-
strate fluid collections and may identify HAPA and
other pathologies. Arteriography remains the defin-
itive study to identify and localize HAPA and aid in
planning further treatment (Marshall et al. 2001). If
discovered before bleeding complications occur,
HAPAS are often treated with surgical resection of
the aneurysm with revascularization using interpo-
sition vascular or arterial grafts. However, in the
presence of acute hemorrhage, particularly HAPAs
involving the extrahepatic arterial anastomosis,
aneurysm inflow occlusion using coil embolization
is necessary to control bleeding and stabilize
patients in preparation for re-transplantation. The
occurrence of HAPA after OLT is associated with a
high mortality rate of 69 % (Marshall et al. 2001).
The presence of prior poor graft function or com-
plicated post-OLT course of the recipient further
worsens outcome after revascularization and
re-OLT for bleeding HAPA (see Fig. 2).

Portal Vein Thrombosis and Stenosis

Portal vein thrombosis and stenosis are a rare
vascular complication after OLT with a reported
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Fig. 2 Hepatic artery pseudoaneurysm

incidence of 1-2 % (Langas et al. 1991). Portal
vein stenosis or thrombosis may be due to surgical
technical errors, i.e., anastomotic stricture, portal
vein twisting, compression or kinking due to
redundant vein reconstruction or use of vein
graft extension, low portal vein inflow, and recip-
ient hypercoagulable state. They usually manifest
with severe liver graft dysfunction associated with
hypoglycemia, coagulopathy, lactic acidosis,
massive ascites, bleeding esophageal wvarices,
renal failure, and hemodynamic instability. Portal
vein thrombosis shows absence of flow within the
portal vein on color or spectral Doppler ultra-
sound, which is confirmed by angiography
(Friedwald et al. 2003). Although thrombectomy
and portal vein reconstruction in conjunction with
thrombolytic and anticoagulant agents may be
tried, urgent re-transplantation is the only treat-
ment of choice in most cases. However,
re-transplantation may be challenging, particu-
larly in patients with extensive portal vein throm-
bosis involving the superior mesenteric vein.
Ultrasound findings of portal vein stenosis
include focal narrowing of the portal vein to
2.5 mm with increased flow velocity at the site
of stenosis and decreased flow velocity in the
portal vein. Flow velocities of >150 cm/s or anas-
tomotic to pre-anastomotic flow velocity ratio of
>4:1 is specific for anastomotic portal vein

C.G.B. Ramirez

stricture (Pawlak et al. 2003). The treatment of
choice for portal vein stenosis is percutaneous
balloon angioplasty which can be done via
transhepatic or transjugular approach (Glanemann
et al. 2001; Ko et al. 2007).

Hepatic Vein and Caval Stenosis

Venous outflow complications due to vena cava or
hepatic vein outflow stenosis are relatively
uncommon with reported incidence of between
1 % and 6 % depending on anastomotic technique
and transplant type (Darcy 2007). Hepatic vein
stenosis is slightly more common than vena
caval stenosis with higher incidence (6 %)
reported in living compared to deceased donor
OLT pediatric recipients (Egawa et al. 1993). It
usually presents early post-OLT and may be due to
technical complications, i.e., tight anastomosis,
big donor-recipient vein size discrepancy, vein
twisting, extrinsic compression of hepatic vein
or vena cava, or intimal vein flap formation. The
usual presentation of venous outflow obstruction
may be similar to patients with portal hyperten-
sion, i.e., massive ascites, lower extremity edema,
abdominal pain due to ascites or hepatomegaly,
and sometimes variceal bleeding. Patients com-
monly develop renal insufficiency and liver graft
dysfunction. Doppler ultrasound examination is
the most commonly used initial diagnostic test to
detect venous outflow obstruction, while venog-
raphy with pressure gradient measurement is used
to confirm the diagnosis (Egawa et al. 1993;
Darcy 2007). Typical findings on Doppler ultra-
sound may include decreased hepatic and portal
vein mean velocities and dampened hepatic vein
wave forms. A pressure gradient of greater than
10 mmHg is a commonly used threshold to con-
firm the diagnosis (Raby et al. 1991; Borsa
et al. 1999; Weeks et al., 2000). The treatment of
choice for hepatic vein and caval stenosis is per-
cutaneous transjugular balloon angioplasty with
stent placement. However, repeated sessions of
angioplasty may be necessary to achieve long-
term patency due to the increased incidence of
recurrent stenosis after a single angioplasty. The
use of stents after angioplasty is reported to have
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an increased long-term patency rate (Borsa
et al. 1999). Surgical revision of the anastomosis
may be warranted in cases that cannot be dilated
with percutaneous balloon angioplasty. Surgical
technique involves dissecting around the cava,
which may include opening the diaphragm around
the cava for better exposure and access. Other
surgical options include the use of caval patch
venoplasty and bypass.

Biliary Complications

Biliary complications such as biliary leak or stric-
ture occur in 1.6—19 % of cases after OLT (Hintze
et al. 1997; Rabkin et al. 1998). Biliary leakage
usually occurs within the first month post-OLT,
and surgical technical errors, i.e., undue tension at
the anastomosis and bile duct necrosis due to
HAT, are the most common causes. They can
originate from the biliary anastomotic site,
T-tube exit site, cystic duct remnant, bile duct
damage after liver biopsy, bile duct necrosis due
to HAT, or cut surface of the liver in split liver or
living donor liver transplantation. Biliary anasto-
motic leak and T-tube exit site leak account for
more than 80 % of all bile leakages (Greif
et al. 1994; Boraschi et al. 2001). Patients with
biliary leak can be asymptomatic, but when symp-
tomatic, they usually present with fever and
abdominal pain and elevated liver enzymes.
Doppler ultrasound of the liver should be
performed initially to rule out HAT as a possible
cause of bile leak. The diagnosis of bile leak may
be suggested by HIDA scan but the definitive
diagnosis can be confirmed by T-tube cholangio-
gram. In the absence of a T-tube, ultrasonography
and HIDA scan can be used to detect bile leaks.
However, ERCP can be used to diagnose and treat
bile duct leaks in recipients with duct-to-duct
anastomosis, while MRCP is the most appropriate
diagnostic tool for recipients with Roux-en-y
choledochojejunostomy (Thuluvath et al. 2003).
Percutaneous  transhepatic  cholangiography
(PTCD) may also be used in these cases, although
oftentimes unsuccessful due to difficulty in
accessing non-dilated intrahepatic ducts. Small,
asymptomatic anastomotic bile leaks may be

Fig. 3 Biliary leak

treated by opening the T-tube to decompress the
biliary tree with follow-up cholangiogram after
2 weeks to check for resolution of bile leak. On
the other hand, most persistent and symptomatic
bile leaks post-T-tube removal can be managed
successfully by ERCP and bile duct stent place-
ment, with or without sphincterotomy. Biliary
reconstruction by converting to Roux-en-Y
choledochojejunostomy is the treatment of choice
for bile leaks that do not respond to endoscopic or
percutaneous approach. In patients with primary
Roux-en-Y choledochojejunostomy with large
bile leak or nonresponse to PTCD, revision of
the Roux-en-Y anastomosis is the treatment of
choice (see Fig. 3).

Biliary anastomotic strictures have a reported
incidence of 5-10 %, majority of which occur
within the first-year post-OLT (Verdonk
et al. 2006). They may be associated with surgical
technical complications, bile duct ischemia, pre-
vious bile duct leakage, and hepatic arterial flow
problems, i.e., HAS or HAT. They manifest with
progressive elevation of total bilirubin and cana-
licular enzyme levels. Although MRCP can be
used to diagnose biliary strictures, T-tube cholan-
giogram, ERCP, or PTCD is still considered the
gold standard in diagnosis of biliary anastomotic
strictures. A simple bile duct stricture may be
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Fig. 4 Biliary anastomotic stricture

treated by dilatation and stent placement. How-
ever, biliary reconstruction with conversion to a
Roux-en-y choledochojejunostomy may be the
only treatment for long bile duct strictures, ampul-
lary dysfunction, or failure of endoscopic and
percutaneous techniques. Since bile duct compli-
cations may be secondary to hepatic artery throm-
bosis or stenosis, ultrasound Doppler studies
should be part of the work-up to evaluate hepatic
artery patency (see Fig. 4).

Conclusion

Most post-OLT complications occur in the first
month after OLT and can cause significant mor-
bidity and mortality. Early recognition, diagnosis,
and treatment of post-OLT complications are crit-
ical to successful short- and long-term graft and
patient survival outcomes after OLT.
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Abstract

Anesthesia for liver transplantation pertains to
a continuum of critical care of patients with
end-stage liver disease. Hence, anesthesiolo-
gists, armed with a comprehensive understand-
ing of pathophysiology and physiologic effects
of liver transplantation on recipients, are
expected to maintain homeostasis of all organ
function. Specifically, patients with fulminant
hepatic failure develop significant changes in
cerebral function, and cerebral perfusion is
maintained by monitoring cerebral blood flow
and cerebral metabolic rate of oxygen, and
intracranial pressure. Hyperdynamic circula-
tion is challenged by the postreperfusion syn-
drome, which may lead to cardiovascular
collapse. The goal of circulatory support is to
maintain tissue perfusion via optimal pre-
load, contractility, and heart rate using the
guidance of right-heart catheterization and
transesophageal echocardiography. Porto-
pulmonary hypertension and hepatopulmonary
syndrome have high morbidity and mortality,
and they should be properly evaluated preop-
eratively. Major bleeding is a common occur-
rence, and euvolemia is maintained using a
rapid infusion device. Pre-existing co-
agulopathy is compounded by dilution, fibrino-
lysis, heparin effect, and excessive activation. It
is treated using selective component or pharma-
cologic therapy based on the viscoelastic proper-
ties of whole blood. Hypocalcemia and
hyperkalemia from massive transfusion, lack of
hepatic function, and the postreperfusion syn-
drome should be aggressively treated. Close
communication between all parties involved in
liver transplantation is also equally valuable in
achieving a successful outcome.

Keywords

Anesthesia ¢ Cirrhosis ¢ Coagulation * Liver
transplantation ¢ Fibrinolysis * Hepatopul-
monary syndrome ¢ Hypocalcemia ¢ Hyper-
kalemia < Physiology ¢ Portopulmonary
hypertension ¢ Postreperfusion syndrome e
Rapid infusion device * Transesophageal echo-
cardiography ¢ Thromboelastography

Y. Kang and E. Elia
Introduction

Dr. Thomas Starzl of Denver, Colorado, USA, who
believed that “liver transplantation is an effective
treatment providing exactly what is needed for
patients with end-stage liver disease (ESLD),”
performed the first successful orthotopic liver
transplantation (OLT) in a 3-year-old boy with
biliary atresia in 1963 (Starzl et al. 1963). During
the first two decades of the procedure’s history,
liver transplantation led by Starzl and Sir Roy
Calne of Cambridge encountered almost insur-
mountable challenges, including complexity of
surgical technique, primitive anesthesia and inten-
sive care, less-than-adequate immunosuppression
and organ preservation, and devastating infection.
The number of procedures performed was rela-
tively few, and the success rate was low. However,
their keen observations on these early clinical expe-
riences laid the foundation of modern liver trans-
plantation (Starzl and Putnam 1969; Calne 1983).

Breakthroughs were made in each decade fol-
lowing the first transplantation. In the 1980s,
venovenous bypass was introduced to maintain
better hemodynamic stability (Shaw et al. 1984),
cyclosporine was found to be a superior immuno-
suppressant to azathioprine, and anesthesiologists
answered important clinical questions, including
those relating to the monitoring and treatment of
coagulopathy, hemodynamic changes, and the role
of the electrolyte imbalance. In the 1990s, FK506
(tacrolimus) became the immunosuppressant of
choice (Starzl et al. 1989), University of Wisconsin
solution was introduced to extend the safe cold
ischemia time to 24 h (Kalayoglu et al. 1988),
and the piggyback technique simplified surgery in
select patients (Tzakis et al. 1989). In the past
15 years, liver transplantation has been performed
in most major medical centers with a 1-year sur-
vival rate of greater than 85 %, and living donor
liver transplantation has become a valuable
alternative.

Liver transplantation requires a true multidis-
ciplinary approach, and anesthesiologists and
intensivists have played a major role in the suc-
cessful outcome of liver transplantation. In sup-
port of the important role of anesthesiologists in
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liver transplantation, the American Society of
Anesthesiologists (ASA) developed the Guide-
lines for Director of Liver Transplant Anesthesia
in 2001. The guidelines specified that the Director
should have fellowship training in critical care
medicine, cardiac anesthesiology, or transplanta-
tion anesthesiology that includes the perioperative
care of at least ten liver transplant recipients or
experience in the perioperative care of at least
20 liver transplant recipients in the operating
room. In addition, the Director is expected to
obtain a minimum of 8 h of Accreditation Council
for Continuing Medical Education (ACCME)
Category I continuing medical education (CME)
credit in transplantation-related educational activ-
ities within the most recent 3-year period.

In this chapter, physiology and pathophysiol-
ogy of liver disease and anesthesia care of liver
transplantation are described based on clinical
experience at the University of Pittsburgh (Pitts-
burgh, PA, USA) and Thomas Jefferson Univer-
sity (Philadelphia, PA, USA).

Anatomy of the Liver

The liver, which weighs 1200-1500 g in adults, is
traditionally divided into the right and left lobe in
reference to the location of the falciform ligament.

Fig. 1 Segments of the
liver (Reprinted from Clin
Liver Dis, 4, Ghobrial RM,
Amersi F, Busuttil RW,
Surgical advances in liver
transplantation. Living
related and split donors,
553-565, Copyright (2000),
with permission from
Elsevier)
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Couinaud, however, divided the liver into the
right and left hemiliver using the Cantlie’s line,
which extends from the inferior vena cava (IVC)
to the gall bladder, and each hemiliver is further
divided into four segments (Couinaud 1954). The
left hemiliver is composed of the traditional left
lobe along with the caudate and quadrate lobe.
Liver resections based on these segmental defini-
tions are right hepatectomy (segments 5-8), right
lobectomy (segments 4-8), left hepatectomy (seg-
ments 1-4), and left lobectomy (segments 1-3)
(Fig. 1) (Bismuth 1982).

The liver has a unique dual blood supply: arte-
rial supply from the hepatic artery, a branch of the
celiac axis, and venous supply from the portal
vein formed by the union of the splenic and supe-
rior mesenteric vein. Despite liver mass constitut-
ing only 2.5 % of the total body weight, the total
hepatic blood flow is approximately 100 mL/
100 g/min, or 25 % of cardiac output. The hepatic
artery supplies approximately 25-30 % of hepatic
blood flow and 45-50 % of the oxygen require-
ment, while the portal vein supplies 70-75 % of
hepatic blood flow and 50-55 % of oxygen.
The venous drainage is through the right, middle,
and left hepatic veins, which merge into the IVC.
The valveless portal vein is a low pressure/low
resistance circuit, while the hepatic artery is a
high pressure/high resistance system. Hepatic
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blood flow is primarily regulated by local meta-
bolic demand with an inverse relationship
between portal venous and hepatic arterial flow:
an increase in the hepatic adenosine level trig-
gered by a reduced portal venous flow increases
hepatic arterial blood flow (Gelman and Ernst
1977; Lautt et al. 1985). The hepatic artery buffer
response appears to be functional even after liver
transplantation (Payen et al. 1990), and this
response may be responsible for the development
of the small-for-size syndrome after living donor
or split liver transplantation (Kiuchi et al. 1999).
Small-for-size syndrome develops in a patient
who received a donor graft that was less
than 1 % of the recipient’s body weight and is
caused by decreased hepatic arterial flow in
response to increased portal venous flow and
pressure. Subsequently, a prolonged postopera-
tive reduction in hepatic arterial flow can lead to
centrilobular tissue necrosis, biliary ischemia,
and hepatic arterial thrombosis (Smyrniotis
et al. 2002). There is no buffer response in the
portal system because the portal vein cannot reg-
ulate its blood flow. Therefore, alterations in the
hepatic arterial blood flow do not induce
compensatory changes in the portal blood flow
(Lautt 1983).

The mean pressure in the hepatic artery is
similar to that in the aorta, while portal vein pres-
sure ranges between 6 and 10 mmHg. The portal
pressure depends primarily on the degree of con-
striction or dilatation of the splanchnic arterioles
and on intrahepatic resistance. Both afferent sys-
tems merge at the sinusoidal bed, where the pres-
sure is estimated to be 2—4 mmHg higher than that
in the IVC. The liver serves as a blood reservoir,
and it replenishes blood volume of up to 25 %
rapidly in the case of an acute bleeding episode
(Lautt 2007). Hepatic blood volume may
expand considerably in cardiac failure by venous
congestion.

The liver is innervated by the left and right vagi,
the right phrenic nerve, and fibers from the T7-T10
sympathetic ganglia. The hepatic artery is inner-
vated mainly by sympathetic fibers, and hepato-
cytes, by the unmyelinated sympathetic fibers. The
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bile ducts are innervated by both sympathetic and
parasympathetic fibers. The role of hepatic inner-
vation is unclear, as denervation of the transplanted
liver does not affect its function (Kjaer et al. 1994).

Bile flow begins from the bile canaliculi to the
common bile duct. Hepatic lymph forms in the
space between the sinusoid and the hepatocyte
(space of Disse) and flows to lymph nodes in the
hilum and IVC. The transdiaphragmatic lym-
phatic flow is the cause of pleural effusions in
the presence of large ascites.

The liver is made of parenchymal cells (hepa-
tocytes) and non-parenchymal cells (sinusoidal
endothelial, Kupffer, stellate, dendritic, and lym-
phocyte). Hepatocytes make up 60-80 % of liver
cells and carry out hepatic metabolic, synthetic,
and detoxification functions. Polyhedral hepato-
cytes are arranged in one-cell thick plates with
endothelium-lined sinusoids on both sides. Each
hepatocyte cell membrane has three distinct mem-
brane domains. The sinusoidal membrane is adja-
cent to the sinusoidal endothelium and has
numerous microvilli abutting into the space of
Disse. Fenestrae within the sinusoidal endothe-
lium without the basement membrane permit inti-
mate contact between sinusoidal blood and the
hepatocytes to allow the passage of big molecules,
including lipoproteins. Liver sinusoidal endothe-
lial cells make up 15-20 % of liver cells and
release nitric oxide to regulate vascular resistance.
They are, along with dendritic cells and lympho-
cytes, part of the innate immune system. The space
of Disse contains phagocytic Kupffer cells that
participate in the hepatic inflammatory process.
The Ito cells, also known as stellate cells, are the
major site of vitamin A storage, and their activa-
tion results in hepatic fibrosis and cirrhosis.
Reticulin fibers in the space of Disse support the
sinusoidal framework, and weakening of these
supporting fibers results in rupture of sinusoidal
walls and formation of blood-filled cysts known as
peliosis hepatis, a forerunner of cirrhosis. The
apical membrane circumscribes the canaliculus,
the earliest component of the biliary system. The
lateral hepatic membrane is found between adja-
cent hepatocytes.



9 Anesthesia Management of Liver Transplantation

Fig. 2 Schematic diagram
of the acinus

The functional unit of the liver is the acinus.
Terminal portal veins communicate with terminal
hepatic venules, with sinusoids bridging the gap
between the two vessels (Fig. 2). Each sinus con-
tains three zones with equal blood pressure and
oxygen content. The periportal zone (Zone 1)
receives blood highest in oxygen content and the
pericentral or perivenular zone (Zone 3) receives
blood lowest in oxygen content. As a result, the
hepatocytes in the perivenular zone (Zone 3) are
more vulnerable to ischemic damage and nutrient
depletion. Oxidative and reductive functions are
predominantly performed by hepatocytes at the
periportal zone and glucuronidation is performed
by those at the perivenular zone, although hepa-
tocytes of the two different zones are functionally
integrated (Lamers et al. 1989). The unique struc-
ture of the liver acinus is well-suited for bidirec-
tional transfer of nutrients. The low pressure in the
portal venous system allows blood to flow slowly
through the sinusoids. Hepatic arterial blood
flows mainly to the terminal bile canaliculi,
although it augments sinusoidal flow to give a
gentle pulsatility. In patients with liver cirrhosis,
the sinusoids acquire features of systemic capil-
laries: the space of Disse widens with collagen
deposits at the basement membrane, endothelial
fenestrations become smaller and fewer, and
hepatic microvilli efface. All of these changes
reduce transport across the sinusoidal walls and
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Portal vein

Bile duct

result in hepatic dysfunction. Furthermore, wide-
spread fibrosis and scarring reduce the number
and size of the small portal and hepatic veins
and increase intrahepatic vascular resistance to
the development of portal hypertension (Popper
1977). The sluggish blood flow in the altered
vascular architecture promotes thrombosis, caus-
ing further cell necrosis and fibrosis (Wanless
et al. 1995).

The liver undergoes rapid regeneration through
proliferation of hepatocytes to maintain the criti-
cal mass necessary for normal liver function. For
example, the newly transplanted hemiliver from a
living related donor regenerates to about 85 % of
its original whole liver size in 7-14 days. The
major hepatic growth factors are epidermal
growth factor and hepatocyte growth factor
(Michalopoulos 1990). Administration of the epi-
dermal or hepatocyte growth factor to normal rats,
however, does not cause hepatocyte replication.
This negative response suggests that liver
regeneration involves a two-step process: the ini-
tial signal generated by an acute increase in met-
abolic demand associated with the loss of
hepatocytes triggers a set of early response genes
that prime hepatocytes to respond to various
growth factors. In apoptosis or programmed cell
death, aging hepatocytes are removed and new
cells are produced in a continuous manner (Ellis
etal. 1991).
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Hepatic Function

The liver has three major functions: metabolism,
bile production and secretion, and filtration of
harmful substances.

Carbohydrate Metabolism

The principal role of the liver is to provide the
body with normal glucose levels, which are regu-
lated by insulin, glucagon, growth hormone, and
catecholamines (Pilkis and Granner 1992). The
liver converts glucose into glycogen (glycogene-
sis) and utilizes glucose for the synthesis of fatty
acids.

Cirrhotic patients are frequently hyperglyce-
mic although their insulin level is elevated
(Petrides and DeFronzo 1989). This insulin resis-
tance is caused by multiple mechanisms. Cirrhotic
patients have an increased basal metabolic rate
and use preferentially fatty acids as an energy
source. Reduced glucose uptake and limited
glucose storage in the liver and muscle lead to
hyperglycemia. Other contributing factors
are increased serum fatty acids, which inhibit
glucose uptake by muscle; altered second messen-
ger activity after insulin binding to its receptors;
an increased concentration of serum cytokines
associated with elevated levels of endotoxins;
and increased levels of glucagon and
catecholamines.

Protein and Amino Acid Metabolism

The liver is the major organ for protein synthesis,
and albumin is the most important protein prod-
uct. Albumin is the major contributor to plasma
oncotic pressure and binds and transports biliru-
bin, hormones, fatty acids, and other substances.
Hypoalbuminemia is commonly caused by
decreased hepatic synthetic function, although it
can be secondary to an enlarged volume of distri-
bution, reduced level of amino acid precursors,
and losses into the urine, peritoneum and pleural
cavity, and leads to peripheral edema, ascites, and
pleural effusions. The low serum oncotic pressure
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stimulates the hepatic albumin synthesis in
healthy subjects, but this is impaired in patients
with cirrhosis (Pierrangelo et al. 1992). The liver
synthesizes all coagulation factors (except von
Willebrand factor) and protein C and S. Factors II,
VII, IX, and X undergo a posttranslational vita-
min  K-dependent modification involving
y-carboxylation of specific glutamic acid residues
in the liver.

The liver is the primary site of interconversion
of amino acids. Anabolic processes synthesize
proteins from amino acids, while catabolic pro-
cesses convert amino acids either to keto acids by
transamination or ammonia by oxidative deami-
nation. Ammonia, in turn, is converted to urea by
the Krebs-Henseleit cycle. In patients with liver
disease, derangement of both anabolic and cata-
bolic processes results in decreased production of
blood urea nitrogen (BUN) and accumulation of
ammonia, a contributing factor in the develop-
ment of hepatic encephalopathy. The liver pro-
duces  acute-phase  reactants, such as
a-fetoprotein, ceruloplasmin, fibrinogen, transfer-
rin, complement, and ferritin. They are expressed
during acute and chronic systemic inflammation,
and their activation is mediated by interleukin-6,
tumor necrosis factor, interferon- vy, and
glucocorticoids.

Lipid Metabolism

The liver takes up fatty acids and cholesterol from
diet and peripheral tissues to produce and release
lipoprotein complexes into circulation. Fatty acids
released from adipocytes are bound to serum albu-
min and transported to the liver for the synthesis of
phospholipids and triglycerides. The liver produces
fatty acids from small molecular weight precursors,
and cholesterol synthesis is regulated by the rate-
limiting enzyme 3-hydroxyl-3 methylglutaryl
coenzyme A reductase (HMG-CoA reductase).
Lipids are exported out of the liver by very
low-density lipoprotein (VLDL) particles, which
are the major carriers of plasma triglycerides during
non-absorptive states. Lipids are temporarily stored
in the liver as fat droplets, or as cholesteryl esters in
the case of cholesterol, and are directly excreted
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into bile or metabolized into bile acids. The liver is
the major site for sterol excretion and production of
bile acids.

Various abnormalities in lipid metabolism are
common in liver disease. Hypertriglyceridemia
(250-500 mg/dL) is the most common presentation
and may be caused by decreased synthesis of lipo-
proteins, decreased hepatic clearance of lipoprotein
complexes, or re-entry of biliary content into the
serum. Alcoholic liver injury results in increased
fatty acid synthesis and steatosis (Lieber 1993). Par-
adoxically, an increased high-density lipoprotein
(HDL) 3 level has been noted with moderate alco-
hol consumption, which may explain the reduced
risk of atherosclerosis in these patients (Chait and
Brunzell 1990). Patients with cholestatic liver dis-
eases have elevated total serum cholesterol and
triglycerides because the bile is rich in cholesterol,
phospholipids, and lecithin.

Detoxification and Hormone Alteration

The liver eliminates drugs through two types of
reactions. The phase 1 reactions include oxida-
tion, reduction, hydroxylation, sulfoxidation,
deamination, dealkylation, and methylation of
reactive substances. These reactions involve sys-
tems such as cytochrome P450 and typically occur
in the periportal area of the liver. The phase 2
reactions, which transform lipophilic agents into
more water-soluble compounds, take place in the
pericentral area. In patients with liver disease,
hepatic drug clearance is usually reduced due to
the enlarged volume of distribution and decreased
hepatic metabolism. As a result, a large initial
dose of medications followed by small, titrated
maintenance doses are required to achieve the
desired pharmacologic effects.

Several hormones are deactivated or altered in
the liver. The deactivated hormones are insulin,
glucagon, steroid hormones, aldosterone, thyrox-
ine, and triiodothyronine. The liver converts tes-
tosterone into androsterone and estrogen into
estrone and estriol. Abnormal levels of estrogen
and testosterone in patients with liver disease lead
to testicular atrophy, loss of pubic and axillary
hair, spider angioma, and gynecomastia.
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Excretory Function

The liver removes various substances from the
body, and bile formation is one of the most impor-
tant excretory functions. When membranes of
old erythrocytes rupture, the released hemoglobin
is taken up by the reticuloendothelial cells and is
split into heme and globin. Heme converts to
biliverdin, which, in turn, is reduced to free bili-
rubin and released into the plasma. The free
bilirubin—albumin complex is taken up by the
hepatocytes. Bilirubin conjugates primarily with
glucuronic acid and is actively transported into the
bile. A small portion of conjugated bilirubin
returns to the plasma directly from the sinusoids
or indirectly by absorption from the bile ducts
and lymphatics. Bilirubin is converted into
urobilinogen by the intestinal bacterial flora.
Some urobilinogen is reabsorbed through the
intestinal mucosa and is re-excreted into the
intestine. Bile acids, which enhance absorption
of vitamin K, are also excreted into the bile by
the liver.

Filtration Function

The liver, located between the splanchnic and
systemic venous system, acts as a vascular filter.
Kupffer cells phagocytose immune complexes,
endotoxins, and bacteria in the portal venous
blood and process antigens for presentation to
immunocompetent cells. The liver also
removes activated coagulation elements from cir-
culation to prevent excessive coagulation or
fibrinolysis.

Pathophysiology of Liver Cirrhosis

Liver cirrhosis is defined as progressive fibrosis
and the formation of regenerative nodules, and is
the final common pathway in which hepatocytes
are replaced by connective tissue after various,
repetitive insults. The amount of remaining func-
tional hepatic mass and the degree of architectural
distortion determine the functional state of the
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Table 1 Child-Pugh score

Points

Presentation 1
Albumin (g/dL) >3.5
Prothrombin time

Seconds prolonged <4

INR <1.7
Bilirubin (mg/dL)

Hepatocellular disease <2

Cholestatic disease <4
Ascites Absent
Encephalopathy None
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2 3

2.8-3.5 <2.8

4-6 >6
1.7-2.3 >2.3

2-3 >3

4-10 >10
Mild-moderate Tense
Grade 1-2 Grade 34

Class A = 5-6 points, B = 7-9 points, and C = 10-15 points

INR international normalized ratio

liver. Portal hypertension is inevitable in
advanced cirrhosis and leads to ascites, variceal
bleeding, and encephalopathy. The severity of
cirrhosis is frequently classified using the Child-
Pugh score (Table 1), and a score of >6 suggests a
short life expectancy.

Central Nervous System

Hepatic encephalopathy is a reversible neuropsy-
chiatric condition in both acute and chronic liver
failure. In chronic liver disease, hepatic encepha-
lopathy develops in 28 % of patients within
10 years of compensated cirrhosis and is associ-
ated with spontaneously developed or surgically
created portosystemic shunting (Butterworth
2001). The degree of encephalopathy is stratified
by a coma scale: Grade 1, subtle confusion;
Grade 2, somnolence; Grade 3, unconsciousness
with response to pain stimulation; and Grade 4,
deep coma. Clinically, asterixis, flapping tremor,
and fetor hepaticus (musty, sweet breath odor) are
confirmatory of hepatic encephalopathy.

The main cause of hepatic encephalopathy is
the altered expression of several genes for various
neurotransmitter ~ proteins in  the  brain
(Butterworth 2001). Decreased expression of the
glutamate transporter (GLT-1) increases extracel-
lular brain glutamate. An increased expression
occurs in some receptors: monoamine oxidase
increases degradation of monoamine transmitters,

the peripheral-type benzodiazepine receptor
increases inhibitory neurosteroids, and neuronal
nitric oxide synthase increases nitric oxide
production. Although its plasma level is not
closely related to the severity of encephalopathy,
ammonia is still considered to be a major contrib-
uting factor. Ammonia and manganese are
known to alter the expression of the peripheral-
type benzodiazepine receptor and neuronal nitric
oxide synthase in exposed cells (Warskulat
etal. 2001).

Magnetic resonance spectroscopy reveals
brain edema and increased brain glutamine/gluta-
mate in the frontal and parietal lobes; histologic
findings are swelling and glycogen deposition in
astrocytes. These changes in the brain coincide
with impairment in the visuopractic capacity,
visual scanning, and perceptual-motor speed on
neuropsychiatric testing (Tarter et al. 1984). Sub-
clinical hepatic encephalopathy can be detected
by having patients perform a simple timed
connect-the-numbers test.

Treatment of hepatic encephalopathy is based
on the ammonia-lowering strategy, such as protein
restriction, oral non-absorbable antibiotics, and
lactulose. Rifaximin reduces the plasma ammonia
level by destroying intestinal bacteria that produce
urease. Metronidazole (800 mg/day) is another
antibiotic, although its adverse effects limit its
use to 1 week at a time. Lactulose is a substrate
for gut bacteria and reduces the formation of
ammonia by lowering intestinal pH. Rifaximin
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and lactulose are commonly used together, and the
antibiotic is discontinued once eradication of
disaccharide-metabolizing intestinal bacteria is
indicated by an increase in stool pH. Oral or
parenteral ornithine aspartate, a substrate for
the conversion of ammonia to urea and glutamine,
has effects similar to those of lactulose, but with
fewer adverse effects. In patients with severe
encephalopathy, the molecular-absorbent
recycling system (MARS) may be utilized to
remove small and middle molecular weight
water-soluble substances (Sorkine et al. 2001).
The system appears to increase blood pressure
and systemic vascular resistance, possibly by
removing nitric oxide.

In fulminant hepatic failure, progressive
hepatic coma is accompanied by a gradual
increase in cerebral blood flow and intracranial
pressure (ICP) (see » Chap. 12, “Fulminant
Hepatic Failure: Diagnosis and Management”).
Subsequently, vasogenic cerebral edema and
severe intracranial hypertension develop and
approximately 30-50 % of patients die of brain
herniation. Monitoring of ICP using a Ladd epi-
dural sensor is useful in detecting intracranial
hypertension, monitoring the therapeutic effects,
and identifying patients who would survive after
transplantation ~without neurologic damage
(Lidorsky et al. 1992). Non-invasive neurologic
assessment includes transcranial Doppler (TCD)
to measure cerebral bloodflow velocity, determi-
nation of the cerebral metabolic rate for oxygen by
calculating the oxygen content difference between
arterial and jugular bulb venous blood, evoked
potentials, and serial computed tomography
(CT) scans (Aggarwal et al. 1994). Treatment
includes osmotic and loop diuretics, barbiturate-
induced coma, and hypothermia. The definitive
treatment is usually transplantation.

Cardiovascular System

The presence of hyperdynamic circulation with a
markedly increased cardiac output and decreased
systemic vascular resistance was first described by
Kowalski and Abelmann in the early 1950s
(Kowalski and Abelmann 1953). Several
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hypotheses have been proposed to explain this
phenomenon, including an overactive sympa-
thetic nervous system, inadequate clearance of
vasoactive substances by the diseased liver,
the presence of arteriovenous shunts, nitric
oxide-induced vasodilation, and relative hypoxia
in peripheral tissues (Benoit et al. 1984;
Yokoyama et al. 1989; Kalb et al. 1993; D’Souza
etal. 1993).

Although cardiac output is frequently two to
three times normal, impaired systolic and diastolic
function together with attenuated cardiac respon-
siveness to stimuli suggests that cardiomyopathy
is present in cirrhotics (cirrhotic cardiomyopathy)
(Lee 1989). Caramelo et al. noted a 50 % decrease
in cardiac output with volume expansion in a
CCly-induced cirrhotic rat model (Caramelo
etal. 1986). In another rat model, the chronotropic
response to isoproterenol was attenuated com-
pared with that in control animals (Lee
et al. 1990). Cardiac response to physical exercise
is blunted in patients with cirrhosis, indicated by
alterations in the pre-ejection period, isometric
contraction time, and ratio of the pre-ejection
period to left ventricular ejection time. In addition,
abnormalities in myocardial diastolic indices sug-
gest non-compliant ventricles. Histologically,
myocardial fibrosis, mild subendocardial edema,
and vacuolation of myocyte nucleus and cyto-
plasms are observed. The development of cir-
rhotic cardiomyopathy is multifactorial. It
appears that the B-receptor system, the main stim-
ulant of the ventricle, is dysfunctional. In humans,
lymphocyte p-receptor density, which reflects car-
diac B-receptor status, is reduced in patients with
severe ascites (Gerbes et al. 1986), and p-receptor
density of the cardiomyocyte sarcolemmal plasma
membrane is reduced in cirrhotic rats (Liu and Lee
1999). Further, the p-receptor signal transduction
pathway is impaired at several levels
(Ma et al. 1996). Although cardiac contractile
impairment may result from overactivity of the
muscarinic M, receptor, the receptor density and
binding affinity are unchanged, suggesting nor-
mal parasympathetic function (Jaue et al. 1997).
High serum catecholamine levels, a result of
desensitization and  down-regulation  of
B-receptors, may lead to myocardial dysfunction
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in the presence of a-mediated coronary vasocon-
striction. Additionally, overproduction of nitric
oxide inhibits B-receptor-stimulated cyclic adeno-
sine monophosphate (cAMP) release, causing
myocardial dysfunction and vasodilation (Hare
and Colucci 1995).

Coronary artery disease (CAD) was previously
believed to be relatively uncommon in patients
with cirrhosis as a result of generalized vasodila-
tion and elevated levels of HDL and estrogen. In
addition, autopsy findings showed relatively
fewer atherosclerotic changes and myocardial
infarction. However, studies have shown that
CAD is not uncommon, and moderate-to-severe
CAD was found in approximately 27 % of
patients who underwent coronary artery catheter-
ization as a part of liver transplantation workup
(Carey et al. 1995). In another study of 161 liver
transplantation candidates who were at risk for
CAD and referred for coronary angiography,
25 % of patients had at least one moderate or
severe (>50 %) coronary stenosis (Tiukinhoy-
Laing et al. 2006).

Endocarditis is three times more common in
patients with liver disease (Snyder et al. 1977).
This is attributed to translocation of intestinal
bacteria through the intestinal wall and
portosystemic collaterals, and reduced immune
response. The incidence of pericardial effusion
in cirrhotic patients is approximately 32-63 %
and correlates with the degree of liver failure
(Shah and Variyam 1988). The effusion is usually
small and may require drainage if it affects cardiac
function. Patients with liver disease exhibit three
common cardiac electrophysiological distur-
bances: electromechanical dissociation, prolonga-
tion of ventricular repolarization (the Q-T
interval), and chronotropic incompetence (Milani
et al. 2007).

Pulmonary hypertension associated with por-
tal hypertension was first described in 1951
(Mantz and Craige 1951). Pulmonary hyperten-
sion defined as a mean pulmonary artery pressure
of >25 mmHg and pulmonary vascular resistance
of >240 dyn/s/cm > (3 Wood units) is more
common in patients with liver disease, with a
prevalence of 0.25-0.73 % (Lebrec and Capron
1979; McDonnell et al. 1983). Pulmonary artery
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pressure is a function of pulmonary venous pres-
sure, pulmonary vascular resistance, and cardiac
output [(Pulmonary artery pressure = Pulmo-
nary venous pressure + (Pulmonary vascular
resistance x Cardiac output)]. Therefore, pulmo-
nary hypertension is not uncommon in patients
with liver disease because of their poor left ven-
tricular compliance, increased pulmonary vascu-
lar resistance, and increased pulmonary blood
flow from portosystemic shunting. The patho-
physiology and management of pulmonary
hypertension are well-described in » Chap. 10,
“Hepatopulmonary ~ Syndrome and Porto-
pulmonary Hypertension”.

Portal hypertension is caused by an increased
intrahepatic vascular resistance and increased
splanchnic blood flow. Endothelin-1, a powerful
vasoconstrictor produced by the sinusoidal endo-
thelial cells, is known to increase intrahepatic
vascular resistance and activates stellate cells,
and its level increases as cirrhosis progresses
(Kojima et al. 2002; Gandhi et al. 1996). Nor-
mally, vasodilatory compounds, such as nitric
oxide, counterbalance the increased intrahepatic
vascular resistance induced by endothelin. In liver
cirrhosis, however, nitric oxide production is
inhibited by caveolin-1, a hepatic membrane pro-
tein that binds with endothelial nitric oxide
synthase.

Pulmonary System

Hypoxemia of varying severity is present in
45-69 % of patients with significant liver disease
(Krowka and Cortese 1985). The common causes
are pleural effusions, impaired diffusion capacity,
arteriovenous shunting, atelectasis caused by asci-
tes or diaphragmatic dysfunction, aspiration sec-
ondary to encephalopathy, and deconditioning
(Hourani et al. 1991). Ventilation—perfusion
mismatch, pulmonary vasodilation, and infection
also contribute to hypoxemia. Mild forms of hyp-
oxemia are most common, although moderate-to-
severe hypoxemia may be found in patients with
advanced liver disease complicated by adult respi-
ratory distress syndrome (ARDS), infection, and
multiple organ failure.
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Hepatopulmonary syndrome, first described by
Fluckiger in 1884 (Fluckiger 1884), may cause
severe hypoxemia in a subset of patients with liver
disease. The syndrome consists of a triad of liver
dysfunction, severe hypoxemia (PaO, < 70
mmHg in room air), and pulmonary vasodilation,
and is characterized by dyspnea, cyanosis, club-
bing of the digits, exercise desaturation, and
orthodeoxia (hypoxemia in upright position).
Other concomitant clinical signs are a markedly
increased alveolar—arterial oxygen gradient, por-
tal hypertension, and vascular abnormality such as
spider angioma and pulmonary vasodilation. The
pulmonary vascular dilation (from 8-15 p to
15-100 p) at the precapillary level is believed to
be the main pathology of the hepatopulmonary
syndrome, which is caused by decreasing eryth-
rocyte transit time and impairing diffusion of oxy-
gen to the erythrocytes at the center of the
bloodstream (Genovesi et al. 1976). In contrast
with other pulmonary diseases, oxygenation
improves dramatically with a high inspired oxy-
gen concentration (FiO,), because a high alveolar
concentration of oxygen overcomes the diffusion
barrier and oxygenates the erythrocytes in the
center of the bloodstream. The pathophysiology
and management of hepatopulmonary syndrome
are described in » Chap. 10, “Hepatopulmonary
Syndrome and Portopulmonary Hypertension”.

Non-cardiogenic pulmonary edema occurs in
37-79 % of patients with advanced liver disease,
particularly in those with fulminant hepatic fail-
ure, and appears to be associated with sepsis and a
neurogenic mechanism. The presence of this com-
plication is ominous: Matuschak and Shaw
reported that all 29 patients who developed
non-cardiogenic pulmonary edema died before
liver transplantation (Matuschak and Shaw
1987). In contrast, a rapid reversal of ARDS
after liver transplantation has been reported
(Doyle et al. 1993). Pulmonary edema caused by
fluid overload responds to diuretics and has a
relatively benign course.

Pleural effusions are found on chest X-rays in
about 10 % of patients. These are caused by the
unidirectional passage of ascites via diaphrag-
matic defects into the pleural space. Diagnostic
thoracentesis is necessary to confirm the
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transudative nature and to exclude infection,
malignancy, or embolic disease. Optimal control
of ascites may prevent symptomatic pleural effu-
sions, and transjugular intrahepatic portosystemic
shunt (TIPS) is effective in treating refractory
hydrothorax in 84 % of patients (Siegerstetter
etal. 2001).

Renal System

Approximately 10 % of hospitalized cirrhotic
patients with ascites develop the hepatorenal syn-
drome, which is a form of acute pre-renal kidney
injury caused by circulatory dysfunction second-
ary to an imbalance between circulating
vasodilatory and vasoconstrictive substances.
The primary contributing factor for the
hepatorenal syndrome is nitric oxide-induced
vasodilation of the splanchnic vascular bed caus-
ing systemic arterial underfilling and relative
hypovolemia (Arroyo et al. 1996). This relative
hypovolemia activates baroreceptor-mediated
sympathetic and the renin—angiotensin system to
constrict all vascular beds including the renal vas-
culature (Guevara et al. 1998). The initial
prostaglandin-mediated compensatory renal vaso-
dilation is followed by renal arterial vasoconstric-
tion and renal hypoperfusion. A striking feature of
the hepatorenal syndrome is the lack of any histo-
logic change and its reversibility: the affected
kidneys resume their function after successful
liver transplantation. The renal failure may be
rapid (Type 1) or insidious (Type 2) and results
in sodium and water retention and dilutional
hyponatremia. Since the hepatorenal syndrome is
a functional renal failure, the urine is similar to
that found in pre-renal azotemia: oliguria, low
urinary sodium, and an increased urine osmolality
and urine to plasma osmolality ratio.

The major criteria for the diagnosis of the
hepatorenal syndrome are as follows: (1) advanced
hepatic disease and portal hypertension; (2) low
glomerular filtration rate (serum creatinine
>1.5 mg/dL or creatinine clearance <40 mL/
min); (3) absence of nephrotoxic drug use,
shock, systemic infection, or recent fluid losses;
(4) lack of sustained improvement after diuretic
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withdrawal and volume resuscitation with 1.5 L of
normal saline; (5) proteinuria (<500 mg/dL); and
(6) no ultrasound evidence of urinary obstruction
or parenchymal disease. Minor criteria include
oliguria (<500 mL/day), wurinary sodium
<10 mEq/L, urinary osmolality greater than
plasma osmolality, urinary red blood cells (RBCs)
<50/hpf, and serum sodium <130 mEq/L. It is
noteworthy that conventional renal function tests,
such as BUN and creatinine levels, overestimate
renal function in patients with liver failure because
malnutrition and muscle wasting contribute to a
low creatinine level and liver dysfunction impairs
urea synthesis.

The hepatorenal syndrome is treated with the
administration of vasopressin-1 agonists (i.e.,
terlipressin), TIPS, and, most reliably, liver trans-
plantation. One uncontrolled trial using
terlipressin with albumin for a median duration
of 26 days (range 8—68 days) showed improve-
ment in serum sodium as well as a decrease in the
creatinine level below 2 mg/dL (Mulkay
etal. 2001). Hemodialysis is a temporary measure
and its efficacy is not reliable. The only primary
preventive measure showing some promise is the
administration of albumin along with antibiotics
as soon as the presence of spontaneous bacterial
peritonitis is diagnosed; this possibly works by
preventing hypovolemia and subsequent activa-
tion of vasoconstrictor systems.

Coagulation System

All phases of hemostasis are impaired in patients
with liver disease, including clot formation, fibri-
nolysis, and their inhibitory processes. Thrombo-
cytopenia is found in 30-64 % of cirrhotic
patients, and platelet count is commonly below
75,000/mm’. Thrombocytopenia is primarily
caused by splenomegaly associated with portal
hypertension, which pools up to 90 % of platelets
in the spleen. However, the degree of thrombocy-
topenia does not closely correlate with the size of
the spleen. Impaired hepatic synthesis of
thrombopoietin also leads to thrombocytopenia.
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Thrombopoietin is involved in the maturation and
formation of platelets, and its return to a normal
level coincides with a gradual increase in platelet
count by the fifth day after liver transplantation
(Kawasaki et al. 1999). Other contributing factors
are increased destruction of platelets by immune
mechanisms, excessive activation of coagulation,
and direct bone marrow suppression by toxins
such as ethanol and folate deficiency. Addition-
ally, platelet dysfunction is common, as demon-
strated by impaired platelet aggregation to
adenosine diphosphate (ADP), collagen, and
thrombin (Rubin et al. 1979).

The liver produces all coagulation factors
except for von Willebrand factor. Therefore,
plasma levels of clotting factors are directly
related to the severity of liver disease, and pro-
thrombin time (PT) is considered to be one of the
most sensitive hepatic synthetic function tests.
The plasma fibrinogen level, being an acute-
phase reactant, typically is normal or increased
in chronic liver disease. A reduction in the fibrin-
ogen level may indicate either a greatly reduced
hepatic reserve or significant extravascular loss to
ascites. Markedly prolonged thrombin time indi-
cates the presence of dysfibrinogenemia in some
patients. Dysfibrinogenemia is characterized by
an excessive number of sialic acid residues in
the fibrinogen molecule and abnormal polymeri-
zation of fibrin monomers. Its clinical significance
is unclear.

Patients with liver disease have a tendency to
develop fibrinolysis due to decreased hepatic
clearance of plasminogen activators, especially
tissue plasminogen activator (tPA), and reduced
production of ay-antiplasmin and thrombin
activatable fibrinolysis inhibitors (Van Thiel
et al. 2001). Elevated levels of p-dimers, fibrin
degradation products, and plasminogen are pre-
sent in ascitic fluid, indicating that absorption of
ascitic  fluid may contribute to the
hyperfibrinolysis.

On the other hand, excessive activation of
coagulation is common in liver disease because
of inadequate hepatic clearance of activated coag-
ulation factors, reduced level of coagulation
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inhibitors, and enlarged wvascular beds. The
hypercoagulable state may lead to localized or
disseminated intravascular coagulation (DIC),
particularly in the presence of sepsis, trauma, or
major surgery. The diagnosis of excessive activa-
tion of coagulation is based on the presence of a
known triggering factor and the progressively
worsening of coagulation with thrombocytopenia.

Anesthesia Consultation

An anesthesia consultation is performed once a
patient with ESLD is referred to the liver trans-
plantation center. The type of liver disease is
identified because patients with hepatocellular
disease may have more pronounced hepatic
dysfunction than those with cholestatic disease
or hepatocellular cancer, and certain types of
liver disecase may affect other vital organ
function (i.e., hemochromatosis, familiar amy-
loidosis, etc.). The anesthesia consultation is
focused on evaluation of the functional reserve
of extrahepatic organs, and various tests or spe-
cific consultations may be requested (Table 2).

Cardiovascular Assessment

Cardiovascular assessment is performed to deter-
mine two things: (1) whether a patient can be
expected to survive the operation and immediate
postoperative period; and (2) whether transplan-
tation in patients with severe cardiopulmonary
disease would be futile and an inappropriate use
of a scarce donor organ (Lentine et al. 2012). A
suggested strategy for cardiac assessment is
shown in Fig. 3 (Raval et al. 2011). Overall car-
diac performance is evaluated by transthoracic
echocardiography to assess myocardial contractil-
ity, abnormality in cardiac anatomy, intracardiac
or intrapulmonary shunting, and pulmonary artery
pressure. Most patients over age 50 years undergo
non-invasive stress testing because they may have
multiple CAD risk factors (i.e., diabetes, hyper-
tension, hyperlipidemia, and pre-existing
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cardiovascular disease), and limited physical
activity masks underlying ischemic heart disease.
An exercise stress test may not be feasible in many
patients with advanced liver disease, and
dobutamine stress echocardiography (DSE) is
commonly wused, although adenosine or
dipyridamole may be used when dobutamine-
induced tachycardia is not desirable. DSE, with
its high sensitivity and specificity, appears to be
the most reliable screening test (Plotkin
et al. 1998), and dobutamine-induced tachycardia
may mimic intraoperative stress on the cardiovas-
cular system. On the contrary, DSE has been
reported to have poor sensitivity (as low as
13 %) and negative predictive value (as low as
75 %) (Harinstein et al. 2008), and its results may
not correlate with adverse cardiac events within
30 days after transplantation (Safadi et al. 2009).

Cardiac CT scan is a non-invasive technique
measuring calcium deposits within the coronary
vasculature. The total amount of calcium,
adjusted to the age and gender of the patient, is
reported as a calcium score. High scores suggest a
greater potential for coronary artery stenosis
(Shaw et al. 2003; O’Rourke et al. 2000), and a
calcium score of >400 has a predictive value of
cardiac complications within 1 month after trans-
plantation (Kemmer et al. 2014). This test, how-
ever, may have limited predictive value as a single
screening study for CAD. Cardiac CT angiogra-
phy is an alternative to invasive coronary angiog-
raphy. It does appear to have negative predicting
value of 100 % for clinical coronary events in
patients  undergoing liver transplantation
(Cassagneau et al. 2012) but may not be suitable
for the diagnosis of obstructive lesions at
this time.

Because of the difficulty in diagnosing CAD
using non-invasive testing methods, coronary
angiography is recommended for patients with
a positive DSE or multiple high-risk factors to
identify the degree and type of obstruction. In
addition, coronary angiography should be able
to detect non-obstructive lesions (coronary
artery stenosis <50 %), which are unlikely to
be detected by stress tests but can be
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Table 2 Liver transplantation evaluation at the Thomas Jefferson University Hospital

Jefferson Transplant Institute

Liver Transplant Evaluation
Lab/Diagnostic Testing Request

Patient Name

te p-uif;it_wgist Date

David Sass, MD « Steven K Herrine MD »
Jesse Civan, MD ¢ Dina Halegoua, MD » Jonathan Fenkel, MD »
Manish Thapar, MD e Scott Fink, MD « Victor Araya, MD

Phone: 215-955-8900 Fax: 215-503-2626
email: liver.evals@lists jefferson.edu

Patient DOB

Relerring Gastroenterologist

Laboratory
Chemistry/Hematology
"BC with diff and platelets
PT/IPTT/INR
[JComprehensive metabolic profile
Fe, TIBC, Ferritin
Alpha-Fetoprotien (tumor marker)
[Serum Protein Electrophoresis
I'SH and Free T4
UA (urinalysis )
Alpha 1 anti-trypsin level with phenotype
Ceruloplasmin
*PSA {men over 40)
* Blood Type (ABO)
iralogy/Micro
FHIV
*HCV Antibody
*HBsAg, HBsAb, HRcAb
LI*HAV 1gG+ IgM
[J*cMmv, EBV, VZV Ab
[*rer
Quantiferon Gold

Immunolog
[ ]AN:’\

SMA
AMA

| I |

<

T 111

Diagnostic Testing
[ 1*PPD with Ancrgy Panel
[J*Chest X ray, PA and Lateral
[(J*Upper Gl endoscopy
[JColonoscopy (age/risk (actor appropriate)
[J*Mammography (women over 40)
[JPap Smear
Hepatobiliary Imaging
MR with gadolinium
[CJCT of abdomen & pelvis with contrast
[JUS with Doppler
Cardiac Testing
[(Jchocardiogram with Doppler and Bubble Study
(012 Lead EKG
[JABG on 100% 02
Vaccinations
[(Hepatitis 13
[CJHepatitis A
CIPneumovax
Consultations
[CJAnesthesiclogy (transplant)
Social Work
I'ransplant Surgery
[JDental

Tests below to be done only if clinically indicated

Laboratory
Drug & Alcohol Screen
HCV Quantitative RNA by PCR
HCV Genotype
HBV DNA, HbeAg, [beAb

DV Ab
HFE (genetic testing for Hemochromatosis)
HLA A, B, C, DR & PRA (for liver/kidney patients only)
(Jother: _
Consultations
Pulmonary
B(.‘m'dialogy
[JPsychiatry
Substance Abuse Evaluation
Rchab Medicine
Nephrology
Endocrinology
[Jinfectious Disease
[Nutrition
Indicates test/consults acceptable within 12 months of
evaluation

Diagnostic Testin
[ IDobumminc Stress Echo (preferred; beta blockers must be held for
48 hrs before)
[JAdenosine Stress test (Wt <1751bs)
[(JSESTA MIBI (Wt > 175 Ibs; large ascites)
Hl(’lnll Pulmonary Function Tests, (age > 50 and Jor smoking hx)
“arotid study/Cerchrovascular Duplex (Age =50 with h/o vascular
discase )
CJChest CT scan (for HCC patients)
DEXA scan if clinically indicated
ERCP
Liver Biopsy
[JPercutancous , by Hepatologist
[JUltrasound Guided, by Radiology
[JTransjugular, by CVIR
Vaccinations
[IMeningococcal
[CJHemophilus influenza B
DSCuNuna] influenza
MELD:
MELD-Na
Expedite: JYES
Indication for Expedited:

ONO

responsible for acute coronary syndromes
(unstable angina, myocardial infarction, or sud-
den cardiac death) (Rubin et al. 1994; Gulati
et al. 2009). Cardiac catheterization, however,
can be difficult in patients with severe liver

disease due to bleeding complications and the
increased risk of contrast-induced nephropathy
(Sharma et al. 2009).

If significant coronary artery stenosis (>70 %
stenosis) is detected, revascularization may be
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Preoperative Cardiovascular Assessment

I l I

LVOTO gradient
RV dysfunction

o

Severe valvular disease
Pericardial fluid
Intracardiac shunt

Coronary Artery | | Cardiomyopathy Pulmonary Pericardial Intracardiac Arrhythmia
Disease & heart failure Heart disease effusion shunt Y
>1 coronary \ (TTE with any of the foll ?/ / ECG with
artery disease with any of the following « S v,
risk factors? LV dysfunction ong QTc 7

Elevated pulm. artery pressure

Proceed with Liver
transplantation

Positive
noninvasive
ischemic test

( . .
Postpone liver transplantation
to optimize CV status by:

|| |

Coronary (TA
or angiogram

Fig.3 Suggested strategy for preoperative cardiac assess-
ment of liver transplantation candidates (Reprinted from
JACC, 58, Raval Z, Harinstein ME, Skaro Al et al,,

attempted before liver transplantation. Bare metal
stents are favored over drug-eluting stents to avoid
the need for long-term antiplatelet therapy (6 weeks
vs. 1 year). When angioplasty is not amenable,
coronary artery bypass grafting (CABG) is
performed. It is clear that 1-year survival after
CABG is greater in patients with Child-Pugh
Class A (80 %) than with Child-Pugh Class B
(45 %) and C (16 %) (Filsoufi et al. 2007). There-
fore, patients with Child-Pugh Class A can undergo
CABG relatively safely while waiting for liver
transplantation. On the other hand, patients with
Child-Pugh Class B and C may require simulta-
neous CABG and liver transplantation.

Patients with mild-to-moderate valvular dis-
ease undergo liver transplantation without exces-
sive complications. Similar to that of CABG,
mortality after corrective valvular surgery
depends on the severity of liver disease.

Obstructive CAD?

Revascularization if significant CAD
Management of heart failure
or valvular disease
Right heart catheterization &
Treatment if significant POPH
Pericardial treatment
\Treatment of reversible long QTc )

Cardiovascular risk assessment of the liver transplant can-
didate, 223-231, Copyright (2011), with permission from
Elsevier)

Therefore, Child-Pugh Class C patients with
severe aortic or mitral valve stenosis may undergo
percutaneous balloon valvuloplasty or simulta-
neous valve replacement with cardiopulmonary
bypass and liver transplantation.

Myocardial disease is commonly detected by
transesophageal ~ echocardiography  (TEE).
Patients with chronic cardiomyopathy may have
attenuated systolic contraction and diastolic relax-
ation, altered repolarization, and reduced cardiac
response to P stimulation (Liu et al. 2002).
Patients with moderate-to-severe cardiomyopathy
may be excluded from candidacy. Moderate-to-
severe hypertrophic obstructive cardiomyopathy
(HOCM) can cause left ventricular outflow
obstruction by systolic anterior motion (SAM) of
the anterior leaflet of mitral valve, especially in
the presence of tachycardia, hypovolemia, and
B stimulation. In these patients, preload and
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afterload should be optimized under the guidance
of TEE, and tachycardia and p stimulation should
be avoided. Surgical correction of the condition
should be considered before or at the time of liver
transplantation.

Pulmonary Evaluation

For pulmonary evaluation, results of chest X-ray,
arterial blood oxygen tension in 100 % oxygen,
and spirometry are reviewed to identify the
degree of pulmonary shunting, obstructive, or
restrictive disease. When the hepatopulmonary
syndrome is suspected, contrast TEE or TC-99 m
macro aggregated albumin scintigraphy may be
performed for its definitive diagnosis (Krowka
et al. 2000).

Renal Function

For evaluation of renal function, results of BUN,
creatinine, glomerular filtration rate, levels of
serum and urine electrolytes, urine output, and
renal ultrasound are reviewed. The diagnosis
criteria of the hepatorenal syndrome have been
described earlier. In patients with chronic
renal failure, simultancous liver and kidney
transplantation is performed, the criteria for
which are end-stage renal disease with dialysis,
no dialysis but a glomerular filtration rate
<30 mL/min and proteinuria >3 g/day with a
24-h urine protein/creatinine ratio >3, and acute
kidney injury requiring dialysis at least twice per
week for more than 6 weeks (Charlton
et al. 2009).

Fulminant Hepatic Failure

In patients with fulminant hepatic failure, revers-
ibility of the neurologic function should be inves-
tigated using clinical signs, EEG, brain CT scan,
the cerebral metabolic rate of oxygen, and TCD. In
addition, ICP monitoring is recommended when a
high ICP (>25 mmHg) is suspected, although its
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benefit should be weighed against potential com-
plications (Vaquero et al. 2005). Poor prognostic
indicators of fulminant hepatic failure are progres-
sive hepatic failure for 7-14 days, grade 34
encephalopathy, intracranial hypertension, cerebral
swelling, severe coagulopathy, rapid shrinkage of
the liver, metabolic acidosis, hemodynamic insta-
bility, and sepsis.

Coagulation System

For the coagulation system, PT, activated partial
thromboplastin time (aPTT), and platelet count
are reviewed. In general, no specific coagula-
tion therapy is requested because of the poten-
tial long waiting period and fluid overloading.
Abdominal magnetic resonance imaging (MRI)
is reviewed to assess the degree of
portosystemic shunting and anatomy of hepatic
vasculature. Additional consultation may be
requested from various specialists to identify
the type and severity of the specific organ
dysfunction.

Contraindications

After the evaluation, all information of the poten-
tial recipient is compiled to stratify whether the
patient’s condition can be optimized or meet the
criteria of contraindications. Contraindications
are diseases or conditions patients could have
that may not improve survival after liver trans-
plantation. They include malignancy with poor
prognosis, active bacterial and viral infection,
severe cardiopulmonary dysfunction, and tech-
nical difficulties. Active alcoholism is a contra-
indication, although demonstrable abstinence for
6 months is considered acceptable. The presence
of multiple organ dysfunction is a relative con-
traindication for liver transplantation as the
2-year survival is approximately 25 %. Indica-
tions and contraindications of liver transplanta-
tion, however, have evolved over the past
50 years, and further modifications are expected
to occur.
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Candidate Selection

Anesthesiologists participate in the Transplan-
tation Candidate Selection Committee for dis-
cussion of the hepatic disease, its
complications, and the extrahepatic organ func-
tion of each patient. Once the patient is placed
on the active candidate list, the United Network
for Organ Sharing (UNOS) is notified and the
patient is given a MELD (Model for End-Stage
Liver Disease) or PELD (Pediatric End-Stage
Liver Disease) score for fair distribution of
donor livers.

Surgical Aspects of Liver
Transplantation

Although surgical techniques are fully described
elsewhere, a brief description of their physiologic
effects is warranted here.

In OLT, after removal of the diseased liver, the
donor liver is placed anatomically in the right
upper quadrant. For the convenience of descrip-
tion, the procedure is divided into three stages:

Simple
Cross-clamping

Fig. 4 Schematic diagram of three surgical techniques
during the anhepatic stage. Line thickness indicates relative
blood flow to each vasculature. The simple cross-clamping
technique reduces venous return and cardiac output and
leads to congestion of the viscera, kidneys, and lower

Venovenous
bypass
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stage 1 (dissection stage), stage 2 (anhepatic
stage), and stage 3 (neohepatic stage). The dissec-
tion stage begins with an inverted Y-shaped bilat-
eral subcostal skin incision and ends with the
skeletonization of the diseased liver. The
anhepatic stage begins with the occlusion of the
hepatic artery, portal vein, and IVC for hepatec-
tomy. However, the patient is virtually anhepatic
once the hepatic artery or portal vein is occluded.
Three surgical techniques are used for hepatec-
tomy and vascular reconstruction during the
anhepatic stage: OLT with simple venous cross-
clamping, OLT with venovenous bypass, and the
piggyback technique.

Orthotopic Liver Transplantation (OLT)
with Simple Venous Cross-Clamping

In OLT with simple venous cross-clamping, the
diseased liver is removed together with the
retrohepatic portion of the IVC after cross-
clamping of the suprahepatic and infrahepatic
IVC, hepatic artery, and portal vein (Fig. 4).
After surgical hemostasis of the hepatic bed,
the donor liver is placed in the right upper

Piggyback

Bypass

extremities. The venovenous bypass technique maintains
venous return without visceral congestion. Hemodynamic
changes in the piggyback technique are between the two
other techniques. HA hepatic artery, HV hepatic vein, IVC
inferior vena cava, PV portal vein, RV renal vein)
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quadrant, and sequential anastomoses of the
suprahepatic IVCs, infrahepatic IVCs, portal
veins, and hepatic arteries are performed. Dur-
ing the infrahepatic IVC anastomosis, the liver
allograft is flushed with 1000 mL of cold lac-
tated Ringer’s solution or 5 % albumin solution
through a cannula in the portal vein. This flush
technique allows preservation solution, meta-
bolites, and air in the donor liver to escape
through  the incompletely anastomosed
infrahepatic IVC. A second flush may be used
by allowing 300-500 mL of blood to
escape through the incompletely anastomosed
portal vein by unclamping the infrahepatic IVC
(back-bleeding technique). When the portal
vein of the recipient is less than optimal,
the superior mesenteric vein, collateral
vein, or venous graft may be used for portal
blood supply. The hepatic artery is reconstructed
by end-to-end hepatic arterial anastomosis.
However, an arterial graft is placed between
the graft hepatic artery and the infrarenal
aorta of the recipient with a side clamp on the
aorta when the size or anatomy of the recipient
hepatic artery is less than optimal.

The liver is reperfused by the sequential
unclamping of the infrahepatic IVC, portal vein,
suprahepatic IVC, and hepatic artery. After hemo-
stasis, choledochocholedochostomy is performed
frequently with a T-tube. Choledochojejunostomy
using a Roux-en-Y loop is performed when
the bile ducts are diseased or mismatched in
size. The abdomen is closed once the absence of
foreign bodies in the peritoneal cavity is con-
firmed. In patients with a large graft or swollen
intestine, the abdomen may require secondary
closure.

OLT with Venovenous Bypass

OLT with venovenous bypass was developed in
1983 to minimize reduction of venous return asso-
ciated with the cross-clamping of the IVC and
portal vein by diverting blood from the IVC and
portal vein to the axillary vein using a centripetal
magnetic pump (Shaw et al. 1984). Once the
hepatic hilum is dissected, cannulas are inserted
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into the left superficial femoral vein (7 mm) and
portal vein (9 mm) for outflow from the patient
and into the left axillary vein (7 mm) for venous
inflow. The cannula site and size may vary
depending on the preference of the surgical
team or anatomic variations. The cannulas and
heparin-bonded tubings are flushed with heparin
solution (2000 U/L) to avoid thrombosis during
preparation. Systemic heparinization is not used
because of the presence of pre-existing
coagulopathy and the use of heparin-bonded tub-
ings. The bypass run begins by unclamping all
cannulas while the pump speed is gradually
increased to achieve the maximal flow rate.
Hepatectomy and  anastomoses of the
suprahepatic and infrahepatic IVC are performed
once full bypass is achieved. The removal of the
portal cannula for portal venous anastomosis
leads to a partial bypass, which reduces
venous return. Bypass is terminated after the
engrafted liver is reperfused, and cannulas are
removed.

The advantages of venovenous bypass are
(1)  well-preserved  cardiac  output by
uninterrupted venous return from the viscera
and lower extremities; (2) effective decompres-
sion of the portal venous system, which
decreases bleeding and intestinal congestion;
(3) avoidance of renal congestion, oliguria, and
hematuria; and (4) simplified anhepatic
stage allowing meticulous hepatectomy and vas-
cular anastomoses. Long-term complications
are neurovascular injury, thrombosis,
infection, lymphocele, and seroma at the cannula-
tion sites.

As an alternative to the traditional venovenous
bypass technique, percutaneous cannulation was
introduced. In this technique, inflow to the patient
is achieved by percutaneous cannulation of the
right internal jugular vein (16-20 French)
performed by the anesthesia team using a
Seldinger technique, and outflow from the patient
by percutaneous cannulation of the left femoral
vein (16-20 French) and a portal cannula by the
surgical team. This technique is generally safe, but
the inadvertent extravascular placement of an
inflow cannula may cause a massive hemothorax
(Sakai et al. 2007).
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Piggyback Technique

The piggyback technique was originally designed
for patients with significant cardiovascular disease,
portacaval shunt, superior vena caval syndrome, or
small donor livers (Tzakis et al. 1989). In this
technique, the diseased liver is removed without
the retrohepatic portion of the IVC by peeling the
diseased liver off the IVC after transaction of the
hepatic veins, hepatic artery, and portal vein.
Therefore, systemic venous return can be relatively
well preserved via the intact IVC during the
anhepatic stage. Vascular anastomoses are made
between the reconstructed ostia of the recipient by
combining hepatic veins and the suprahepatic IVC
of the graft for the drainage of the hepatic venous
blood. The portal vein of the recipient and the graft
are anastomosed for portal blood supply, and the
infrahepatic IVC of the graft is ligated.

The neohepatic stage begins with reperfusion
of the grafted liver by sequential unclamping of
the infrahepatic IVC, portal vein, suprahepatic
IVC, and hepatic artery, although the sequence
of unclamping may vary depending on the surgi-
cal technique. Reperfusion is followed by hepatic
arterial anastomosis (if it has not been performed
already), biliary reconstruction, and closure of the
abdomen.

Preparation and Anesthetics

Immediate preoperative consultation is made when
a donor organ is identified. The patient is
re-evaluated to identify any interval changes during
the waiting period. Anesthetic and postoperative
management and their risks are explained to the
patient one more time. In general, pre-medication
is withheld in most cases because of potential
encephalopathy and hypovolemia, and narcotics
(e.g., fentanyl 1-5 pg/kg) are commonly adminis-
tered intravenously in the operating room.
Necessary medications and anesthesia equip-
ment are listed in Table 3. A device that delivers
fluids and blood rapidly on demand is considered
standard equipment (i.e., FMS2000"  fluid
warming system, Belmont Instrument Corp.,
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Table 3 Anesthesia equipment and medications for liver
transplantation
Equipment
Anesthesia machine with volume ventilator
Mass spectrometer or capnograph
Multiple-channel vital-sign monitor
Pulse oximeter

Cardia output computer (oximetry or right ventricular
ejection fraction)

Transesophageal echocardiograph

Drug infusion pumps

Thromboelastograph or thromboelastometer

Rapid-infusion device

Autotransfusion system

Warming blanket

Defibrillator

Medications

Induction agents
Propofol
Etomidate

Intravenous agents
Midazolam
Fentanyl

Inhalation agents
Isoflurane

Muscle relaxants
Succinylcholine
Rocuronium
Vecuronium

Other drugs
Atropine (0.4 mg)
Calcium chloride (100 mg/mL, 200 mL)
NaHCO; (40 mmol/50 mL, 400 mmol)
Tromethamine (THAM) (500 mL, 1500 mL)
Ephedrine (5 mg/mL, 20 mL)
Epinephrine (4 pg/mL, 20 mL)
Epinephrine (40 pg/mL, 20 mL)
e-Aminocaproic acid (EACA) (250 mg/mL, 10 mL)
Protamine (10 mg/mL, 10 mL)
Insulin: available in the refrigerator
Potent vasoactive drips: as needed

Billerica, MA, USA) (Elia and Kang 2002). An
autotransfusion system is helpful in minimizing
the need for bank blood (Dzik and Jenkins 1985;
Kang et al. 1991). A system that monitors coagu-
lation, either a conventional coagulation profile,
Thromboelastography R with circle (TEG;
Haemonetics, Braintree, MA, USA), or
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Rotational Thromboelastometry R with circle
(ROTEM; TEM International, Basel, Switzer-
land), is essential in monitoring and management
of coagulation (Kang 1986, 1997). TEG and
ROTEM provide similar physical properties of
blood coagulation, although TEG monitors shear
elasticity and ROTEM monitors viscoelasticity. In
general, 20 units each of cross-matched packed
RBCs (PRBCs) and fresh frozen plasma (FFP) are
available at all times, and 10 units of each are
prepared in the operating room. Platelets
(10-20 units) should be available on demand.

Two large-bore intravenous (IV) catheters
(up to 8.5 or 9 French) are secured, typically in
the right antecubital and right or left internal jug-
ular vein. When the antecubital vein is
unavailable, two catheters may be placed in the
same internal jugular vein. Catheter patency is
confirmed by noting the line infusion pressure of
<300 mmHg during fluid infusion at 500 mL/
min. Sterile technique should be followed during
catheterization, and antiseptic ointment or anti-
septic patch is applied at the skin puncture site.
A nasogastric tube is placed with copious lubrica-
tion and topical vasoconstrictor to avoid nasal or
esophageal variceal bleeding.

Proper monitoring is prerequisite to a success-
ful outcome because patients undergoing liver
transplantation develop clinically significant
hemodynamic, hematologic, metabolic, and
other homeostatic abnormalities. Non-invasive
monitoring is similar to that for patients undergo-
ing any major surgery. For invasive monitoring,
two intra-arterial catheters (20 gauge in the left
radial artery and 16—18 gauge in the right femoral
artery) are used at the Thomas Jefferson Univer-
sity Hospital. Femoral arterial pressure monitor-
ing is preferred because it reflects central arterial
blood pressure more accurately in the presence of
low systemic vascular resistance, particularly
after reperfusion (Lee et al. 2015). Radial arterial
pressure monitoring is useful for blood sampling
and backup pressure monitoring when the aorta is
partially or completely clamped during aorta-to-
hepatic artery anastomosis. A pulmonary artery
catheter (PA catheter) is inserted via the right
internal jugular vein to monitor cardiac output,
intracardiac pressures, and core temperature.
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Carotid artery puncture should be assiduously
avoided because of the presence of coagulopathy.
An oximetric-type PA catheter provides addi-
tional information on mixed venous hemoglobin
oxygen saturation (SvO,). The right ventricular
ejection fraction-type PA catheter monitors the
right ventricular ejection fraction and right ven-
tricular end-diastolic volume. It has been shown
that central venous pressure (CVP) and pulmo-
nary capillary wedge pressure (PCWP) are not as
sensitive as right ventricular end-diastolic volume
in estimating preload, particularly during the
anhepatic stage (DeWolf et al. 1993b). Recently,
non-invasive, continuous cardiac output monitor-
ing was introduced; however, the technique is not
reliable in monitoring cardiac output in
hyperdynamic patients. In some centers, a CVP
catheter is used instead of a PA catheter. This, of
course, is justified if hemodynamic derangement
is kept minimal during the entire surgical proce-
dure. However, most centers use a PA catheter for
three reasons: (1) hemodynamic instability can be
unpredictable during liver transplantation;
(2) determination of cardiac output and preload
is more clinically significant than CVP monitor-
ing; and (3) it is an important educational tool for
trainees. TEE is used in all patients at the Thomas
Jefferson University Hospital to monitor myocar-
dial contractility, ventricular end-diastolic vol-
ume, wall motion abnormality, air or
thromboembolism, intrapulmonary shunting, and
patency of the reconstructed major veins. A TEE
probe may cause esophageal variceal bleeding
(Burger-Klepp et al. 2012) and it should therefore
be placed gently.

Various laboratory tests are performed, includ-
ing arterial blood gas tension and acid-base state,
and serum level of electrolytes, ionized calcium,
glucose, lactate, and ionized magnesium if avail-
able. Typical test times are before and after induc-
tion of anesthesia, every hour during the dissection
stage, 5 min after the onset of the anhepatic stage,
every 30 min during the anhepatic stage, 15 min
before reperfusion, 5 and 30 min after reperfusion,
and every hour thereafter. Coagulation is moni-
tored by conventional coagulation profile (PT,
aPTT, fibrinogen level, and platelet count) and
TEG or ROTEM at the following times: before
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Fig. 5 Effects of
pharmacologic agents on
pathologic coagulation
immediately after
reperfusion (From Kang
YG (1986) Monitoring and
treatment of coagulation.
In: Winter PM, Kang YG
(ed) Hepatic
Transplantation, anesthetic
and perioperative
management. Prager,

New York, with the
permission of the publisher)

Protamine-treated blood

induction of anesthesia, every hour during the dis-
section stage, 15 and 60 min after onset of the
anhepatic stage, 15 min before reperfusion, 5 and
30 min after reperfusion, and every hour thereafter.
Monitoring of TEG or ROTEM and the platelet
count is preferable as a conventional coagulation
profile has several drawbacks when used during
liver transplantation (Kang 1995). PT is a very
sensitive hepatic function test and is prolonged in
most patients undergoing liver transplantation.
Administration of FFP to correct the PT may not
be possible or desirable in the course of surgery.
aPTT follows a similar time course to PT, and its
correction may not be practical. It is a sensitive test
for the heparin effect, and its prolongation indi-
cates the presence of heparin released from the
bypass circuit or grafted liver. The fibrinogen
level is frequently maintained within the accept-
able range, although severe hypofibrinogenemia
may indicate either active fibrinolysis or excessive
activation of coagulation. The level of fibrin(ogen)
degradation products is usually elevated in most
patients due to excessive activation of coagulation
and reabsorption of defibrinated blood from the
abdominal cavity and does not have any immediate
clinical significance. Further, coagulation profile
results may not be available in a timely manner.
TEG/ROTEM has several advantages over a
conventional coagulation profile and has been
accepted as a standard coagulation monitoring
tool by the ASA (American Society of Anesthesi-
ologists 2015). It rapidly and reliably measures

5 min before reperfusion

5 min after reperfusion
Untreated blood

EACA-treated blood

'

blood coagulability (quality) instead of the quan-
tity of each coagulation component. An accurate
differential diagnosis can be made for replace-
ment therapy and pharmacologic therapy by com-
paring TEG/ROTEM of untreated blood with that
of blood treated with various blood components
(FFP, platelets, cryoprecipitate) or pharmacologic
agents (protamine sulfate, heparinase,
e-aminocaproic acid [EACA], aprotinin) (Fig. 5)
(Kang et al. 1987).

Lastly, circumferential identification tags
around the wrists or ankles are removed to avoid
the compartment syndrome. Both arms are placed
on padded arm boards in an abducted position,
and excessive abduction should be avoided to
prevent a plexus stretch injury. The extremities
are protected with foam padding to avoid pressure
injuries.

A rapid-sequence induction is preferred
because of uncertain gastric emptying. Anesthesia
is commonly induced with propofol (2-3 mg/kg)
or etomidate (0.3 mg/kg), and fentanyl (2-5 pg/kg)
is frequently added. Succinylcholine (1-2 mg/kg)
or rocuronium bromide (1.2 mg/kg) is used to
facilitate intratracheal intubation. Anesthesia is
maintained using volatile inhalation agents and
narcotics. Isoflurane is the preferred inhalation
agent because its effect includes less myocardial
depression and biotransformation. Nitrous oxide is
avoided because it distends the bowel and increases
the size of any entrained air. Midazolam (1-4 mg)
may be added for amnesia. For muscle relaxation,
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rocuronium bromide, vecuronium bromide, or
cisatracurium besilate are commonly used.

Antibiotics and immunosuppressants adminis-
tered during surgery may vary from center to cen-
ter. At the Thomas Jefferson University Hospital,
Unasyn@ (ampicillin/sulbactam 3 g) is given before
incision and every 4 h thereafter. For patients aller-
gic to cephalosporin or penicillin, vancomycin is
administered within 2 h before skin incision (1 g
for patients <80 kg and 1.5 g for those >80 kg).
For immunosuppression, methylprednisolone
(500 mg IV) and basiliximab (20 mg IV) are
given during the anhepatic stage and tacrolimus is
given in the postoperative period.

Physiologic Homeostasis During Liver
Transplantation

Liver transplantation imposes a great deal of phys-
iologic stress on patients, and maintenance of
physiologic homeostasis is essential to a successful
outcome.

Cardiovascular Homeostasis

The goal of hemodynamic management is to opti-
mize tissue perfusion by maintaining the
hyperdynamic state characteristic of ESLD. In
general, there are two schools of thought about
maintaining hemodynamic stability. The first
endorses maintaining the hyperdynamic state to
optimize cardiac output and tissue perfusion.
Patients with ESLD have generalized vasodilation
and are known to have oxygen debt at the tissue
level. Therefore, maintaining the hyperdynamic
state, instead of ‘normal blood pressure,” ensures
ample oxygen delivery to tissues and avoids tissue
acidosis. This, in turn, optimizes tissue metabo-
lism and hepatic blood flow. The second school of
thought endorses maintaining arterial blood pres-
sure within the normal range. This may include
the use of various vasopressors (phenylephrine,
norepinephrine, vasopressin, etc.) with or without
hypovolemia. In extreme cases, blood is removed
from the patient to induce hypovolemia, and
blood pressure is supported by vasopressors
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(Massicotte et al. 2010); it has been claimed that
blood loss is minimal without increasing periop-
erative complications, although fluid restriction
may lead to tissue ischemia, renal failure, and air
embolism (Melendez et al. 1998; Schroeder
et al. 2004). Further, a-vasopressors (norepineph-
rine and phenylephrine) decrease hepatic blood
flow by reducing portal venous flow dramatically
in the presence of a limited hepatic arterial buffer
response (Mehrabi et al. 2005).

Dissection Stage

Hemodynamic instability represented by
reduced cardiac output and hypotension is typi-
cally caused by hypovolemia associated with
drainage of ascites, rapid third-space fluid loss,
surgical bleeding, and inadvertent compression
of major vessels (IVC, portal vein, hepatic veins,
and aorta). Intravascular volume is usually
replenished by administration of a mixture of
PRBCs and FFP (typically, PRBC:FFP:
PlasmaLyte-A@ = 200:300:250 mL) using a
rapid-infusion device. This mixture yields
hematocrit of 26-28 vol.% and coagulation fac-
tor levels of 30—50 % of normal. A low hemato-
crit is chosen to optimize microcirculation and
minimize the RBC wastage. Calcium-containing
fluid (i.e., lactated Ringer’s solution) should not
be used to prevent clot formation in the reservoir
of the rapid-infusion device. Continuous admin-
istration of FFP is necessary to compensate for
the loss of coagulation elements (procoagulants,
prolysins, and their inhibitors) by surgical bleed-
ing and excessive activation of coagulation. In
patients with minimal blood loss, colloids (albu-
min or FFP) and crystalloids may be required to
compensate for the third-space fluid loss and
continuous production of ascites. Close commu-
nication with the surgical team is essential to
identify the cause of hemodynamic instability,
as is communication with the blood bank to
facilitate adequate supply of blood products.
Intraoperative autotransfusion has been shown
to be effective and safe during liver transplanta-
tion, and its use may be considered when the
PRBC requirement is >5 units. Its use is not
recommended for patients with peritoneal infec-
tion or malignancy (Liang et al. 2008).



9 Anesthesia Management of Liver Transplantation

When lower cardiac output and/or hypotension
persists even with adequate preload, dopamine or
epinephrine may be infused for patients with
hypotension, while dobutamine can be used
when patients are normotensive. High venous
pressures (CVP and PCWP) may be seen in
patients with volume overload, large ascites, and
pleural or pericardial effusion. Drainage of ascites
and effusion may decrease intrathoracic pressure
and central venous pressures and improve cardiac
performance. Thoracentesis and pericardio-
centesis can be performed after the abdomen is
opened to minimize the risk of injury to the
thoracoabdominal organs.

Unexpected pulmonary hypertension may be
observed in some patients. Because of the high
perioperative mortality in patients with pulmo-
nary hypertension, it deserves a thorough
intraoperative investigation. The PA catheter
should be able to differentiate between pulmonary
hypertension with high pulmonary vascular resis-
tance and pulmonary hypertension with fluid
overloading. Pulmonary hypertension caused by
fluid overloading may dissipate gradually by
intraoperative fluid loss, and phlebotomy may be
required in  severe  hypervolemia. In
portopulmonary hypertension with increased pul-
monary vascular resistance, the presence of right
ventricular function is investigated. A low cardiac
output with a high CVP suggests the presence of
right ventricular dysfunction. TEE findings of
right ventricle dysfunction are low fractional
area change (FAC), tricuspid annular plane excur-
sion (TAPSE) of <16 mm, flattening of the ven-
tricular septum, apicalization of the right
ventricle, and right ventricular dilation. Addition-
ally, the pulmonary vascular response to various
vasodilators  (i.e., diltiazem, nitroglycerin,
epoprostenol, and nitric oxide) may be evaluated.
Liver transplantation may continue when pulmo-
nary hypertension is mild to moderate with nor-
mal right ventricular function. In such cases, right
ventricular function is supported by maintaining
optimal preload and improving myocardial con-
tractility by inotropes.

Complications of massive blood transfusion
(ionic hypocalcemia, ionic hypomagnesemia,
hyperkalemia, and acidosis) may develop at this
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stage and should be treated aggressively. Normo-
thermia can be well-maintained even during mas-
sive transfusion when a rapid-infusion device
is used.

Anhepatic Stage

Hemodynamic changes that occur during the
anhepatic stage are caused primarily by interrup-
tion of venous return from the IVC and portal vein.
In the simple cross-clamping technique, clamping
ofthe IVC and portal vein reduces venous return by
up to 40 %, leading to low cardiac output, hypo-
tension, and compensatory tachycardia (Pappas
et al. 1971). Calculated systemic vascular resis-
tance is frequently elevated, although this is a
reflection of the exclusion of the vascular tree of
the lower extremities and splanchnic bed. It is
noteworthy that cross-clamping of the IVC and
the portal vein decreases the central blood volume
and pressure (CVP and PCWP) but progressively
increases total intravascular blood volume as blood
is sequestered in the vascular bed of the gastroin-
testinal and pelvic organs, kidneys, and lower
extremities. A prolonged low output state, portal
hypertension, and renal venous congestion may
lead to acidosis, intestinal swelling, and hematuria.
We, at Thomas Jefferson University Hospital, pre-
fer to treat the low output state by administration of
fluid and/or inotropes (dopamine or dobutamine
2-5 pg/kg/min).

Venovenous bypass is more physiologic tech-
nique than a simple cross-clamping technique as it
returns venous blood from the portal and IVC
system (Shaw et al. 1984). Hence, hemodynamic
changes that occur during the anhepatic stage with
venovenous bypass are minimal when the bypass
flow rate is greater than 25 % of the baseline car-
diac output and, therefore, the bypass flow should
be monitored and adjusted as needed. Improper
positioning of the cannula tip in the femoral or
portal vein, or a kinked bypass circuit, may not
drain blood adequately and the surgical team
should correct their positions. A low pump speed
reduces venous return, while a high pump speed
collapses the outflow venous wall and decreases
the bypass flow. The perfusionist, therefore, should
adjust the pump speed to maximize the bypass
flow. In addition, hypovolemia decreases the
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bypass flow, and it should be corrected by the
anesthesia team. The anesthesia and surgical
teams should be prepared for potential acute com-
plications of venovenous bypass. Bleeding or air
entry may result from venous laceration during
cannulation or improperly secured cannulas.
Entry of a small volume of air (up to 50 mL) into
the bypass pump may not cause immediate sys-
temic air embolism because it is trapped in the
cone-shaped pump head by centripetal force.
Thromboembolism may be caused by the migra-
tion of pre-existing thrombi or those developed
during a low bypass flow rate (<1000 mL/min),
particularly in hypercoagulable conditions (i.e.,
Budd-Chiari syndrome, neoplasms, and congenital
protein C deficiency). Most importantly, the bypass
may have to be terminated unexpectedly when
serious complications occur. Therefore, the anes-
thesia team should be prepared for unexpected
cross-clamping of the IVC and portal vein at all
times. After completion of the IVC anastomosis,
the portal cannula is removed to facilitate the portal
venous anastomosis, resulting in partial bypass.
Low bypass flow and low cardiac output during
this period can be improved by the administration
of fluids or dopamine, but full correction of central
hypovolemia, as reflected on CVP, PCWP, or TEE,
is avoided to prevent fluid overload on reperfusion.

In the original description of the piggyback
technique, adequate venous return is maintained
through the intact IVC and portal vein using

portoaxillary ~ venovenous  bypass  (Tzakis
et al. 1989). Currently, many transplantation cen-
ters do not incorporate the portoaxillary

venovenous bypass in the piggyback technique,
which makes patients vulnerable to significant
hypovolemia. Hepatectomy in the presence of por-
tal hypertension can be difficult, and hypovolemia
is not uncommon as a consequence of inadvertent
compression of the IVC and portal vein, partial
side-clamping of the IVC, and cross-clamping of
the portal vein during portal anastomosis. Hence,
temporary portacaval shunt or portal-axillary
venovenous bypass may be instituted in surgically
challenging patients to maintain preload.

As described earlier, 1000 mL of cold lactated
Ringer’s solution or albumin (5 %) is flushed
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through the portal vein and drained via the incom-
pletely anastomosed IVC to remove preservative
solution, metabolites, and air from the allograft.
Additionally, approximately 300-500 mL of
blood may be allowed to escape through the
incompletely anastomosed portal vein to enhance
the washout by partial unclamping of the
infrahepatic IVC (back-bleeding technique)
immediately before reperfusion of the grafted
liver. In this case, blood should be administered
simultaneously to avoid hypovolemia.

Other factors that affect circulation during the
anhepatic stage are similar to those of the dissec-
tion stage, although lactic acidosis, citrate intox-
ication, hypomagnesemia, hyperkalemia, and
coagulopathy are more pronounced. Hyper-
kalemia is treated by dextrose (5-10 g) and
insulin (5-10 units) to move potassium intra-
cellularly (DeWolf et al. 1993a). In severe
hyperkalemia, PRBC or phlebotomized blood
can be washed using an autotransfusion system
to remove potassium before transfusion (Ellis
et al. 1987). At the end of the anhepatic stage,
all biochemical variables are normalized to pre-
pare for reperfusion.

Neohepatic Stage

Significant hemodynamic changes occur on reper-
fusion of the grafted liver (Fig. 6). Unclamping of
the infrahepatic IVC and portal vein results in
transient hypovolemia and hypotension due to
acute sequestration of the blood in the engrafted
liver. Unclamping of the suprahepatic IVC
increases preload by mobilizing blood from the
low extremities and splanchnic circulation. This is
followed by severe hemodynamic changes, the
so-called postreperfusion syndrome (Aggarwal
et al. 1993). The postreperfusion syndrome,
which occurs in approximately 30 % of patients,
is defined by abrupt hypotension (below 70 % of
the baseline value) that develops within 5 min of
reperfusion and lasts for more than 1 min. Other
associated hemodynamic changes are bradycar-
dia, high CVP and PCWP, low systemic vascular
resistance, and conduction defects. Acute reduc-
tion in myocardial contractility is observed in
TEE. The postreperfusion syndrome appears to
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Fig.6 Postreperfusion syndrome and its treatment (This article was published in Kang YG, Gelman S, Liver transplantation.
In: Gelman S (ed) Anesthesia and organ transplantation. WB Saunders, Philadelphia, Copyright Elsevier (1987))

be caused by a combination of several factors. For
example, an acute increase in preload may result
in right ventricular strain and an acute decrease in
blood temperature (2—-3 °C) by the systemic entry
of the cold preservation solution may decrease
cardiac conduction and contractility. Other phys-
ical factors are air embolism and thromboembo-
lism, which may cause right ventricular strain or
right ventricular outflow tract obstruction (Ellis
et al. 1989; Suriani et al. 1996). Chemical factors
involved are acute hyperkalemia and acidosis.
Systemic entry of hyperkalemic preservation
solution increases serum potassium level to a
very high level (up to 12 mmol/L), causing severe
bradycardia and conduction defects (Martin
1986). Return of the acidic blood from the viscera
and lower extremities increases the base deficit by
5—10 mmol/L. In addition, unknown endogenous
vasodilators or myocardial depressants (i.e., vaso-
active intestinal polypeptide, nitric oxide, and
eicosanoid) released from the allograft or
congested viscera may decrease systemic vascular
resistance and impair myocardial function.
Several measures may be taken to prevent the
postreperfusion syndrome, although they are not
always successful. At the end of the anhepatic

stage, blood volume is adjusted to avoid fluid
overloading on reperfusion, and ionic hypocalce-
mia, hyperkalemia, and metabolic acidosis are
corrected. Prophylactic administration of CaCl,
(15 mg/kg), NaHCO; (0.5-1 mmol/kg), regular
insulin (10 units), 50 % dextrose (1 mL/kg), and
epinephrine (5-10 pg) are recommended by some
centers (Ellis et al. 1989). Once the postreperfusion
syndrome develops, severe hypotension and bra-
dycardia are treated with small doses of epineph-
rine (5 pg increments) to support contractility, heart
rate, and vasomotor tone, followed by a dopamine
or epinephrine infusion, if necessary. Symptomatic
hyperkalemia (tall, peaked-T wave, and widening
QRS complex with bradycardia) is treated by
administration of CaCl, (15 mgkg) and
NaHCO;3; (0.5-1 mmol/kg). Arrhythmias are
treated in the standard fashion. When pulmonary
edema develops, positive end-expiratory pressure
(PEEP) is applied and inotropes may be given.
Patients who develop intracardiac or pulmonary
embolism are supported by inotropes. When severe
fluid overloading is a concern, phlebotomy may be
considered.

The postreperfusion syndrome dissipates grad-
ually over the next 5-15 min, although low
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systemic vascular resistance and hypotension
with a high cardiac output may persist for several
hours. When hypotension is suspected to cause
tissue and myocardial ischemia, it may be treated
with ephedrine, dopamine, or epinephrine.
Overzealous administration of fluids may result
in hepatic congestion, while norepinephrine may
interfere with hepatic blood flow by decreasing
portal venous flow. Octreotide and vasopressin
may increase arterial blood pressure by decreasing
portal pressure and flow, although its effects
on hepatic circulation and metabolism are unclear
(Fayed et al. 2013; Wagener et al. 2008).
Hemodynamic changes that occur during hepatic
arterial and biliary reconstruction are relatively
minor, except for intermittent fluctuation of the
preload associated with continuous third-space
fluid loss and compression of the liver and great
vessels.

Pulmonary Homeostasis

Gas exchange is maintained satisfactorily in most
patients. Minute volume is gradually decreased
during the anhepatic stage to match the reduced
oxygen consumption and carbon dioxide produc-
tion, and is increased during the neohepatic stage.
Alveolar recruitment maneuvers are performed
intermittently to avoid atelectasis caused by pleu-
ral effusions, cephalad traction of the rib cage, and
compression of diaphragm. Intermittent endotra-
cheal suctioning, using a suction catheter or bron-
choscope, may be required to remove secretions.
Drainage of pleural effusions and ascites
decreases intrathoracic pressure and improves
oxygenation within 2 h. Patients with preopera-
tive ARDS may require a high FiO, and a high
level of PEEP to ensure adequate gas exchange,
and a volume ventilator may be necessary to over-
come the high airway pressure. Frank pulmonary
edema can develop, particularly after reperfusion,
from the increased pulmonary capillary perme-
ability or fluid overload. In such cases, patients
are ventilated with a high level of FiO, and PEEP,
while the underlying cause is treated. Closure of
the abdominal cavity may interfere with ventila-
tion by increasing intrathoracic and airway
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pressures. Primary closure with mesh or second-
ary closure may be necessary.

Cerebral Homeostasis

In patients with fulminant hepatic failure, preop-
erative cerebral monitoring is continued as cere-
bral hyperemia and intracranial hypertension
persist during surgery, although they are some-
what attenuated by general anesthetics. However,
a sudden increase in preload may dramatically
exacerbate intracranial hypertension on reperfu-
sion of the grafted liver. Hence, optimal preload
should be maintained during the entire procedure.
After reperfusion, cerebral hyperemia may grad-
ually decrease as the liver begins to function.

Coagulation

Intraoperative changes in coagulation are summa-
rized in Table 4. Surgical bleeding is common due
to numerous collateral vessels associated with
portal hypertension, difficulty in dissection of
the diseased liver, pre-existing coagulopathy, and
pathologic changes in coagulation. The average
blood loss in adults is 5-15 units each of PRBC
and FFP, although blood loss may reach more than
100 units each.

During the dissection stage, dilutional
coagulopathy develops as bleeding reduces the
levels of coagulation factors and platelets
(Fig. 7). Fibrinolysis may develop, particularly in
patients with hepatocellular disease, as a result of a
low level of inhibitors of fibrinolysis and impaired
hepatic clearance of tPA (Lewis et al. 1989a).
Excessive activation of coagulation, evidenced
by a gradual increase in thrombin—antithrombin
complex, develops at the end of the dissection
stage (Kratzer et al. 1991). Management of coag-
ulation begins with normalization of physiologic
variables, such as ionic hypocalcemia, hypother-
mia, and acidosis impair coagulation (Rohrer and
Natale 1992). This is followed by continuous infu-
sion of coagulation factor-rich blood (RBC:FFP:
PlasmaLyte-A® or normal saline = 1
unit:1 unit:250 mL) to maintain coagulation factor
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Table 4 Intraoperative changes in coagulation

Dissection stage

Pre-existing coagulopathy ++
Dilution +++
Hypocalcemia +
Hypothermia +
Fibrinolysis +
Excessive coagulation +

Heparin effect —
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Fig. 7 Intraoperative change in coagulation of
100 patients (Modified from Lewis et al. (1989a), with
the permission of the publisher)

levels above the critical level (30-50 % of nor-
mal). Specific blood components may be adminis-
tered based on TEG/ROTEM. In general, platelets
(5-10 units) are administered for a small maxi-
mum amplitude (MA) (<40 mm). Platelet admin-
istration, in addition to increasing MA, improves
reaction time (r) and clot formation rate (),
because the coagulation cascade leading to fibrin
formation occurs on the surface of platelets. Its
administration, however, is withheld during the
anhepatic stage to avoid potential thrombosis and
during massive blood transfusion (>150 mL/min)

to minimize wastage. Two units of FFP may be
administered when the reaction time is prolonged
(r> 12 min) even after platelet administration
Cryoprecipitate (6 units) containing factors I and
VIII are rarely required unless severe fibrinolysis
is left untreated because plasmin selectively
destroys factors I, V, and VIII. However,
cryoprecipitate may be used for patients with
severe hypofibrinogenemia (<100 mg/dL).

Pathologic coagulation superimposes on
dilutional coagulopathy during the anhepatic
stage. The heparin effect is seen as a prolonged
aPTT and reaction time on TEG/ROTEM at the
onset of the venovenous bypass as a small dose of
heparin (2000-5000 units) in the bypass circuit
enters systemic circulation. This heparin
effect dissipates over the next 30—60 min. The
effects of the absence of the hepatic synthetic
and clearance function begin to develop during
this stage. The absence of hepatic clearance of tPA
promotes fibrinolysis in approximately 30 % of
patients (Kang et al. 1987). Similarly, the absence
of hepatic clearance of activated coagulation
factors results in excessive activation of coagula-
tion evidenced by a progressive increase in
thrombin—antithrombin complex and fibrin
(ogen) degradation products. Severe fibrinolysis
(fibrinolysis time <60 min) may be treated by
the administration of a single, small dose of
EACA (250-500 mg) (Kang et al. 1987).
Administration of a large or repeated dose of
EACA is not recommended in order to avoid
potential thromboembolism (Gologorsky
et al. 2001).
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The postreperfusion syndrome occurs in coag-
ulation at the onset of the neohepatic stage. A
typical coagulation profile shows prolonged PT,
aPTT, reptilase time, and thrombin time. A gen-
eralized decrease in coagulation factors (I, V, VII,
and VIII) and platelets is accompanied by a sharp
increase in the tPA level, a shortened euglobulin
lysis time, and a moderate increase in fibrin(ogen)
degradation products and thrombin—antithrombin
complex. Fibrinolysis is observed in up to 80 % of
patients and is severe in about 40 % (Kang
et al. 1987). Fibrinolysis is caused by a 20-fold
increase in tPA being released from the allograft
and congested viscera, which overwhelms the
activity of the plasminogen activator inhibitor
(Virji et al. 1989; Porte et al. 1989). There are
ample data to support the finding that fibrinolysis
is primary in origin: a relatively steady antithrom-
bin level, only moderate levels of fibrin(ogen)
degradation products and p-dimers, selective
decreases in factors I, V, and VIII, and no known
microthrombi formation (Lewis et al. 1989a, b).
Fibrinolysis resolves over the 120 min following
reperfusion. The heparin effect occurs in approx-
imately 30 % of patients, as heparin is released
from the allograft and dissipates over the next
60-90 min.

To identify the presence of fibrinolysis and the
heparin effect, TEG/ROTEMs of untreated blood
(native), blood treated with antifibrinolytic agent
(EACA or aprotinin), and blood treated with an
agent neutralizing heparin (protamine sulfate or
heparinase) are compared 5 min after reperfusion.
When fibrinolysis is present, early treatment using
a single, small dose of EACA (250-500 mg) is
recommended in order to reduce delayed oozing
and to minimize the loss of factors I, V, and VIII
(Kang et al. 1997). Prophylactic administration of
EACA or tranexamic acid (AMCA) is a common
practice in many centers, but has not shown sci-
entific efficacy. Fibrinolysis prophylaxis is not
recommended by the authors, because the pres-
ence of fibrinolysis can easily be detected by
TEG/ROTEM and can be treated effectively
with a small dose of EACA in most patients.
When the heparin effect is present, a small dose
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of protamine sulfate (25—-50 mg) may be given in
severe cases. In addition, blood coagulability can
be impaired by reperfusion hypothermia, acidosis,
and ionic hypocalcemia.

In contrast, excessive activation of coagulation
leading to fatal intracardiac or pulmonary embo-
lism may occur in some patients (Gologorsky
et al. 2001; Warnaar et al. 2008). This complica-
tion appears to be associated with a massive trans-
fusion, release of a large quantity of tissue
thromboplastin from the less than optimal allo-
graft, impaired tissue perfusion, and possibly
antifibrinolytic therapy. Intracardiac thrombosis
can be treated by infusion of tPA (40-100 mg
over 2 h) while observing resolution of thrombi
using TEE (Boone et al. 2011; Jackson
et al. 2006).

Coagulopathy improves gradually after reper-
fusion. Generalized oozing, however, may occur
even in the presence of acceptable coagulation
profiles and TEG/ROTEM, possibly due to
delayed bleeding caused by the loss of a poorly
formed clot or by the residual effects of reperfu-
sion fibrinolysis.

Several other pharmacologic agents are reported
to improve coagulation. Aprotinin (2,000,000 KIU
followed by 500,000 KIU/h), a non-specific inhib-
itor of plasminogen and serine protease, may
reduce blood loss by inhibiting fibrinolysis and
excessive activation of coagulation (Neuhaus
et al. 1989; Cottam et al. 1991). However, clinical
use of aprotinin declined even before the drug was
withdrawn by the manufacturer: clinical reports did
not show a significant reduction in blood loss (Ickx
et al. 1993; Groh et al. 1993), and fibrinolysis can
be treated with EACA or AMCA more efficiently
with negligible side effects (Kang et al. 1987
Boylan et al. 1996). Recombinant factor VIla
(rFVIIa) has been suggested to improve coagula-
tion and reduces bleeding by actively enhancing
coagulation and stimulating fibrin formation in the
presence of tissue factor. Its beneficial effects have
been shown in patients with fulminant hepatic fail-
ure, “critical bleeding,” and a ruptured liver
(Meadows et al. 2011; Merchant et al. 2004;
Yamaguchi et al. 2015). However, results of
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clinical trials are controversial (Planinsic
et al. 2005; Gasperi and Baudo 2006; Niemann
et al. 2006) and a European consensus concluded
that a paucity of data from clinical trials with
rFVIIa limits both the strength and the scope of
clinical recommendations (Vincent et al. 2006).
Recently, the use of prothrombin complex concen-
trate has been assessed in a limited number of
centers. Prothrombin complex concentrate is pre-
pared from FFP and contains clotting factors II,
VII, IX, and X, protein C, and protein S, and its
use may improve coagulation without increasing
preload (Arshad et al. 2013). However, it has lim-
ited components of coagulation and its clinical
advantage  requires  further  investigation.
Desmopressin acetate (DDAVP), a synthetic ana-
log of 8-arginine vasopressin, increases the endo-
thelial release of factor VIII, von Willebrand factor,
and plasminogen. Its beneficial effects have been
demonstrated in vitro and in patients with liver
disease, and it may be used to improve coagulation
(0.3 pg/kg) (Kang et al. 1993). Conjugated estro-

171

gen has been reported to improve coagulation and
reduce blood loss (Frenette et al. 1998), although
its use has not been accepted widely.

Electrolyte and Acid-Base Homeostasis

Calcium Metabolism

Patients with hepatic dysfunction invariably
develop ionic hypocalcemia during massive blood
transfusion, which is caused by chelation of serum
calcium with citrate in the banked blood. lonic
hypocalcemia begins to appear during the dissec-
tion stage (Marquez et al. 1986) and becomes
severe during the anhepatic stage. The serum-
ionized calcium level is inversely related to the
serum citrate level, as the absence of hepatic metab-
olism of citrate increases the serum citrate level
close to that in the banked blood (Fig. 8). Signifi-
cant hypocalcemia (Ca®" <0.55 mmol/L) is asso-
ciated with a prolonged Q-T interval and decreases
in the cardiac index, stroke—work index, and blood
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Fig. 8 Intraoperative changes in serum calcium, magnesium, and citrate level (Results of two studies (Marquez
et al. 1986 and Scott et al. 1996) are superimposed, with the permission of the publisher)
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pressure. Therefore, the ionized calcium concentra-
tion is monitored hourly or more frequently,
and CaCl, (15 mg/kg) or calcium gluconate
(30 mg/kg) is administered to maintain a normal
level (Martin et al. 1990). Ionic hypocalcemia
improves gradually as the engrafted liver
begins to metabolize citrate, unless the speed of
the transfusion exceeds the metabolic function of
the liver.

Potassium Metabolism

Hypokalemia is not uncommon in patients with
liver disease due to poor dietary intake of potas-
sium and its loss from chronic diuretic therapy and
diarrhea. Severe hypokalemia (<2.5 mmol/L) is
treated with potassium chloride to increase its
level to 3.0-4.0 mmol/L. Moderate hypokalemia
(<3.5 mmol/L) is not treated because it is well-
tolerated by patients and self-corrected by blood
transfusion. Hyperkalemia is a serious concern
because it interferes with myocardial conduction
and contractility, particularly in the presence of
acidosis and  hypocalcemia.  Progressive
hyperkalemia (up to 67 mmol/L) may occur in
patients with renal dysfunction or those requiring
massive blood transfusion. Mild hyperkalemia
(up to 5.5 mmol/L) is treated with insulin
(10 units) and glucose (12.5 g). It has been shown
that glucose and insulin therapy is effective in
lowering the serum potassium level even in the
absence  of  hepatic  function  (Dewolf
etal. 1993a). For moderate-to-severe hyperkalemia
(>5.5 mmol/L), in addition to insulin therapy,
PRBC or phlebotomized blood can be washed to
remove potassium using an autotransfusion system
before transfusion (Ellis et al. 1987).

Reperfusion hyperkalemia is caused by
potassium influx from the preservation solution
and hepatocytes, and its systemic effects and
treatment have been described previously.
Acute hyperkalemia returns to a normal range
within 5-10 min as a result of redistribution.
The potassium level gradually returns to the
baseline value as the RBCs and the engrafted
liver take up excess potassium. Hypokalemia
(<3.5 mmol/L), which occurs toward the end
of procedure, is treated using a KCI infusion
(20 mmol increments).
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Sodium Metabolism

Hyponatremia (<130 mmol/L) is a common
occurrence in patients with liver disease, partic-
ularly those with fluid retention, ascites, diuretic
therapy, and restricted sodium diet. The serum
sodium level gradually increases towards normal
during surgery via administration of blood prod-
ucts and a balanced salt solution. A rapid rise in
the serum sodium level (>10 mmol/L) is a clin-
ical concern because it may contribute to the
development of central pontine myelinolysis, a
serious neurological injury caused by the
destruction of the myelin sheath in the pons
(Videira et al. 1991). Therefore, the preoperative
serum sodium level should be raised to
>130 mmol/L, if possible, and a rapid increase
in sodium should be prevented by administration
of low sodium-containing crystalloids during
surgery. In addition, tromethamine (THAM) is
the preferred drug for treatment of metabolic
acidosis as it does not contain sodium.
Hypernatremia may be seen in some patients
who receive a large dose of NaHCO; preopera-
tively. This hypernatremia is gradually normal-
ized by administration of blood products and a
balanced electrolyte solution.

lonic Hypomagnesemia

A clinical investigation showed that the serum
ionized magnesium level, similar to the ionized
calcium level, has an inverse relationship with the
serum citrate level as magnesium ion chelates
with citrate in banked blood (Scott et al. 1996).
Although the clinical significance of ionic hypo-
magnesemia during liver transplantation is
unclear, MgSO, (14 g) can be administered to
minimize potential cardiac irritability and myo-
cardial depression.

Metabolic Acidosis

Metabolic acidosis begins to appear during the dis-
section and anhepatic stages because of impaired
hepatic metabolism of the acid load from the
banked blood and the peripheral tissues. The base
deficit and lactate level increase further (approxi-
mately 5 mmol/L) on reperfusion due to the acid
load from the graft and congested viscera and lower
extremities. It gradually improves as hepatic
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function is restored and tissue perfusion improves
during the neohepatic stage. Persistent lactic acido-
sis (>15 mmol/L) appears to be associated with
graft dysfunction (Begliomini et al. 1989).

Metabolic acidosis is aggressively corrected by
administration of NaHCO; to maintain base defi-
cit levels <5 mmol/L because acidosis is fre-
quently progressive and leads to myocardial
depression, inadequate cellular respiration, and
decreased sensitivity to catecholamines. As
described earlier, THAM is preferred in hypo- or
hypernatremic conditions to minimize fluctuation
of the serum sodium level: 150 mL of 0.3 M
THAM is equivalent to 50 mmol of NaHCO;.
Alternatively, dichloroacetate (40 mg/kg every
4 h) appears to reduce lactate production by stim-
ulating pyruvate oxidation (Shangraw and
Robinson 1997).

Metabolic Alkalosis

Metabolic alkalosis may develop during the
neohepatic stage, and this was believed to be
associated with NaHCOs-administered and citrate
metabolism-generating bicarbonate. However, it
has been shown that the degree of metabolic alka-
losis is unrelated to the citrate and NaHCO; load
(Fortunato et al. 1987) and may be associated with
residual hyperaldosteronism.

Metabolic Homeostasis

Body temperature may gradually decrease to 34 °C
during the dissection stage as a result of the expo-
sure of the abdominal contents to the cold environ-
ment, vasodilatation, and lack of shivering.
Hypothermia continues during the anhepatic stage
as energy production decreases further. An abrupt
decrease in core temperature (2—3 °C) occurs on
reperfusion as cold preservation solution enters
systemic circulation. The temperature increases
during the neohepatic stage, and the surgery ends
with a body temperature of approximately
35-36 °C. Hypothermia is difficult to avoid,
although raising the room temperature, application
of forced warm air devices, use of a warming
blanket, and a heat exchanger in the venovenous
bypass system may be beneficial.
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The blood glucose level is relatively well-
maintained (100-200 mg/dL) with blood transfu-
sion, as the banked blood contains glucose
(approximately 200 mg/dL). A gradual decrease
in glycogenolysis reduces the blood glucose level
during the dissection and anhepatic stages. In
patients with fulminant hepatic failure or severe
hepatocellular disease, the blood glucose level
may decrease precipitously, making glucose sup-
plementation necessary. Hyperglycemia (up to
300 mg/dL) occurs on reperfusion as glucose is
released from the engrafted liver (DeWolf
etal. 1987). Insulin does not appear to be effective
in treating reperfusion hyperglycemia because
glucose reuptake requires restoration of hepatic
function. The insulin level is relatively steady
during surgery, and the glucagon level increases
after reperfusion. The blood glucose level usually
returns to normal within 12-24 h. Persistent
hyperglycemia caused by impaired hepatic glu-
cose reuptake and hormonal imbalance is an
early sign of poor graft function (Mallett
et al. 1989).

Renal Homeostasis

Urine output is well-preserved in most patients
once the intravascular volume is optimized.
Oliguria or anuria, however, may persist in
patients with the hepatorenal syndrome or
underlying renal disease. The presence of oliguria
and hematuria during the anhepatic stage of the
simple cross-clamping technique has been
described earlier. Urine output increases during
the neohepatic stage as a result of the restoration
of renal function and circulation. Various
agents have been tried to protect or improve
renal function: the role of dopamine is controver-
sial, dopexamine appears to be beneficial, and
triple-drug therapy (dopamine [2-3 pg/kg/min],
mannitol [250 mg/kg], and furosemide)
improves urine output but not renal
function (Gray et al. 1991; Planinsic et al. 1997).
When fluid overload or severe -electrolyte
imbalance is a concern, intraoperative
venovenous ultrafiltration or hemodialysis may
be utilized.
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Conclusion of Surgery

The restoration of hepatic function is
evident about 2 h after reperfusion: levels of
citrate and lactate decrease, the glucose level
returns toward normal, coagulopathy improves,
and bile production begins. Persistent citrate
intoxication, acidosis, hyperglycemia,
coagulopathy, and pale-colored bile are poor
prognostic signs.

Recently, tracheal extubation in the operating
room has been successful in several centers
when the patient meets the liver transplantation-
specific extubation criteria, including the severity
of pre-existing liver disease, blood loss, and
hemodynamic stability (Mandell et al. 2002;
Biancofiore et al. 2005; Glanemann et al. 2007).
However, most patients are still transported to
the intensive care unit (ICU) while receiving inva-
sive monitoring and ventilatory support.
Upon arrival to the ICU, the ventilator setting is
reported to the respiratory therapist, the lungs
are auscultated, and vital signs are displayed on
the ICU monitor. Detailed intraoperative informa-
tion is reported to the ICU physician and nursing
staff.

Postoperative Complications
Hepatic Complications

Primary Non-Function

Primary non-function is defined as graft failure
occurring within 90 days after liver transplanta-
tion in the absence of either rejection or technical
factors such as hepatic arterial thrombosis (Bzeizi
et al. 1997). This complication occurs in up to
10 % of patients and is frequently caused by
hepatic dysfunction of the donor liver or
prolonged cold ischemia (>18 h). The patient
develops progressive multi-organ failure includ-
ing encephalopathy, coagulopathy, minimal bile
production, and oliguria. Supportive therapy may
be helpful until the liver resumes its function,
although urgent retransplantation is the only solu-
tion in many patients.
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Acute Rejection

Worsening liver function without technical com-
plications in the second week after liver trans-
plantation suggests acute cellular rejection.
Biopsy findings are inflammation of the
intrahepatic endothelium and bile duct and a
mononuclear cell infiltration with eosinophilia
(Wiesner 1996).

Vascular Complications

Hepatic arterial stenosis occurs in approximately
5 % of patients, and is four times more common in
children. Common clinical signs are biliary tract
breakdown, recurrent bacteremia, hepatic abscess,
and occasionally massive hepatic necrosis (Tzakis
et al. 1985). Hepatic arterial stenosis is suspected
when an ultrasound examination reveals
increased focal arterial flow velocities and is con-
firmed by angiography. In the immediate postop-
erative period, direct repair or reconstruction
using an infrarenal arterial conduit is usually suc-
cessful. Stenosis occurring several weeks after
transplantation is treated with percutaneous
hepatic arterial angioplasty, which has a success
rate of more than 90 % in achieving long-term
patency.

Vena caval stenosis and thrombosis occur in
1-2 % of patients. In traditional liver transplanta-
tion, outflow obstruction is managed by balloon
angioplasty with or without a metallic stent place-
ment (Simo et al. 1993). In the piggyback tech-
nique, it is treated with end-to-side anastomoses
between the donor infrahepatic IVC and the recip-
ient retrohepatic IVC (Stieber et al. 1997).

Portal venous stenosis and thrombosis are rel-
atively uncommon in the adult population and
present with graft dysfunction, massive ascites
formation, and hemodynamic instability. This
complication is corrected by an urgent reconstruc-
tion of the portal vein or construction of a superior
mesenteric venous graft to the liver, together with
a ligation of large collaterals that may reduce the
portal flow.

Biliary Complications

Biliary complications are more common in chil-
dren and have an overall incidence of 8-15 %.
Early recognition is difficult, leading to high
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morbidity and mortality. Bile leaks usually occur
at the anastomotic site, although they may be
found at the T-tube site or aberrant ducts. Most
biliary complications occur within the first
3 months and are diagnosed by liver function
tests (serum bilirubin, y-glutamyltransferase, and
alkaline phosphatase) and imaging techniques.
These complications are treated by percutaneous
or endoscopic drainage of bile collections. In
cases of Roux-en-Y choledochojejunostomy, sur-
gical reconstruction is required.

Intra-Abdominal Bleeding

Intra-abdominal bleeding occurs in about 7-15 %
of patients and requires exploration in about half
of these cases (Ozaki et al. 1994). Gastrointestinal
bleeding may develop from ulcers, viral enteritis,
varices, and an afferent Roux-en-Y loop. Variceal
bleeding is usually associated with portal vein
thrombosis and requires an urgent ultrasound or
angiographic evaluation. Bleeding from the
Roux-en-Y limb occurs 1 week after surgery and
is usually self-limited. Additionally, bleeding can
be caused by persistent thrombocytopenia associ-
ated with splenic sequestration, drug toxicity,
heparin-induced thrombocytopenia, and immuno-
logic reactions.

Intestinal Perforation

Intestinal perforation is caused by serosal injury to
the intestines and usually occurs in patients who
have had a technically difficult hepatectomy,
prolonged portal venous clamping, or a massive
blood transfusion. Intestinal perforation or leak-
age is treated by urgent surgery and antifungal
therapy.

Extrahepatic Complications

Cardiac Complications

Any type of cardiac complication can develop in
the postoperative period. Hypotension can occur
due to hypovolemia, either from under-
resuscitation or ongoing bleeding, decrease in
contractility secondary to the pre-existing myo-
cardial disease, or new onset of dilated or ische-
mic cardiomyopathy. Other potential causes are
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acidosis, hypocalcemia, or vasodilation from sep-
sis or graft failure. Management of cardiac com-
plications is based on the underlying cause.

Hypertension occurs in patients with
pre-existing hypertension, inadequate pain con-
trol, hypoglycemia, and cerebral edema. Restora-
tion of normal liver function may increase
systemic vascular resistance, and calcineurin inhi-
bition can increase systemic blood pressure. Cal-
cium channel blockers (i.e., diltiazem and
verapamil) are avoided because they can increase
the levels of the calcineurin inhibitors.

Myocardial infarction is relatively rare due to
thorough preoperative evaluation being under-
taken to detect CAD. However, when it does
develop, a cardiologist should be consulted for
possible emergent cardiac catheterization during
surgery and revascularization. Pulmonary edema
is commonly seen postoperatively and may be
caused by significant transfusion requirements,
increased capillary permeability, prolonged intu-
bation, and reversible dilated cardiomyopathy.

Reversible dilated cardiomyopathy with pul-
monary edema may develop in the first 5 days
after transplantation. Sampathkumar
et al. reported that 1 % of patients who did not
have ventricular dysfunction developed dilated
cardiomyopathy postoperatively, most of whom
recovered completely without any long-term com-
plications (Sampathkumar et al. 1998). The cause
of this condition is unknown, although it may be a
form of stress-induced cardiomyopathy.

Atrial fibrillation, ventricular tachycardia, and
other arrhythmias may develop as a result of elec-
trolyte abnormalities (i.e., hypomagnesemia,
hyperkalemia, and hypocalcemia), cardiac ische-
mia, or irritation from CVP or PA catheters. In a
study by Xia et al., atrial fibrillation was observed
in 7.4 % of patients and was associated with
increased mortality, graft failure, and acute kidney
injury (Xia et al. 2015). All arrhythmias are
treated following the standard guidelines.

Thromboembolism is a common cause of sud-
den postoperative death. Deep vein thrombosis
should be prevented by early extubation and
mobilization, use of compressive stockings, and
administration of heparin (subcutaneous or low
molecular weight).
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Pulmonary Complications

Most patients require mechanical ventilation for
only a few hours or days after transplantation.
However, prolonged ventilatory support is required
in some patients with atelectasis, pleural effusions,
and central nervous system (CNS) depression.
Intraoperative cross-clamping of the IVC occasion-
ally results in right phrenic nerve crush injury and
diaphragmatic paralysis in the immediate postop-
erative period (McAlister et al. 1993). ARDS may
develop in patients with intra-abdominal infection,
pancreatitis, hepatic necrosis, acute cellular rejec-
tion, and occasionally with Muromonab-CD3
(OKT3) treatment. Bronchoalveolar lavage and
bacterial culture are frequently performed to rule
out pulmonary infection from any other pulmonary
pathology. Pre-existing pulmonary hypertension
may persist postoperatively and is controlled by
epoprostenol or nitroglycerin.

Neurological Complications

Neurological complications occur in 12-20 % of
patients, mostly in the first week of transplantation
(Singh et al. 1994). These are more common in
adults and present as mental status changes rang-
ing from dysphasia to frank coma. Dysfunction of
the CNS is commonly caused by medications,
such as cyclosporine, tacrolimus, histamine
H,-blockers, acyclovir, and antibiotics such as
imipenem. Non-convulsive seizures may occur,
and an EEG is performed for patients with
unexplained mentation changes. Intracranial hem-
orrhage and watershed infarcts are ruled out using
CT scans. Hyponatremia and hypomagnesemia
can also delay awakening. Central pontine
myelinolysis may develop several days after
transplantation, and recovery is often slow and
incomplete (Winnock et al. 1993). Hepatic
encephalopathy may be present for several days
after transplantation in patients with persistent
portosystemic shunting. Meningitis should be
ruled out when the mental status change is accom-
panied by fever. Disseminated aspergillosis is a
devastating complication in a patient with multi-
ple brain infarcts and fever. Peripheral neuropathy
presenting as weakness is usually myopathic in
nature and is more common in patients with pre-
operative severe liver disease, poor graft function,
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high steroid doses, and uremia, and are confirmed
by electromyography and muscle biopsy.

In patients with fulminant hepatic failure, cere-
bral hyperemia and hypertension usually decrease
gradually, and the patient regains consciousness
as the liver begins to function.

Renal Dysfunction

Renal dysfunction is usually transient and is
commonly associated with intraoperative
hypovolemia and hypotension, allograft dys-
function, and nephrotoxicity of cyclosporine
and tacrolimus. Oliguria is an early sign of
renal dysfunction and is managed by restoring
intravascular volume and renal perfusion. The
hepatorenal syndrome may persist after trans-
plantation, and its recovery depends on its pre-
operative severity and allograft function. In
some patients, addition of vasoconstrictive
immunosuppressants (cyclosporine and
tacrolimus) may lead to acute tubular necrosis.
In general, renal function returns to the normal
range in most patients, and approximately 10 %
of patients require temporary dialysis
(McCaulley et al. 1990). Long-term prognosis
is fair, although hypertension, diabetes, and
chronic nephropathy induced by steroids and
the calcineurin inhibitors may result in chronic
renal failure.

Infectious Complications

More than half of the postoperative infections fol-
lowing liver transplantation are bacterial in origin.
These infections typically occur in the first 2 weeks,
when blood levels of immunosuppressants are high.
The most common sites of infection are the liver,
biliary tract, peritoneal cavity, and pulmonary sys-
tem. Common organisms in the abdomen are aero-
bic Gram-positive organisms (Streptococci and
Staphylococci)  and ~ Gram-negative  bacilli
(Escherichia coli, Enterobacter species, and Pseu-
domonas), while Pseudomonas infection is most
common in the lungs. Approximately 20 % of
infections are caused by fungus, with Candida spe-
cies accounting for more than 80 % of all fungal
infections. The risk factors are a high steroid dos-
age, usage of broad-spectrum antibiotics, and
prolonged surgical time. Candida infection is
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treated with amphotericin or fluconazole. Aspergil-
lus infection accounts for 15 % of all fungal infec-
tions and is associated with a very high mortality;
high-dose liposomal amphotericin B followed by
prolonged itraconazole is the treatment of choice.
Viral infections are seen 2—3 months after transplan-
tation, with cytomegalovirus and herpes simplex
accounting for the bulk of these infections.
Epstein-Barr virus is not usually seen until approx-
imately 6 months after transplantation, but is an
important cause of lymphoproliferative disease.
Preumocystis pneumonia, an opportunistic infec-
tion, responds to trimethoprim—sulfamethoxazole.

Late Metabolic Complications

Late metabolic complications following liver
transplantation include diabetes, hyperlipidemia,
weight gain, and hypertension. Diabetes is
induced by steroids, cyclosporine, and tacrolimus
and may respond to oral hypoglycemic agents or
insulin. Hyperlipidemia is associated with diabe-
tes, obesity, steroids, and immunosuppressive
drugs and is treated by diet and exercise. Hyper-
tension is seen in as many as 85 % of patients after
transplantation; the use of steroids or tacrolimus is
the most likely cause. Hypomagnesemia has been
implicated as the cause of the hypertension in
some cases.

Anesthesia for Specific Conditions
Retransplantation of the Liver

Approximately 15 % of all patients require
retransplantation  of  the  liver. Early
retransplantation is performed within several
days after the primary transplantation to rescue
patients from primary non-function (graft factor),
acute rejection, and technical failure (vascular
thrombosis), or secondary non-function (host fac-
tor) associated with poor hepatic perfusion.
Hepatic necrosis is the common pathway of graft
non-function and results in progressive, severe
encephalopathy, =~ ARDS, lactic acidosis,
coagulopathy, hypoglycemia, and significant cir-
culatory instability. Although infrequent, hepatec-
tomy with a portacaval shunt may be performed to
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protect the patient from the ill effects of the nec-
rotizing liver on extrahepatic organ functions. In
such a case, retransplantation should be
performed as soon as the donor organ is available.
The surgical procedure itself is relatively simple
because surgical dissection has already been made
and adhesions have not yet formed. Anesthetic
management of these patients is similar to that of
patients undergoing primary transplantation.

Late retransplantation is performed in patients
with chronic rejection, vascular complications,
and recurrence of the original disease. The phys-
ical condition of the patient may have improved,
but complications of immunosuppression (i.c.,
hypertension, renal insufficiency) may be present.
Adhesions and the steroid-induced fragile tissues
frequently complicate late retransplantation.
Anesthetic management is similar to that of pri-
mary liver transplantation, but a large amount of
blood loss is anticipated.

Pediatric Liver Transplantation

In pediatric liver transplantation, rapid-sequence
IV induction is preferred, although mask induc-
tion is chosen in patients in whom there is diffi-
culty obtaining IV access (Borland et al. 1985).
Large-bore IV catheters are placed in the upper
extremities after induction of anesthesia. A central
venous catheter with CVP monitoring is the usual
procedure, and pulmonary arterial catheterization
is rarely indicated. Blood pressure is monitored
using a femoral intra-arterial catheter. It appears
that children tolerate cross-clamping of the IVC
and portal vein reasonably well without signifi-
cant hemodynamic changes, possibly by compli-
ant vasomotor tone. Therefore, venovenous
bypass is rarely used in children under 20 kg.
Coagulation changes that occur during liver trans-
plantation are not as severe as those of adults, and
this may be associated with more prevalent cho-
lestatic diseases in children (Kang et al. 1989).
Blood loss in children with biliary atresia can be
large due to the technical difficulty associated
with previous biliary surgery (i.e., Ksai proce-
dure). Maintenance of body temperature is diffi-
cult, as the large surface area promotes heat loss.
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Live-Donor Hepatectomy

Live-donor hepatectomy is usually a challenging
procedure. The young and healthy donors (ASA
Physical Status [PS] 1 or 2) undergo a complete
evaluation by hepatologists, surgeons, anesthesi-
ologists, and psychologists. The anesthetic goals
are minimizing surgical blood loss and allogeneic
blood transfusion, maintaining liver blood flow,
facilitating early extubation, preventing deep
venous thrombosis and infection, and providing
adequate postoperative pain control. Preopera-
tively, donors may be given erythropoietin to
boost RBC production and they can donate
2 units of autologous whole blood 2-3 weeks
before surgery. On the day of surgery, donors
may be given heparin (5000 units, subcutaneous
injection) to prevent deep venous thrombosis, and
6 units of typed and cross-matched PRBCs are
prepared. In the holding area, a peripheral IV
catheter is secured, anxiolytics are administered,
and donors may elect to receive thoracic epidural
anesthesia for postoperative analgesia. The need
for epidural local anesthetics with or without nar-
cotics is determined by the attending anesthesiol-
ogist and pain service. )

In the operating room, Unasyn\m B glV)or
vancomycin (if allergic to penicillin) is adminis-
tered to prevent infection, and the patient is posi-
tioned with minimal stress to the brachial plexus to
avoid neurologic injury (Dulitz et al. 2005). Induc-
tion and maintenance of anesthesia follows the
standard guidelines of any major surgical proce-
dure. Ultra-short-acting narcotics such as
remifentanil may be beneficial for early extubation
after surgery as it is rapidly metabolized by plasma
esterase and does not have a prolonged effect in the
presence of hepatic and renal dysfunction.

Intraoperative monitoring is similar to that of
patients undergoing major surgery, and a radial
arterial catheter and CVP are placed for hemody-
namic monitoring. Additional IV access is secured
to prepare for the potential need for rapid infusion
of fluids using a rapid-infusion system. Immedi-
ately after induction of anesthesia, isovolemic
hemodilution may be performed: 2 units of the
patient’s whole blood is collected in CPDA (c-
itrate phosphate dextrose adenine) blood
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collection bags, agitated to prevent clot formation,
stored at room temperature, and returned to the
patient within 8 h.

Intraoperatively, physiologic condition should
be maintained at all times to ensure adequate
perfusion of all tissues including the liver by
monitoring the cardiopulmonary system and stat
laboratory. Metabolic acidosis should be avoided,
and use of a balanced salt solution (lactated
Ringer’s solution or PlasmaLyte-A") is the pre-
ferred choice in order to avoid the acid load from
normal saline (Waters et al. 2001). Blood loss is
not excessive and pre- and intraoperatively
donated autologous blood and intraoperative
autotransfusion are sufficient in most patients.
The relationship between the CVP level and sur-
gical blood loss is controversial: Chhibber
et al. reported that intraoperative blood loss did
not correlate with CVP (<5 mmHg) in their study
(Chhibber et al. 2007), while Jones
et al. demonstrated a significant reduction in
blood loss with low CVP (Jones et al. 1998).
The authors recommend euvolemia to maintain
hepatic blood flow during dissection of the liver.
However, fluid overloading should be avoided
after hepatectomy because relatively high portal
venous flow to the reduced liver mass may lead to
liver congestion and small-for-size syndrome
(Dahm et al. 2005). At the conclusion of surgery,
the patient can be extubated safely in the operating
room and transported to the ICU.

Surgery After Liver Transplantation

All types of surgical procedures may be necessary
in the early postoperative period. Within the first
2 months after transplantation, surgical procedures
are performed to treat complications of transplan-
tation, such as exploratory laparotomy for abdom-
inal bleeding or reconstruction of the biliary
system. Some degree of hepatic dysfunction may
still be present, and ventilatory and circulatory
support and invasive monitoring may be required.
Regional anesthesia is not recommended because
of potential bleeding and infectious complications.
Anesthesia care of these patients is similar to that of
other urgent abdominal procedures.
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Patients may return to the operating room at
any time for biliary reconstruction, replacement of
a hip joint, or almost any other procedure. Liver
function and drug metabolism are usually within
the normal range, and anesthetic management dif-
fers little from that of other patients. Side effects
of immunosuppressants (hypertension and renal
insufficiency) and drug interactions should be
considered.

Cadaveric Donor Procurement

The main goal of organ procurement is the main-
tenance of optimal conditions for all organ sys-
tems to promote as normal as possible an
environment for the organs prior to harvesting.
Specifically, integrity of organs should be
maintained by optimizing organ perfusion and
preventing further damage associated with
pre-existing illness or trauma. Therefore, donor
care during procurement is a continuum of the
intensive care provided before brain death. The
donor is reviewed and examined by the anesthesia
team to evaluate their medical history and vital
organ function.

The equipment and medications necessary for
multiple organ procurement are shown in Table 5.
A multiple-channel vital-sign monitor is an essen-
tial piece of equipment because of the unavoid-
able hemodynamic changes associated with the
absence of brain stem function, surgical manipu-
lation, and fluid shift. A volume ventilator may be
required for donors requiring high levels of PEEP
or airway pressure. A large volume of crystalloids
and colloid solutions is prepared, and 5 units of
PRBCs are frequently required. The transit from
the ICU to the operating room is a crucial period;
the anesthesia care team directs the transportation
while the donor is continuously monitored, venti-
lated, and treated.

Intraoperatively, blood pressure is monitored
by an indwelling radial or brachial arterial cath-
eter as abrupt changes in blood pressure are
anticipated. CVP monitoring is essential, and a
PA catheter may be used in unstable donors.
General anesthesia is provided as donors
respond to surgical stimulation by dramatic
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Table 5 Anesthesia checklist for donor procurement

1. Family consent and permission from the coroner
2. Donor support guidelines
Systolic blood pressure >100 mmHg
Central venous pressure < 12 cmH,O
Urine output >100 mL/h blood glucose
3. Equipment
Transport monitor
Anesthetic gas machine
Warming blanket and blood warmer
Defibrillator
Multiple-channel vital-sign monitor
Ventilator
Infusion devices
4. Laboratory tests
Hemoglobin and hematocrit
Serum electrolytes, calcium, lactate
Arterial blood gas tension and acid—base state
5. Medications
Packed red blood cells (5 units)
Dopamine (400 mg)
Methylprednisolone (30 mg/kg)
Mannitol (25 %, 100 g)
Lactated Ringer’s solution (12-15 L)
Heparin (20,000 units)
Chlorpromazine (250 mg)
Furosemide (100 mg)

hemodynamic changes such as tachycardia,
hypertension, perspiration, and involuntary
movement (Wetzel et al. 1985). This so-called
mass reflex is caused by the neurogenic vaso-
constriction and stimulation of adrenal medulla
by reflex spinal arc. Isoflurane is the most com-
monly used agent, because its myocardial
depression is relatively benign, and short-acting
narcotics (i.e., fentanyl, up to 5 pg/kg/min) may
be used in unstable donors. Rocuronium bro-
mide or vecuronium bromide is administered
for muscle relaxation.

The specific goals of ventilatory care are to
maintain normal PaO, (70—-100 mmHg), arterial
hemoglobin oxygen saturation (>95 %), and
PaCO, (35-45 mmHg) as well as to avoid pulmo-
nary complications. This goal is frequently
achieved by ventilating with a tidal volume of
10-15 mL/kg, FiO, of 3040 %, respiratory rate
of <20/min, and a low level of PEEP
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(<5 cmH,0). However, in donors with pulmo-
nary complications, adjustments are made in tidal
volume (up to 20 mL/kg), respiratory rate (up to
20/min), and PEEP (up to 10 cmH,0).
Aggressive circulatory care is essential because
hemodynamic instability may impair organ perfu-
sion. Specifically, hypotension (systolic blood
pressure <80 mmHg or mean arterial pressure
<40 mmHg) is associated with a high incidence
of acute tubular necrosis, non-function of the graft
kidneys, and poor hepatic function. It is generally
agreed that systolic blood pressure should be
within the normal range (100120 mmHg) and
CVP should be <10 cmH,0 with minimal vaso-
pressor support. Maintaining circulatory homeo-
stasis, however, can be challenging. Preload is
frequently decreased because of blood loss, vaso-
motor paralysis, diuretic therapy, and diabetes
inspidus, although fluid resuscitation may result
in overload. The heart rate may vary depending on
the degree of brain injury, ranging from tachycar-
dia to bradycardia. Arrhythmia is not uncommon,
and myocardial contractility is frequently impaired
by myocytolysis, myocardial necrosis, coronary
spasm, and reduction of myocardial energy stor-
age (Novitzky et al. 1988). Afterload may be high,
from excessive sympathetic tone, or low, from
vasomotor paralysis. Volume deficit is usually
corrected with lactated Ringer’s or colloid solu-
tion, and transfusion of PRBCs (1-3 units) may be
necessary to maintain hematocrit between 25 and
35 % (Hardesty and Griffith 1986). Once the fluid
deficit is corrected, a glucose-containing hypo-
tonic solution (5 % dextrose in 0.45 % NaCl
1 mL/kg/h) is administered to replace urine output
and insensible loss, guided by CVP and urine
output. Excessive urine output (>200-250 mL/h)
is replaced using a hypotonic electrolyte solution
with supplementation of KCI (20 mEq/L). Tachy-
cardia with hypertension should be avoided as it
may cause pulmonary edema, decrease organ per-
fusion, and increase myocardial oxygen consump-
tion. A B-antagonist (i.e., labetalol hydrochloride or
esmolol hydrochloride) or a calcium channel
blocker (verapamil hydrochloride) is used to treat
tachycardia and arrhythmia (Novitzky et al. 1984).
For bradycardia, isoproterenol or epinephrine is
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used for positive chronotropic effects because
donors are unresponsive to centrally acting
chronotropic drugs (i.e., atropine). Supraventricu-
lar or ventricular arrythmia is treated using antiar-
rhythmic drugs. Low afterload is compensated for
by increasing preload because a-vasopressors
increase the myocardial work load and decrease
splanchnic and coronary blood flow. In severely
hypertensive donors, an a-blocker (hydralazine or
sodium nitroprusside) may be given to reduce the
afterload. When cardiac output and organ perfusion
are impaired, inotropes (dopamine hydrochloride,
dobutamine hydrochloride, and isoproterenol
hydrochloride) are recommended to improve car-
diac contractility. In brain-dead animal models,
serum levels of triiodothyronine, insulin, and cor-
tisol have been found to be low, and the adminis-
tration of triiodothyronine may improve
hemodynamic stability by maintaining myocardial
high-energy stores and glycogen (James
et al. 2010). Circulatory arrest, which occurs in
10 % of potential donors (Emery et al. 1986), is
managed in the standard fashion, except atropine is
not effective.

Adequate diuresis (>0.5 mL/kg/h, preferably
1-1.5 mL/kg/h) is recommended as urine output
(>100 mL/h) is the most significant factor that
determines the outcome of the kidney and liver
graft. Oliguria is generally caused by
hypovolemia and hypotension and frequently
responds to fluid administration. Diabetes
insipidus leads to polyuria, hypovolemia, and
electrolyte imbalance. In addition to the fluid
replacement, DDAVP (0.5-1 units/h) may be
administered (Richardson and Robinson 1985),
although an excessive dose of DDAVP may
increase the risk of acute tubular necrosis and
reduce hepatic blood flow (Burggraaf
et al. 1994).

Donors are poikilothermic, and hypothermia
plays a major role in hemodynamic instability.
Body temperature should be kept above 35 °C
by raising the operating room temperature,
infusing all fluids through a blood warmer, and
using heating lamps, a warming blanket, and a
heated humidifier in the ventilation circuit. Met-
abolic acidosis, caused by inadequate tissue
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perfusion, is corrected by administration of
NaHCOj3; or THAM. Commonly seen electro-
lyte imbalances are hypernatremia, hypokale-
mia, hypocalcemia, hypophosphatemia, and
hypomagnesemia, and they are treated in a stan-
dard fashion. Glucose metabolism is relatively
well-maintained, and any abnormality in glu-
cose metabolism is corrected by administration
of insulin or glucose on the basis of the serum
glucose level.

Dilutional coagulopathy is common, and
consumption coagulopathy may develop sec-
ondary to the release of tissue thromboplastin
from injured tissues and the ischemic organs
(Kaufman et al. 1984). Fibrinolysis is not
uncommon in donors, possibly as a result of
the release of tPA from the necrotic brain.
Replacement of coagulation factors and plate-
lets or any pharmacologic therapy is rarely indi-
cated as donors are fully heparinized when the
aorta is cannulated. Once cardiac arrest is
induced by cardioplegia, no further supportive
care is necessary.

Conclusion

Liver transplantation is one of the most stressful
procedures for patients with multiple organ dys-
function and it is a challenge for anesthesiologists.
It is remarkable that anesthesiologists have played
amajor role in the progress of liver transplantation
and its successful outcome. It cannot be
overemphasized, however, that a thorough under-
standing of pathophysiology and close communi-
cation and cooperation among hepatologists,
surgeons, anesthesiologists, intensivists, and
other healthcare workers are vital to successful
outcomes and further progress in this field.
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Abstract

Hepatopulmonary syndrome (HPS) and
portopulmonary hypertension (POPH) are pul-
monary vascular complications of portal
hypertension with or without cirrhosis. The
prevalence among liver transplant candidates
is roughly 5-32 % for HPS and approximately
6 % for POPH. Although these two conditions
may initially present with dyspnea and are
pathologically linked by the presence of portal
hypertension, their pathophysiologic mecha-
nisms are significantly different. HPS is char-
acterized by low pulmonary vascular
resistance secondary to intrapulmonary vascu-
lar dilatations and hypoxemia; on the other
hand, POPH features elevated pulmonary vas-
cular resistance and constriction of the pulmo-
nary vasculature. Medical treatment for HPS
has been disappointing overall. POPH patients
can be treated with pulmonary artery-specific
vasodilatory therapy. Whereas liver transplan-
tation (LT) results in the resolution of HPS and
is an indication per se for LT, its effect on
POPH is highly unpredictable. LT poses a
high risk of death in those with significant
POPH, where pulmonary artery-specific
vasodilatory therapy may improve functional
status and allow successful LT in a small num-
ber of select patients. Modern strategies in
managing HPS and POPH rely on a thorough
screening and grading of the disease’s severity,
in order to tailor the appropriate therapy and
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select only the patients who will benefit
from LT.

Keywords

Cirrhosis . Liver transplant .
Hepatopulmonary syndrome ¢ Portal hyperten-
sion ¢ Pulmonary arterial hypertension *
Portopulmonary hypertension

Introduction

Hepatopulmonary ~ syndrome  (HPS) and
portopulmonary hypertension (POPH) are pulmo-
nary vascular complications of portal hyperten-
sion with or without cirrhosis. Although these
two conditions may initially present with dyspnea
and are pathologically linked by the presence of
portal hypertension, their pathophysiologic mech-
anisms are significantly different and hence their
management and therapeutic approach. HPS is
characterized by low pulmonary vascular resis-
tance secondary to intrapulmonary vascular dila-
tations and hypoxemia; on the other hand, POPH
features elevated pulmonary vascular resistance
and constriction of the pulmonary vasculature.
Both conditions have different implications
regarding liver transplantation (LT). A compre-
hensive evaluation of these two conditions must
be performed in order to ensure adequate manage-
ment and optimization for LT.

Hepatopulmonary Syndrome

Hepatopulmonary syndrome (HPS) is a clinical
syndrome defined by the triad of (1) chronic
liver disease, (2) hypoxemia (typically defined as
a Pa02 < 80 mmHg), and (3) presence of
intrapulmonary vascular dilatations (IPVDs) on
contrast “bubble” echocardiography. It is seen in
roughly 5-32 % of patients with advanced liver
disease presenting for transplant evaluation, and
its varying prevalence reflects varying hypoxemia
criteria used in different HPS studies in the liter-
ature (Rodriguez-Roisin and Krowka 2008). The

R. Cartin-Ceba et al.

occurrence of cyanosis and clubbing in cirrhosis
was first described in 1884 by Fluckiger (Krowka
and Cortese 1994). In 1935, Snell described three
cirrthotic patients with hypoxemia, and in 1956
Rydell and Hoffbauer from the University of Min-
nesota described a 17-year-old patient with juve-
nile cirrhosis and significant pulmonary vascular
shunting and hypoxemia. Autopsy findings in that
patient revealed dilated pulmonary vessels and
direct arteriovenous communications in the lung
(Krowka and Cortese 1994). The term
“hepatopulmonary syndrome” was first suggested
in 1977 by Kennedy and Knudson who described
the association of severe hypoxemia with
intrapulmonary vascular dilatations in patients
with liver disease (Kennedy and Knudson 1977).
HPS is an independent risk factor for mortality
and morbidity in patients with advanced liver
disease resulting in a doubling of the risk of
death in patients with advanced liver failure
(Fallon et al. 2008). The presence of HPS is
independent of the etiology and severity of the
underlying liver disease and may be seen in
patients with mild liver disease. HPS has also
been diagnosed in patients with pre-sinusoidal
portal hypertension with otherwise normal liver
function.

Pathophysiology and Pathogenesis

The pulmonary vasculature in patients with cir-
rhosis has been demonstrated to have decreased
pulmonary vascular tone with a poor or absent
hypoxemic vasoconstrictor response (Andrivet
et al. 1993; Nakos et al. 1993; Agusti
et al. 1996). The capillary network is the
“choke” point in the pulmonary circulation with
a normal diameter of between 8 pm and 15 pm.
The capillary network in patients with HPS is
characterized by the presence of abnormally
dilated precapillary and capillary vessels (>15
pm) that result in diffusion abnormalities and
shunting of blood across the pulmonary vascula-
ture (Krowka and Cortese 1994; Schraufnagel and
Kay 1996). These dilated vessels are called
intrapulmonary vascular dilatations (IPVDs) and
can be detected noninvasively by the passage of
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microbubbles (contrast echocardiogram) or 99 m
technetium-macroaggregated albumin  (brain
shunt study). IPVDs are typically too small to be
seen on regular pulmonary angiography (Keal and
Harington 1970; Wolfe et al. 1977). The pulmo-
nary angiogram can appear to be “busy” or
“spongy” in appearance due to these diffuse cap-
illary dilatations. Pulmonary and pleural-based
arteriovenous malformations may also be seen
occasionally (Krowka and Cortese 1994). In addi-
tion to these vascular changes, another component
of HPS pathophysiology relates to the accumula-
tion of predominantly CD 68 (+) macrophages in
the pulmonary capillaries (Thenappan et al. 2011;
Schraufnagel and Kay 1996). These macrophages
appear to secrete vasodilatory, proangiogenic, and
vascular proliferative growth factors such as
inducible nitric oxide synthase, platelet-derived
growth factor, and vascular endothelial growth
factor (Thenappan et al. 2011). The pathophysiol-
ogy of both the cellular and vascular changes in
HPS has been studied extensively in animal
models. One of the core elements of HPS patho-
physiology appears to be an activation of the
inducible nitric oxide synthase (iNOS) pathway
in the pulmonary circulation. Systemic
endotoxemia from portal hypertension and poor
liver function activates pulmonary macrophages
to secrete cytokines such as TNF-o which in turn
activate iNOS. This leads to increased local NO
production and eventually to vascular dilatations
(IPVDs). CD 68 (+) macrophages appear to be
key in the activation of iNOS as well as activation
of other proangiogenic factors. Genetic studies
have identified single-nucleotide polymorphisms
in pathways relating to estrogen metabolism and
angiogenesis (Fallon et al. 2008; Roberts
et al. 2010).

Hypoxemia in HPS is thus thought to relate to a
number of factors including (1) shortening of the
pulmonary transit time across IPVDs resulting in
reduced exposure of the capillary blood to the
alveolus, (2) impaired diffusion across IPVDs
due to increased alveolar—capillary distance and
decreased diffusion efficiency, and (3) true
intrapulmonary shunting across IPVDs and across
pulmonary and pleural-based arteriovenous
malformations.

Clinical Manifestations

HPS is defined by the triad of liver disease (portal
hypertension with or without cirrhosis), hypox-
emia, and the presence of IPVDs (see list
below). Patients typically present with dyspnea
and hypoxemia in the setting of a chronic liver
disease. The presence of chronic liver disease
stigmata along with clubbing and cyanosis is clas-
sic for the diagnosis of HPS. The degree of hyp-
oxemia can vary from mild to severe and in some
cases be quite refractory to standard oxygen sup-
plementation (Table 1). Hypoxemia can be evalu-
ated noninvasively with a finger pulse oximeter
with the patient in different positions (sitting,
supine, and standing). This may uncover evidence
for platypnea—orthodeoxia (worsening dyspnea
and hypoxemia on assuming an upright or sit-
ting/standing position). Most patients with HPS
experience a gradual worsening in the degree of
hypoxemia over time, but this is quite variable and
does not always correlate with the status of the
underlying liver disease. An important point to
note is that all potential causes of hypoxemia
need to be considered before a diagnosis of HPS
is made. For example, in patients with coexisting
lung disease (COPD, lung fibrosis, etc.), it is very
important to determine the extent of hypoxemia
related to HPS versus the underlying lung disease.
A 99 m technetium-macroaggregated albumin
perfusion lung scan can provide a quantitative
estimation of the degree of intrapulmonary
shunting and is very helpful in this situation. A
high brain shunt index fraction (normal <6 %)
would argue for HPS being the dominant cause of
the patient’s hypoxemia since other intrinsic lung
disorders causing hypoxemia have normal brain
uptake.

Table 1 Severity of hypoxemia in hepatopulmonary syn-
drome (HPS) (Adapted from Rodriguez-Roisin and
Krowka 2008)

Degree of Alveolar—arterial | Pa02
hypoxemia gradient (mmHg) | (mmHg)
Mild >15 >80
Moderate >15 >60 and <80
Severe >15 >50 and <60
Very severe >15 50
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The following are hepatopulmonary syndrome
(HPS) diagnostic criteria:

Chronic liver disease (portal hypertension with/
without cirrhosis)

AND
Evidence for hypoxemia (Pa02 < 80 mmHg)*
AND

Evidence for intrapulmonary vascular dilatations (via
contrast “bubble” echocardiogram)

*Hypoxemia definitions can vary across centers; however,
patients with Pa02 > 70 are unlikely to have clinically
significant HPS.

Screening for HPS

Given the frequency of HPS in patients with cir-
rhosis, a screening as well as diagnostic algorithm
should be followed for the detection of HPS.
Patients with cirrhosis can be screened for HPS
via pulse oximetry. Patients with screening Sp02
values >96 % have Pa02 values consistently
greater than 60 mmHg (Arguedas et al. 2007).
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Alternatively, all patients with cirrhosis
presenting for transplant evaluation can undergo
a room air arterial blood gas (ABQG) in the sitting
position. Patients with a sitting room air Pa02 <
80 mmHg can be then evaluated further with a
bubble echo study to confirm HPS (Krowka
etal. 2006b). One must remember that hypoxemia
is a continuum and the prevalence of HPS in
patients with cirrhosis will vary significantly
based on the criteria used to define hypoxemia
(A-a gradient vs. different Pa02 cutoff values)
(Schenk et al. 2002). In patients with low Sp02
or Pa02 values, a bubble echo study will confirm
the presence of intrapulmonary shunting as well
as exclude structural heart disease, intracardiac
shunts, and coexistent pulmonary hypertension.
The last point is very important because
portopulmonary hypertension (POPH) can also
present with significant hypoxemia but requires
a markedly different diagnostic and therapeutic
strategy as discussed elsewhere in this chapter
(see main differences between POPH and HPS
in Table 2). Room air and 100 % oxygen blood

Table 2 Differences between portopulmonary hypertension (POPH) and hepatopulmonary syndrome (HPS)

POPH

HPS

Primary
pathophysiology
Pathology

Severity of
hypoxemia

Right ventricular
function

Clinical findings

Treatment

Is liver
transplantation
recommended/
feasible?

MELD exception
points available

Pulmonary arterial hypertension (PAH)

PAH due to plexiform lesions, thrombosis,
obliterative pulmonary arteriopathy

+ (typically mild)

Significantly elevated right ventricular systolic
pressure (RVSP) with right ventricular

(RV) dilatation/systolic dysfunction and low
cardiac output

Loud 2nd heart sound, systolic murmur, RV heave,
lower extremity edema along with features of
portal hypertension (varices, splenomegaly,
ascites, etc.)

Pulmonary arterial-specific therapy (e.g.,
ambrisentan, sildenafil, epoprostenol, etc.)

Only in patients where the pulmonary hypertension
is adequately controlled prior to transplantation

Yes

Intrapulmonary shunting

Intrapulmonary vascular dilatations
(IPVDs) causing intrapulmonary
shunting and consequent hypoxemia
+++ (mild to very severe depending on
degree of shunting)

Normal or mildly elevated RVSP (due to
high flow state) with normal RV size and
function

Clubbing, cyanosis, systolic flow
murmur, platypnea, orthodeoxia along
with signs of end-stage liver disease

Supportive care and management of
underlying liver disease until liver
transplantation (which is curative for
HPS)

Recommended/feasible in all patients
(even in severe hypoxemia)

Yes
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gases can be obtained in the supine and sitting
position to quantify the degree of hypoxemia and
estimate the shunt fraction (Rodriguez-Roisin and
Krowka 2008). A chest X-ray will identify the
presence of obvious pulmonary parenchymal dis-
ease. A chest CT is very helpful in clarifying and
quantifying abnormalities seen on the chest X-ray
and is crucial in patients with coexistent pulmo-
nary parenchymal disease (such as emphysema or
interstitial lung disease). Pulmonary function tests
typically show a reduced diffusing capacity that is
reduced in proportion to the severity of the hyp-
oxemia. Nonspecific spirometry abnormalities
including restriction may also be noted. Pulmo-
nary angiography is not extensively used nowa-
days due to easy availability of chest CT scans, but
can reveal pleural-based and pulmonary arterio-
venous malformations along with a generalized
increase in pulmonary capillary size and density
giving a “spongy” appearance on angiography
(Afessa et al. 1993). A summary of initial testing
is presented in Table 3.

Detecting Intrapulmonary Vascular
Dilatations

The most sensitive method of detecting IPVDs in
HPS is the contrast-enhanced transthoracic echo-
cardiogram (bubble study). The most commonly
used method involves injection of agitated saline
via either a central or peripheral intravenous cath-
eter. The saline bubbles are typically 10-90 pm in
diameter and considerably larger than the diame-
ter of normal pulmonary capillaries (8—15 pm)
which do not allow passage into the left heart
(Krowka et al. 2006b). However, IPVDs (typi-
cally > 15 pm) allow free passage of these bub-
bles into the left heart resulting in the detection of
an intrapulmonary shunt (Rodriguez-Roisin and
Krowka 2008). In patients with an intracardiac
shunt, bubbles typically appear in the left cardiac
chambers within 1-2 cycles of their appearance in
the right atrium. In a “positive” bubble study for
intrapulmonary shunting, bubbles will appear in
the left atrium 3—6 cardiac cycles after their first
appearance in the right ventricle. The degree of
shunting can be visually (semiquantitatively)
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Table 3 Initial workup of portal hypertension/cirrhosis
patient with hypoxemia

Test Rationale

Transthoracic

echocardiography with
“bubble” study

Confirms HPS (presence of
intrapulmonary shunt) and
excludes other entities
(POPH, intracardiac
shunting, valvular disease,
left ventricular systolic/
diastolic dysfunction)
Pulmonary function
testing with diffusing
capacity

Identifies obstructive (e.g.,
COPD) and restrictive
(e.g., interstitial lung
disease) pulmonary disease
and establishes degree of

impairment
Room air sitting and Establishes degree of
standing Pa02 hypoxemia
100 % oxygen shunt Establishes degree of
study (sitting and hypoxemia and shunting
standing)
Chest X-ray and/or chest | Identifies other pulmonary
CT scan pathologies (e.g., COPD,

interstitial lung disease,
chest wall and pleural
disease)

Establishes need for
nocturnal O2
supplementation. Also
useful in identifying sleep
apnea if clinically
suspected

Establishes supplemental
02 needs at rest and during
exercise

Overnight oximetry

Oxygen titration study

estimated as being trivial, mild, moderate, or
severe based on the quantity of bubbles passing
through to the left heart. Although very sensitive
for detecting IPVDs, the bubble study is not spe-
cific for the diagnosis of HPS, and many patients
with liver cirrhosis may have some degree of
intrapulmonary shunting and not otherwise qual-
ify for a diagnosis of HPS due to lack of hypox-
emia (Abrams et al. 1998). A more specific test
appears to be the 99 m technetium-
macroaggregated albumin perfusion lung scan
(Abrams et al. 1998). A significantly abnormal
shunt fraction (normal <6 %) is almost always
associated with a clinical diagnosis of moderate to
severe HPS (Abrams et al. 1998). As mentioned
carlier, the 99 m technetium-macroaggregated
scan can also be useful in quantifying the degree
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of hypoxemia due to intrapulmonary shunting
versus coexistent intrinsic lung disease.

Management and Treatment

Medical therapies in HPS: Several medical treat-
ments have been tried for HPS over the years in an
attempt to manipulate the inducible nitric oxide
synthase (iNOS) or endotoxin pathways
(Miyamoto et al. 2010; Afessa et al. 1993; Schenk
et al. 2000) (Schiller et al. 2011; Tanikella
et al. 2008). Norfloxacin was shown not to be
effective in one randomized blinded crossover
trial in nine patients (Gupta et al. 2010). Anec-
dotal case reports have documented a beneficial
response from inhaled nitric oxide (Durand
et al. 1998) as well as inhaled iloprost (Krug
et al. 2007). These agents probably work by
redistributing ventilation perfusion imbalances in
the lung by causing a generalized pulmonary
vasodilatation. One of the more promising recent
reports has been a randomized controlled trial of
oral garlic in HPS (Nath et al. 2004). Patients in
this study were followed over a period of 9-18
months and showed a significant reduction in the
degree of hypoxemia. Partial or complete resolu-
tion of HPS was also seen in a substantial propor-
tion of patients. Overall, medical therapies other
than liver transplant have not achieved consistent
results in large cohorts of patients, and these ther-
apies should only be resorted to when other
options do not exist in critically ill patients with
refractory hypoxemia.

Liver transplantation: The first attempt at
human liver transplantation was made in 1963,
and the first successful transplantation occurred
in 1967 (Starzl et al. 1982). Since then, the role of
liver transplantation in HPS has undergone a sig-
nificant evolution. In the 1980s, HPS was first
considered to be an absolute (Van Thiel
et al. 1984) and then a relative contraindication
to LT (Maddrey and Van Thiel 1988). A series of
case reports in the 1990s documented essentially
complete reversal of intrapulmonary shunting and
clubbing in a number of patients with severe HPS
(Stoller 1990; Laberge et al. 1992; Schwarzenberg
et al. 1993; Hobeika et al. 1994). Oxygenation
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normalized from severely low values and pulmo-
nary diffusing capacity showed continued
improvement even 2 years after transplantation
in one report (Laberge et al. 1992). These initial
reports led to a wave of subsequent studies that
looked at post-LT outcomes and resolution of HPS
in these patients (Gupta et al. 2010; Lange and
Stoller 1995; Arguedas et al. 2003; Taille
et al. 2003; Krowka et al. 2006b; Schiffer
et al. 2006; Iyer et al. 2013). These studies are
summarized in Table 4. Earlier series reported
higher mortality rates for HPS patients post-LT
(Schiffer et al. 2006). However, recent reports
(Gupta et al. 2010; Iyer et al. 2013) challenge
the notion that HPS is associated with higher
post-LT mortality. Recent reports from our group
(Iyer et al. 2013) and Gupta et al. (Gupta
et al. 2010) have challenged the traditional notion
that severely hypoxemic HPS patients have
inferior post-LT outcomes (Fig. 1). A large num-
ber of patients in both these series (11/21) Gupta
and (23/49) Iyer had Pa02 < 50 mmHg. No
increase in perioperative mortality was noted in
either series in these patients. Further studies
exploring this difficult subgroup of patients will
likely be very influential in modifying current
apprehensions regarding transplantation for these
patients.

Before 2002, organ allocation for LT was based
on both disease severity and waitlist time. In 2002,
implementation of standard MELD criteria stan-
dardized organ allocation across the country and
prioritized severity of liver dysfunction over
waitlist times. The understanding that patients
with some diseases such as HPS, hepatocellular
carcinoma, etc., were at a disadvantage with the
new point allocation system leads to the develop-
ment of MELD exception criteria. MELD excep-
tion points for HPS were formalized in 2006 and
allowed for the granting of additional MELD
points to HPS patients with a room air sitting
Pa02 < 60 mmHg. Prior to 2006, extra MELD
points were based on the requests of individual
centers and were not standardized. Our center has
published on LT outcomes in the MELD excep-
tion era and has shown excellent outcomes in
these patients (Iyer et al. 2013). However, there
continues to be some debate about the utility and
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Table 4 Post-LT outcomes in HPS (Adapted from Iyer et al. 2013)

Study N Early mortality® Late mortality® Pre-LT Pa0,°
Scott et al. (1993) 6 0 % 0% 59
Hobeika et al. (1994) 9 44 % 0% 59
Fewtrell et al. (1994) 8 13 % 0% 834
Barbe et al. (1995) 11 36 % 0 %; 48 months f/u 57
Egawa et al. (1999) 21 10 % 28 %; 12 months f/u 57
Collisson et al. (2002) 6 0% 50 %; 28 months f/u 52
Taille et al. (2003) 23 9 % 22 %; 72 months f/u 52
Arguedas et al. (2003) 25 29 % 0 %; 12 months f/u 54
Schenk et al. (2003) 7 0% 43 %; 24 months f/u 75
Kim et al. (2004) 13 8% 0 %; 90 days f/u NR
Krowka et al. (2004) 32 17 % no f/u beyond Tx hosp 51
Schiffer et al. (2006) 9 32% 0 %; 6 months f/u 60
Deberaldini et al. (2008) 25 32% 8 %; 48 months f/u 75
Gupta et al. (2010) 21 0% 5 %; 70 months f/u 51
Iyer et al. (2013) 49 10 % 20 %; 120 months f/u 58

#30-day or during transplant hospitalization mortality

®Variable follow-up time periods from the time of transplant up to the month listed

“Mean or median PaO, mmHg at time of diagnosis
dOxygen saturation

Fig.1 Post-liver transplant 1.0
survival based on baseline
PaO2 values (Adapted from 0.9 1
Iyer et al. 2013)

0.81:
0.7 1
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implementation of MELD exception points for
HPS (Goldberg et al. 2014).

Post-liver transplantation management: HPS
patients require additional care in the
posttransplant setting mainly as a result of persis-
tent hypoxemia. Over the past two decades, tre-
mendous strides have been made in the

T T T T
2 3 45

T T T T T T
6 7 8 9 10111213 141516 17 18 19
Years Since Liver Transplant

understanding of critical illness and lung protec-
tive ventilation. These changes have significantly
improved the care of HPS patients in the postop-
erative period. Even severely hypoxemic patients
can be safely managed using a variety of ventila-
tory support tools (Fig. 2). Our group reported on
posttransplant care details on 32 HPS patients
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Post LT ICU
admission

Protocol labs,
hemodynamic
assessment & liver
ultrasound/Doppler
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Assess for early extubation.
Initial Ventilator settings:
Assist control/SIMV
Tidal volume 6-8 ml/kg IBW
PEEP 5-10 cm/H,0
FiO2: 0.5-1.0 (Target SPO, > 88%)

|

No active bleeding,
Stable hemodynamics

Normal Liver ultrasound
-

l

p
Early extubation with

use of closed face mask
(Target SPO, > 88%)

Worsening
hypoxemia?

BiPAP or Optiflow ™
(High flow nasal oxygen)
(Target SPO, > 88%)

l

Active bleeding or
hemodynamic instability or
abnormal liver ultrasound

l

Continue close monitoring
with frequent reassessment

Early mobilization and

incentive spirometer use
(To prevent atelectasis)

Inhaled alprostadil or nitric
oxide (or methylene blue)
for refractory hypoxemia

Consider reintubation for
worsening respiratory distress.
Rule out sepsis, fluid overload,

TRALLI, atelectasis.

Fig. 2 Post-LT ICU management (Adapted from Iyer et al. 2013)

undergoing LT (Iyer et al. 2013). No patient
required a tracheostomy for prolonged mechani-
cal ventilation. The median ICU length of stay
(LOS) was 2 days with a median hospital LOS
of 14 days. Median duration of intubation and
mechanical ventilation post-LT was 10 h (range
1-230 h). It is important to note that 13 of these
32 patients had very severe HPS with baseline
Pa02 values <50 mmHg. Most importantly,
post-LT survival was essentially identical between
HPS and non-HPS patients in our cohort (Iyer
et al. 2013). Based on contemporary experiences
from our group and others, it appears that LT can
be safely accomplished with excellent outcomes
even in patients with profound baseline hypox-
emia (Gupta et al. 2010; Iyer et al. 2013).

Resolution of HPS is almost universal post-LT.
This has been confirmed across multiple studies from
different centers (Gupta et al. 2010; Iyer et al. 2013).
The time to resolution is varied, and it is generally
thought that the cases with the most severe hypox-
emia pre-transplant generally take the longest to
resolve posttransplantation. Improvements in oxy-
genation generally precede improvements in pulmo-
nary diffusing capacity (Laberge et al. 1992).

Development of POPH Post-LT
in Patients with HPS

The coexistence of POPH and HPS as well as the
occurrence of POPH post-LT in HPS patients has
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been reported in the literature (Atz and Wessel
1999; Galie et al. 2004; Aucejo et al. 2006;
Pham et al. 2010). It is important to note that
HPS patients have been shown to have features
of right atrial and ventricular enlargement along
with RV hypertrophy (Fallon et al. 2008). Acti-
vated CD 68 (+) macrophages in the pulmonary
circulation may be the common pathophysiologi-
cal link for the development of both HPS and
POPH given the angioproliferative, vasodilatory,
and prothrombotic cytokines produced by them
(Thenappan et al. 2011). One explanation for the
emergence of POPH post-LT may be the fact that
nitric oxide-mediated vasodilatation is reversed
post-LT due to the presence of a functioning
liver. This then leads to the emergence of
unopposed vasoconstriction and development of
PAH in a pulmonary circulation that had been
previously vasodilated by nitric oxide. Clinicians
should remain vigilant about this possibility and
should appropriately investigate persistent or new
dyspnea or hypoxemia with an echocardiogram or
cardiac catheterization.

Portopulmonary Hypertension (POPH)

Portopulmonary hypertension (POPH) is a serious
pulmonary vascular complication of portal hyper-
tension that is associated with significant mortal-
ity and is related to neither the etiology of liver
disease nor the severity of portal hypertension.
The first clinical and pathological report of what
we now know as POPH was provided by Mantz
and Craige in 1951 (Mantz and Craige 1951).
These authors described necropsy results of a
53-year-old female with spontaneous portacaval
shunt (due to a probable congenital portal vein
narrowing) that originated at the confluence of
the portal, splenic, and mesenteric vein, coursed
through to mediastinum, and was lined by varying
amounts of thrombus thought to have embolized
via the innominate vein into the right heart and
pulmonary arteries. In addition to embolized
small pulmonary arteries, an extreme endothelial
proliferation and recanalization process was
documented (Mantz and Craige 1951). Since the
1980s, enhanced recognition and renewed
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importance of POPH have evolved with the evo-
lution of liver transplantation (LT) and potential
outcomes associated with POPH. Specific screen-
ing recommendations and diagnostic criteria are
now clearly defined for this syndrome. Despite the
lack of randomized controlled trials for its medical
treatment, extrapolation of the therapeutic
advances in treating pulmonary arterial hyperten-
sion with specific effects in POPH has stimulated
ongoing interest and importance in this syndrome.

Definition of POPH

Portopulmonary hypertension (POPH) is defined
as pulmonary arterial hypertension (PAH) that
occurs as a consequence of portal hypertension
with or without cirrhosis (Simonneau et al. 2013).
During the 5th World Symposium on Pulmonary
Hypertension, POPH was included in group
1 because of its pathological and hemodynamic
similarities with other causes of precapillary pul-
monary hypertension (Table 5) (Simonneau
et al. 2013). In the presence of documented portal
hypertension, POPH is defined according to the
following hemodynamic data obtained during a
right heart catheterization (RHC):

A. Mean pulmonary artery pressure (MPAP) >25
mmHg

B. Pulmonary vascular resistance (PVR) >
240 dyn/s/cm > or >3 Wood units

C. Pulmonary arterial wedge pressure (PAWP)
<15 mmHg

It has been described that approximately 20 %
of patients with cirrhosis have a moderate increase
in pulmonary arterial pressures as assessed by
echocardiography; however, only a fraction of
these patients truly have POPH (Castro
et al. 1996). This observation is likely related to
other pulmonary hemodynamic patterns encoun-
tered in advanced liver disease such as excess
volume due to fluid retention (with increased
left-sided filling pressures) or a hyperdynamic
state with increased cardiac output (Rodriguez-
Roisin et al. 2004; Krowka et al. 2006b).
Distinguishing these patterns by RHC is
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Table 5 Updated classification of pulmonary hyperten-
sion by the 5th World Symposium on Pulmonary Hyper-
tension (Simonneau et al. 2013)

1. Pulmonary arterial hypertension

1.1 Idiopathic PAH

1.2 Heritable PAH

1.2.1 BMPR2

1.2.2 ALK-1, ENG, SMAD9Y, CAV1, KCNK3
1.2.3 Unknown

1.3 Drug and toxin induced

1.4 Associated with:

1.4.1 Connective tissue disease

1.4.2 HIV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart diseases

1.4.5 Schistosomiasis

1’ Pulmonary veno-occlusive disease and/or pulmonary
capillary hemangiomatosis

1”. Persistent pulmonary hypertension of the newborn
(PPHN)

2. Pulmonary hypertension due to left heart disease
2.1 Left ventricular systolic dysfunction

2.2 Left ventricular diastolic dysfunction

2.3 Valvular disease

2.4 Congenital/acquired left heart inflow/outflow tract
obstruction and congenital cardiomyopathies

3. Pulmonary hypertension due to lung diseases and/or
hypoxia

3.1 Chronic obstructive pulmonary disease

3.2 Interstitial lung disease

3.3 Other pulmonary diseases with mixed restrictive and
obstructive pattern

3.4 Sleep-disordered breathing

3.5 Alveolar hypoventilation disorders

3.6 Chronic exposure to high altitude

3.7 Developmental lung diseases

4. Chronic thromboembolic pulmonary hypertension
(CTEPH)

5. Pulmonary hypertension with unclear multifactorial
mechanisms

5.1 Hematologic disorders: chronic hemolytic anemia,
myeloproliferative disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary
histiocytosis, lymphangioleiomyomatosis

5.3 Metabolic disorders: glycogen storage disease,
Gaucher disease, thyroid disorders

5.4 Others: tumoral obstruction, fibrosing mediastinitis,
chronic renal failure, segmental PH

BMPR bone morphogenetic protein receptor type II, CAV1
caveolin-1, ENG endoglin, H/V human immunodeficiency
virus, PAH pulmonary arterial hypertension
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important in order to provide correct management
(Krowka and Edwards 2000) (Table 6). Impaired
sodium and water handling is a common problem in
chronic liver disease patients, and excess volume due
to fluid retention is very often seen in these patients
and is reflected by increased PAWP during RHC. An
increase in both PVR and PAWP can confuse the
interpretation of pulmonary hemodynamics (Krowka
et al. 2006b), a phenomenon that is seen in up to
25 % patients with POPH (Krowka 2012). In these
cases, true precapillary pulmonary hypertension
(POPH) is manifest by an increased transpulmonary
gradient (MPAP-PAWP > 12 mmHg). These
patients should not be excluded from the diagnosis
of POPH due to an elevated PAWP alone.

POPH should be distinguished from
hepatopulmonary syndrome (HPS) (Rodriguez-
Roisin et al. 2004; Rodriguez-Roisin and Krowka
2008). In HPS, arterial hypoxemia (which may be
severe) is caused by intrapulmonary vascular dila-
tations, as opposed to vascular obstructions of
POPH. HPS presents with normal PVR and a
high flow state characterized by increased cardiac
output (CO). This distinction is important if liver
transplantation (LT) is being considered due to
differences in risk, treatment options, and out-
comes (Rodriguez-Roisin and Krowka 2008).

Epidemiology of POPH

This pulmonary vascular condition affects predom-
inantly adults and is notably rare in the pediatric
age group (Krowka 2012). Autoimmune liver dis-
orders and female gender are more frequently asso-
ciated with POPH (Kawut et al. 2008). Poor
correlation exists between the severity of POPH
and the degree of liver dysfunction as characterized
by the Child-Turcotte-Pugh (CTP) or Model for
End-Stage Liver Disease (MELD) scores
(Hadengue et al. 1991; Krowka 2012). When com-
pared to idiopathic pulmonary arterial hypertension
(IPAH) hemodynamics, POPH is characterized by
higher CO and less severity as measured by MPAP
and PVR (Kuo et al. 1997b; Krowka et al. 2012;
Chiva et al. 2014).
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Table 6 Pulmonary hemodynamic patterns documented by right heart catheterization in advanced liver disease

Cardiac
Mean pulmonary output Pulmonary artery
artery pressure Pulmonary vascular (normal wedge pressure
(normal 9-18 resistance (normal 4.0-8.0 (normal 6-12
mmHg) <2 Wood units) L/min) mmHg)
Vasoconstriction with Elevated Elevated Low or Normal
vasoproliferation (POPH) normal
Fluid overload or Elevated Normal or elevated Elevated® Elevated
pulmonary venous
hypertension (excess
volume)
Hyperdynamic Elevated Normal Elevated Normal
circulatory state (high
flow)

POPH portopulmonary hypertension
“In the absence of underlying heart disease

The term POPH was apparently first coined by
Yoshida et al. in 1993, as they described the first
case of POPH to undergo successful LT (Yoshida
et al. 1993). Subsequently, several small series
and case reports with autopsy results have
described pulmonary arterial obstruction and pul-
monary plexogenic arteriopathy (Naeye 1960;
Lebrec et al. 1979; Matsubara et al. 1984;
Edwards et al. 1987; Sankey et al. 1993). An
unselected series of 17,901 autopsies revealed
that PAH was five times more likely in cirrhotic
patients than those without liver disease
(McDonnell et al. 1983). Within the 1981-1987
NIH national registry of “primary” pulmonary
hypertension from 32 centers reported by Rich
(Rich et al. 1987), additional analyses by Groves
concluded that 8.3 % likely had POPH (17/204;
187 had primary pulmonary hypertension)
(Groves et al. 1990). Hadengue reported the larg-
est prospective study of patients with portal
hypertension (n = 507) in which portopulmonary
hemodynamic measurements concluded that 2 %
had POPH (Hadengue et al. 1991).

Prospective studies have demonstrated that
POPH is a relatively common condition among
LT candidates and in pulmonary hypertension
registries. In the French pulmonary hypertension
registry experience over a 12-month period
(2002-2003), Humbert reported a 10.4 % fre-
quency of POPH (70/674) from 17 university

hospitals (Humbert et al. 2006). In the United
States, the REVEAL (Registry to Evaluate Early
and Long-Term Pulmonary Arterial Hypertension
Disease Management) registry documented a
5.3 % POPH frequency (174/3,525), in which
there were 68 % prevalent and 32 % incident
cases satisfying the criteria of a MPAP >
25 mmHg, PVR > 240 dyn.s.cm™ >, and PAWP
< 15 mmHg (Krowka et al. 2012). Following
slightly different PVR diagnostic criteria as part
of outpatient RHC diagnostic assessments, the
largest POPH-liver transplant center experiences
reported to date are as follows: 8.5 % (Baylor
Dallas, 102/1,205; PVR > 120 dyn.s.cm ), 6.1
% (Clichy, France 10/165; PVR > 120 dyn.s.
em ), and 5.3 % (Mayo Clinic 66/1,235; PVR
> 240 dyn.s.cm ) (Ramsay et al. 1997; Colle
et al. 2003; Krowka et al. 2006b).

Pathophysiology and Pathogenesis

The pulmonary histopathology of POPH individ-
uals is indistinguishable from other PAH pheno-
types (Edwards et al. 1987; Krowka and Edwards
2000). Based upon autopsy and lung explant stud-
ies, POPH is characterized by a spectrum of
obstructive and remodeling changes in the pulmo-
nary arterial bed. Initially, medial hypertrophy
with smooth muscle proliferation and a transition
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to myofibroblasts has been documented. As this
proliferative  pathologic process advances,
plexogenic arteriopathy eventually develops
(Edwards et al. 1987; Krowka and Edwards
2000).

Multiple circulating growth factors, neurohor-
mone levels, and cytokine levels are present in
portal hypertension with many potential candidate
mediators in the development of POPH. The pul-
monary vascular pathology occurs within the con-
text of a hyperdynamic state caused by
extrahepatic (splanchnic) vasodilation (Krowka
2012). It is unknown if this persistent high flow
state initiates (by shear stress) or exacerbates
(in combination with circulating mediators) the
pulmonary vascular proliferative process. In addi-
tion, it is possible that a genetic predisposition
may also play a role, since not all patients with
portal hypertension due to cirrhosis develop
POPH (Roberts et al. 2009b). A single-nucleotide
polymorphism analysis of the serotonin trans-
porter showed no association with POPH (Roberts
et al. 2009a). A case—control study of 31 POPH
cases and 104 controls evaluating single-
nucleotide polymorphisms showed associations
with estrogen receptor 1, aromatase, phosphodi-
esterase 5 (PDES), angiopoietin 1, and calcium-
binding protein A4 (Roberts et al. 2009b). The
mechanistic link between estrogen signaling,
serum estradiol levels, circulating endothelial pro-
genitor cells, and the development of POPH is a
current research hypothesis of interest (Arnal
et al. 2010; Yeager et al. 2011). Pulmonary endo-
thelial cells lack prostacyclin synthase in patients
with POPH (hence a lack of prostacyclin vasodi-
lation) (Tuder et al. 1999). The pulmonary vascu-
lar bed is exposed to increased levels of
circulating endothelin-1 in the setting of cirrhosis
(a potent vasoconstrictor and facilitator of smooth
muscle proliferation) (Kamath et al. 2000;
Benjaminov et al. 2003) and may be deficient in
local nitric oxide effect (for wvasodilation)
(Pellicelli et al. 2010). The role of other circulat-
ing and receptor factors that may affect the pul-
monary endothelium due to the existence of portal
hypertension is speculative. These factors include
vasoconstrictive/proliferative mediators such as
serotonin, thromboxane, vasoactive intestinal
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peptide, and VEGF (vascular endothelial growth
factor), as well as the possible imbalance of
endothelin receptors (ET,-mediating vasocon-
striction, ET-mediating vasodilation) in the pul-
monary arterial bed (Pellicelli et al. 2010).

As the pulmonary vasoproliferative process
progresses, the increasing resistance to flow
restricts the degree of CO flowing through the
pulmonary vascular bed. Strain on the right ven-
tricle will be seen with dilation of the right ventri-
cle and reduction in systolic function. Progressive
reduction in CO will evolve with right heart fail-
ure leading to hepatic venous engorgement and
worsening portal hypertension. Death from either
right heart failure or portal hypertension compli-
cations will inevitably occur without therapeutic
intervention (Krowka 2012).

Clinical Manifestations

The most common and predominant symptom of
POPH is dyspnea at rest or with exertion. POPH
may be unnoticed as patients with advanced liver
disease have multiple reasons for dyspnea includ-
ing ascites, anemia, fluid retention, and muscle
wasting. Chest pain and syncope are symptoms
suggestive of severe POPH (Krowka 2012). Phys-
ical findings in POPH may be absent or subtle and
nonspecific; however, the presence of a
hyperdynamic precordium, an accentuated 2nd
heart sound (best heard at the apex), and a systolic
murmur due to tricuspid valve regurgitation may
be noted. With severe POPH, findings of right
heart failure such as marked distension of the
jugular veins, peripheral edema, ascites, and a
right ventricular third heart sound (S3) could be
seen. The lung examination is usually normal and
it is uncommon to have clubbing or cyanosis
(as seen in HPS). Mild hypoxemia is common
and often associated with abnormal overnight
pulse oximetry. The chest roentgenogram usually
demonstrates cardiomegaly and enlargement of
the central pulmonary arteries as the duration
and severity of POPH progress (Krowka 2012).
The electrocardiogram may show rightward elec-
trical axis and right bundle branch block pattern,
and when POPH is severe, the presence of



10 Hepatopulmonary Syndrome and Portopulmonary Hypertension

inverted T waves in the precordial V1-V4 leads
can be seen which suggests a severe effect on the
right ventricle. Pulmonary function tests are usu-
ally not helpful in the diagnosis or management of
POPH because reduced single-breath diffusing
capacity (a common abnormality seen in PAH) is
frequently seen in most patients with advanced
liver disease. Some of the most important clinical
distinctions between POPH and HPS have been
described in Table 2.

Screening for POPH

Transthoracic echocardiography (TTE) has been
the most practical method to screen for POPH
(Donovan et al. 1996; Kim et al. 2000; Cotton
et al. 2002). By assessing the tricuspid regurgitant
peak velocity (TR), estimating the right atrial
pressure by inferior vena cava changes with inspi-
ration, and using the modified Bernoulli equation,
an estimate of right ventricle systolic pressure
(RVSP) can be determined in ~80 % of patients
with portal hypertension (Kim et al. 2000). This
quantitative approach allows one to decide which
patients should precede to RHC for the definitive
characterization of pulmonary hemodynamics.

12 months

Fig. 3 Current portopulmonary hypertension screening
evaluation and treatment algorithm used at the Mayo
Clinic. 7TE transthoracic echocardiography, RVSP right
ventricular systolic pressure estimated by transthoracic
echocardiography, RHC right heart catheterization, MPAP

MPAP > 50
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RVSP > 50 mmHg has been the cutoff criteria
used to proceed to RHC in the current Mayo
Clinic algorithm (Krowka et al. 2006b); rarely
immeasurable TR with abnormal qualitative
right ventricular size or function results in RHC.
TTE was noted to have a 97 % sensitivity and
77 % specificity to detect moderate to severe PAH
prior to LT (Kim et al. 2000). Based on different
RVSP cutoffs, others have recommended that LT
candidates with an RVSP > 38 mmHg should be
referred for RHC (Raevens et al. 2013a). More
recently, the measurement of the main pulmonary
artery diameter by computed tomography com-
bined with echocardiography improved the accu-
racy in the diagnosis of POPH (Devaraj
etal. 2014).

Management and Treatment

The most important decisions in the management
of POPH is deciding who needs PAH-specific
therapy, and determining the risks for potential
LT is critical in the management of patients with
POPH (Fig. 3). POPH patients with MPAP
>35 mmHg are particularly vulnerable to poor
outcomes with attempted LT, especially if there

Liver
Transplant

PVR

— Proceed

MPAP < 35

— Proceed*
Lu
E’ — Proceed*
£ RVSP 35 < MPAP < 50
by > 50 mm Hg? Therapy
o indicated
[3)
w A

Re-Echo
in

Contraindicated

mean pulmonary artery pressure (normal <25 mmHg),
PVR pulmonary vascular resistance [normal <240 dyn.s.
cm ™ (or three Wood units)], contraindicated high risk of
intraoperative event at graft reperfusion (*provided right
ventricular size and function are adequate)
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is no attempt to treat the POPH with current
PAH-specific medications. The immediate goal
in the treatment of POPH is to improve pulmonary
hemodynamics by reducing the obstruction to
pulmonary arterial flow (JMPAP, |PVR, and
TCO), ultimately improving and/or normalizing
RV function. This can be accomplished by medi-
cations that result in vasodilation and antiplatelet
aggregation and have antiproliferative effects
(Krowka 2012). Drug therapy may augment the
lack of pulmonary endothelial prostacyclin
synthase deficiency (prostacyclin infusion),
block circulating endothelin-1 effects (endothelin
receptor antagonists), and enhance local nitric
oxide vasodilatation effects (phosphodiesterase
inhibitors and soluble guanylate cyclase stimula-
tor) (Krowka 2012; Ghofrani et al. 2013).

Aside from one study evaluating the effect of
riociguat (a soluble guanylate cyclase stimulator)
in PAH (Ghofrani et al. 2013), randomized con-
trolled trials evaluating PAH-specific therapies
have generally excluded POPH patients. A sum-
mary of the evidence regarding therapy in POPH
is presented in Table 7. These data originate from
uncontrolled studies, whereby PAH-specific ther-
apies used for other types of PAH proved to be
beneficial for patients with POPH (Kuo
et al. 1997a; Krowka et al. 1999; Reichenberger
et al. 2006; Sussman et al. 2006; Ashfaq
et al. 2007; Fix et al. 2007; Hoeper et al. 2007,
Gough and White 2009; Hemnes and Robbins
2009; Hoeper 2009; Sakai et al. 2009; Melgosa
et al. 2010; Cartin-Ceba et al. 2011; Eriksson
et al. 2011; Halank et al. 2011; Kahler
et al. 2011; Hollatz et al. 2012; Raevens
et al. 2013b). Improvements in both MPAP and
PVR are the ideal goals in treating POPH. How-
ever, MPAP may not decrease as much as desired
(may even increase) because as the CO improves
due to improvement in pulmonary vascular resis-
tance (measured by decreased PVR), the higher
flow will increase the pulmonary arterial
pressures.

Prostacyclin analogues: In a summary of
48 patients treated with intravenous epoprostenol
from 5 studies, MPAP decreased by 25 % (48 —
36 mmHg), PVR decreased by 52 % (550 —
262 dyn.s.cm ™), and CO increased by 38 %
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(6.3 — 8.7 L/min, all p < 0.01) (Matsubara
et al. 1984; Fix et al. 2007; Gough and White
2009; Eriksson et al. 2011; Halank et al. 2011).
Other prostanoids (intravenous treprostinil and
inhaled iloprost) have resulted in significant pul-
monary hemodynamic improvement in POPH
(Sakai et al. 2009; Melgosa et al. 2010; Hollatz
et al. 2012). An ongoing observational, open-
label, multicenter trial is evaluating the efficacy
and safety of treprostinil in patients with POPH
(ClinicalTrials.gov/NCT01028651).

Endothelin ~ Receptor  Antagonists: Both
bosentan and ambrisentan have been found to be
well tolerated in POPH patients. Hoeper
et al. documented 1- and 3-year survival of 94 %
and 89 %, respectively, in 18 patients with POPH
and Child class A severity of liver disease using
the nonselective endothelin antagonist bosentan
(Hoeper et al. 2007). No liver toxicity was
noted. Cartin-Ceba et al. reported 13 POPH
patients using the ET, receptor antagonist
ambrisentan (10 mg daily) and documented at
I-year improvement in each of eight POPH
patients (MPAP 58 — 41 mmHg and PVR
445 — 174 dyn.s.cm>; p = 0.004). Of note,
five of the eight patients normalized their PVR
(Cartin-Ceba et al. 2011). In further support of
ambrisentan in POPH, Halank et al. described sig-
nificant improvement in both exercise capacity
and symptoms in 14 POPH patients (Halank
et al. 2011). Importantly, neither of the
uncontrolled ambrisentan studies was associated
with significant hepatic toxicity. More recently,
Savale et al. described 34 patients with POPH
(Child class A or B severity of liver disease)
treated with bosentan documenting significant
hemodynamic improvement (more so in the
Child class B subgroup), and event-free survival
estimates were 82 %, 63 %, and 47 % at 1, 2, and
3 years, respectively (Savale et al. 2012). An
ongoing observational, open-label, multicenter
trial is evaluating the efficacy and safety of
ambrisentan  in  patients with POPH
(ClinicalTrials.gov/NCT01224210).

Phosphodiesterase-5 inhibitors: The use of
phosphodiesterase inhibition (sildenafil) to
enhance nitric oxide vasodilating effect, either
alone or in combination with other PAH-specific
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Table 7 Pulmonary arterial-specific therapy use in portopulmonary hypertension

PAH-specific
therapy group
Endothelin
receptor
antagonist

Phosphodiesterase
inhibitors

Prostanoids

Combination
therapy

Drug

Bosentan

Bosentan

Ambrisentan

Ambrisentan
Sildenafil
Sildenafil

Sildenafil

Epoprostenol
Epoprostenol
Epoprostenol
Epoprostenol
Epoprostenol

Treprostinil

Inhaled iloprost
Inhaled iloprost

Epoprostenol

Sildenafil alone or

combined with
prostacyclins in
9 patients

Sildenafil and bosentan
combined in 6 patients,

1 patient only on
prostacyclins

Study’s first
author
Hoeper

et al. (2007)

Savale
etal. (2012)

Cartin-Ceba
etal. (2011)

Halank

etal. (2011)
Reichenberger
et al. (2006)
Gough and
White (2009)
Hemnes and
Robbins
(2009)

Kuo

et al. (1997a)
Krowka

et al. (1999)
Ashfaq

et al. (2007)
Fix

et al. (2007)
Sussman

et al. (2006)
Sakai

et al. (2009)

Hoeper

et al. (2007)
Melgosa

et al. (2010)
Awdish and
Cajigas (2013)
Hollatz

etal. (2012)

Raevens
et al. (2013b)

Number
of
subjects
included
18

34

13

14
12
11

10

15
16

19

13
21
21

11
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Study main outcomes

1- and 3-year survivals 94 % and
89 %, respectively

Event-free survival estimates were
82 %, 63 %, and 47 % at 1,2, and
3 years, respectively

At 1 year, MPAP and PVR
improved in 8/8; PVR normalized
in5

Improvement in 6 min walk
distance, no adverse effects
Improvement at 3 months; not
sustained at 1 year

PVR decreased in all at first RHC
follow-up

At 1-year MPAP and PVR,
decreased in 3/5 patients

MPAP and PVR improved
15 MPAP and PVR improved

Successful LT in 11 patients; 5-year
survival 67 %

PVR improved in 14/14; MPAP
improved in 11/14

MPAP and PVR improved in 7/8

Successful LT in two patients
(moderate portopulmonary
hypertension)

1- and 3-year survivals 77 % and
46 %, respectively

Acute, but not long-term,
hemodynamic improvement
Clearance for transplant in 52 % of
patients within 1 year

MPAP and PVR improved in all
patients, all underwent LT, and 7/11
are off PAH-specific therapy

MPAP and PVR improved in the
5/6 patients treated with
combination of sildenafil and
bosentan, 2 underwent LT

MPAP mean pulmonary artery pressure, PVR pulmonary vascular resistance, LT liver transplantation, /V intravenous

therapies, has successfully improved POPH pul-
monary hemodynamics and facilitated successful
LT. Most of the published experiences have been
in patients with less severe forms of POPH

(Reichenberger et al. 2006; Gough and White
2009; Hemnes and Robbins 2009).

Other conventional therapies: Right ventricu-
lar function may be impaired by the use of beta
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blockers which are usually used to prevent gas-
trointestinal bleeding by reducing the degree of
portal hypertension. In moderate to severe POPH
(n = 10; mean MPAP = 52 mmHg), withdrawal
of beta blockade increased CO by 28 %, decreased
PVR by 19 % with no change in MPAP, and
increased 6 min walk by 79 m (Provencher
et al. 2006). Transjugular intrahepatic
portosystemic shunt (TIPS), as a treatment for
gastrointestinal bleeding or refractory ascites,
can temporarily increase MPAP, CO, and PVR.
In a study of 16 cirrhotic patients without pulmo-
nary hypertension, the increase in MPAP was
greater than that noted in CO, suggesting an
increase in the PVR after TIPS (Van der
Linden et al. 1996). It is also important to correct
nocturnal hypoxemia if present as this could
potentially worsen the degree of pulmonary
hypertension.

Liver transplantation: Although it is very well
known that POPH can occur in non-cirrhotic por-
tal hypertension, the vast majority of cases in the
United States are secondary to cirrhosis and hence
the importance of LT consideration. LT is a poten-
tially curative intervention for POPH, at least
from a hemodynamic perspective in a highly
selected group of patients. However, the outcome
of POPH following LT remains unpredictable
despite screening, careful patient selection, higher
allocation priority, and advances in single and
combination PAH-specific therapies (Castro
et al. 1996; Taura et al. 1996; Starkel et al. 2002;
Krowka et al. 2004; Kawut et al. 2005; Saner
et al. 2006; Austin et al. 2008; Bandara
et al. 2010; Fukazawa and Pretto 2010; Scouras
et al. 2011). Effective PAH-specific therapy has
resulted in successful LT and subsequent libera-
tion from pre-LT PAH-specific therapy in some
individuals. Since 2006, LT waitlist candidates
with POPH have been eligible to receive waitlist
priority upgrades (MELD exceptions) based on
formalized criteria set forth by the Organ Procure-
ment and Transplantation Network (OPTN)
(Freeman et al. 2006; Krowka et al. 2006a);
these criteria are summarized in Table 8. How-
ever, the data used to develop this policy derived
from small single-center studies, and while in
place to guide regional review boards, do not
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Table 8 Model end-stage liver disease exception criteria
for portopulmonary hypertension

1. Moderate to severe POPH diagnosis confirmed by right
heart catheterization

(a) MPAP > 35 mmHg

(b) PVR > 240 dyn/s/cm™>

(c) PAWP < 15 mmHg

2. PAH-specific therapy initiated; improvement
documented

(a) MPAP < 35 mmHg

(b) PVR < 400 dyn/s/cm™>?

(c) Satisfactory right ventricular function by
transthoracic echocardiography
3. MELD exception updated every 3 months

(a) Give additional MELD exception if RHC data
satisfies criteria # 2

POPH portopulmonary hypertension, P4H pulmonary
arterial hypertension, MP4AP mean pulmonary artery pres-
sure, PVR pulmonary vascular resistance, PAWP pulmo-
nary arterial wedge pressure, RHC right heart
catheterization, MELD model end-stage liver disease

If PVR is normal, higher MPAP may be allowed and
reconsidered due to physiology that is now high flow rather
than obstruction to flow due to the therapy

mandate that exception points be restricted only
to patients meeting these criteria. Recently, Gold-
berg et al. evaluated data on 155 POPH patients
with MELD score exception approved from the
OPTN database during the years 2006-2012 and
demonstrated that since the implementation of a
formalized MELD exception policy for POPH,
the majority of patients awarded such points
have not met OPTN criteria for such exception
points due to missing or incomplete data, with
nearly one-third not having hemodynamic data
consistent with POPH (Goldberg et al. 2014). In
addition, the authors of that study found that this
subset of patients with POPH MELD exceptions
presented a significant risk of waitlist mortality,
particularly in those with hemodynamic criteria
consistent with POPH, with several early post-LT
deaths in both groups attributable to right heart
failure/persistent pulmonary hypertension (Gold-
berg et al. 2014). In summary, POPH is not con-
sidered an indication for LT; it can be a
contraindication if the MPAP remains signifi-
cantly elevated (>50 mmHg) despite optimal
therapy.
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Fig. 4 Registry to evaluate early and long-term pulmo-
nary arterial hypertension (REVEAL, Reprinted with per-
mission from CHEST, Krowka et al. 2012), 2-year survival
patterns for POPH and idiopathic pulmonary arterial
hypertension categorized by previous versus newly

Prognosis

The overall prognosis of POPH has been con-
founded by small series from eras in which none
of the current PAH-specific medications were
available compared with the present, when there
is increasing experience in PAH-specific therapies
and LT. Robalino and Moodie reported a 5-year
survival of 4 % (n = 78) in an era prior to the
availability of continuous IV prostacyclin infu-
sion (Robalino and Moodie 1991). Swanson
reported a 14 % 5-year survival in POPH patients
(n =19) denied LT and not treated with any of the
current PV therapies (Swanson et al. 2008). From
the French National Center for PAH (n = 154 over
a 20-year span until 2004), Le Pavec described 1-,
3-, and 5-year survivals of 88 %, 75 %, and 68 %,
respectively, for patients with POPH (mainly
Child class A and alcohol as the etiology of cir-
rhosis) (Le Pavec et al. 2008). Causes of death in
all series mentioned herein were equally distrib-
uted between right heart failure due to POPH and
direct complications of liver disease (bleeding,
sepsis, hepatocellular carcinoma). More recently,
the REVEAL registry reported two important
POPH observations (Krowka et al. 2012). First,
the use of any PAH-specific therapy for POPH
was delayed compared to patients diagnosed
with IPAH. Specifically, at the time of entry into

diagnosed at the time of entry into the registry. POPH,
portopulmonary hypertension; IPAH, idiopathic pulmo-
nary arterial hypertension; FPAH, familial pulmonary arte-
rial hypertension

the registry, only 25 % were on PAH-specific
therapy; by the end of a 12-month follow-up,
74 % of those alive were on treatment. Second,
although baseline hemodynamics in POPH
(MPAP and PVR) were significantly better than
those with IPAH, the 1- and 3-year survivals were
worse (Fig. 4); the 5-year survival for all POPH
patients was 40 % versus 64 % for IPAH. Liver
disease etiologies and causes of death were not
determined, and survival was not analyzed by the
type of PAH-specific therapy. A recent report by
Khaderi et al. described excellent long-term out-
comes of 7 POPH patients that underwent LT,
with all patients able to come off intravenous
epoprostenol after LT, and a survival of 85 %
after 7.8 years of follow-up (Khaderi et al. 2014).

Conclusion

Hepatopulmonary syndrome is associated with sig-
nificantly increased morbidity and mortality in
ESLD patients. Implementation of a routine HPS
screening program in patients undergoing LT eval-
uation improves detection rates. Liver transplanta-
tion currently is the only well-accepted treatment
option for HPS and results in uniform resolution of
hypoxemia even in severe cases. MELD exception
points for HPS facilitate earlier transplantation.
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Patients with HPS have excellent post-LT out-
comes, and the presence of severe hypoxemia in
particular is an indication and not a contraindica-
tion for pursuing expedited transplantation.

POPH is an uncommon, serious, yet treatable
pulmonary vascular complication of portal
hypertension that can lead to right heart failure
and death, if untreated. Due to the spectrum of
pulmonary hemodynamic variations associated
with hepatic dysfunction, screening by TTE and
confirmation by RHC are necessary for accurate
diagnosis and therapy. Despite the lack of con-
trolled studies, PAH-specific therapies in POPH
can significantly improve to “cure” POPH, at
least hemodynamically, with a combination of
PAH-specific therapy and LT appears to be an
attainable goal in a cohort of POPH patients yet
to be optimally characterized.
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Abstract

Nonalcoholic fatty liver disease, the hepatic
manifestation of the metabolic syndrome, is a
disease whereby increasing steatosis can
potentially lead to steatohepatititis or
nonalcoholic  steatohepatitis. ~ Continuing
inflammation may lead to cirrhosis in as
many as 25 % of patients. Nonalcoholic fatty
liver disease is considered to be the most com-
mon form of chronic liver disease, and current
population trends dictate that more patients
will need liver transplants for this disease.
While overall survival outcomes are equivalent
to other forms of liver disease, this may at least
partly be a result of current screening of
patients which eliminates those patients who
have the most risk factors for cardiovascular
disease, the most common cause of poor out-
comes following liver transplant in patients
with nonalcoholic fatty liver disease. Immuno-
suppression may accelerate recurrence of the
metabolic  syndrome and nonalcoholic
steatohepatitis post transplant.

Keywords

Nonalcoholic fatty liver disease * Nonalcoholic
steatohepatitis ¢ Cirrhosis ¢ Liver transplant ¢
Metabolic syndrome ¢ Insulin resistance
Obesity
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Introduction

As the population of the United States becomes
older, heavier, and more likely to have elements of
the metabolic syndrome, more patients develop
nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis. Though a minority of these
patients will progress to cirrhosis, the large num-
bers of patients with nonalcoholic steatohepatitis
and the possible decline in the future of patients
who will be transplanted for other causes means
that the liver transplant physician will evaluate
increasing numbers of patients for orthotopic
liver transplantations whose end-stage liver dis-
ease derives from nonalcoholic fatty liver disease.

This chapter will discuss the epidemiology and
physiology of nonalcoholic fatty liver disease as
well as its treatment. Transplant considerations
will be reviewed including a discussion of the
forecast of numbers of patients predicted to need
transplant due to nonalcoholic fatty liver disease.
Outcomes following transplant will be explored.
Finally, the unique ethical considerations regard-
ing transplanting patients with nonalcoholic fatty
liver disease will be addressed.

Epidemiology

The reported prevalence of nonalalcoholic fatty
liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) varies widely in the liter-
ature and has been assessed using a variety of
diagnostic modalities such as transaminases,
imaging studies, and liver biopsy. Liver biopsy
is considered the gold standard for diagnosing
NASH, and the prevalence of NASH reported in
biopsy-based studies has been estimated to range
from 3 % to 5 % (Vernon et al. 2011; Williams
etal. 2011; Lazo et al. 2013).

In the United States, the prevalence of NAFLD
has been estimated to range from 2.8 % to 46 %.
The incidence of NAFLD and NASH is not well
reported, and data has varied. A study from
England showed the annual incidence of
NAFLD to be 29 cases per 100,000 person-years
(Whalley et al. 2007). Two studies from Japan
have found much higher incidences of 31 cases

L. Connor and S.A. Fink

per 1,000 person-years and 86 cases per 1,000
person-years (Suzuki et al. 2005; Hamaguchi
et al. 2005).

As with most chronic liver diseases, NAFLD
seems most apparent in older patients. A retro-
spective cohort study has shown NALFD to
mainly affect the middle-aged (50-60 year old)
and the elderly (>60 year old). This is likely due
to the fact that older patients have more risk fac-
tors for NAFLD such as obesity, diabetes, and
hyperlipidemia. Older patients also had greater
fibrosis on biopsy as well as a higher prevalence
of cirrhosis (Frith et al. 2009). It is important to
note the possibility that disease progression to
fibrosis and cirrhosis may be related to disease
duration rather than age independently.

It is unclear whether NAFLD affects predom-
inantly males or females. Some older, small, non-
population-based studies indicate that NAFLD is
more common in women (Ludwig et al. 1980; Lee
1989). More recent population-based studies,
however, have found the prevalence of NAFLD
to be higher in men than women (Arun et al. 2006;
Browning et al. 2004; Williams et al. 2011; Lazo
etal. 2013).

Population-based studies have shown the prev-
alence of NAFLD to be highest in Hispanics com-
pared to whites and blacks. Non-Hispanic whites
have a higher prevalence than non-Hispanic
blacks (Williams et al. 2011; Browning
et al. 2004; Lazo et al. 2013). The reason for this
higher prevalence in Hispanics may be due to
a higher prevalence of obesity and insulin
resistance in this group (Lazo et al. 2013).
Additionally, a genome-wide association study
(GWAS) has identified a variant in the patatin-
like phospholipase domain-containing protein
3 (PNPLA3) gene that is strongly associated
with increased hepatic fat levels (Koutsari and
Lazaridis 2010). This allele was most common
in Hispanics (Weiskirchen and Wasmuth 2009).

Projected Growth
The prevalence of NAFLD has been steadily ris-

ing. Results from a large population-based study
assessing the changes in prevalence of chronic



11 NASH: The Ethical Dilemma

liver disease (CLD) over the course of two decades
in the United States has shown the prevalence of
CLD to be increasing over time. The rising preva-
lence of NAFLD was the reason for this increase as
the prevalence of hepatitis C, hepatitis B, and alco-
holic liver disease has remained stable. The preva-
lence of NAFLD increased from 5.51 %
(1988-1994) to 9.84 % (1999-2004) to 11.01 %
(2005-2008). Additionally, from 1988 to 1995,
NAFLD accounted for 46.8 % of CLD cases,
which rose to 75.1 % of CLD cases from 2005 to
2008. During this time period, rises in obesity,
insulin resistance, type Il diabetes, and hyperten-
sion were also observed (Younossi et al. 2011).
With the prevalence of obesity continuing to rise,
it is projected that we will continue to see a rise in
the prevalence of NAFLD and its complications
(Charlton et al. 2011).

Cost to Society

The diagnosis and management of NAFLD poses
a great cost to society. Baumeister et al. (2008)
showed that patients with sonographic fatty liver
disease and high serum ALT levels increased
overall healthcare cost by 26 % at 5-year follow-
up. The estimated lifetime medical cost for a
patient with NASH is approximately $31,000
(Younossi and Singer 2006). With the prevalence
of NAFLD on the rise, there will be an increasing
cost to society in the upcoming years.

Nature of Disease and Associated
Disease

It has become apparent that fatty liver, previously
thought to be a benign entity, can progress to
nonalcoholic steatohepatitis. Up to 25 % of
patients with NASH can progress to cirrhosis.
The presence of the metabolic syndrome appears
to be a risk factor for development of NASH.
NAFLD is essentially considered the hepatic
sequel of the metabolic syndrome (Donnelly
et al. 2005). NAFLD and its association with the
metabolic syndrome will be discussed in more
detail in a later section.
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Pathophysiology

The exact mechanism behind the development of
NAFLD and NASH is not entirely known and is
likely multifactorial. NAFLD, like many other dis-
eases, probably occurs from interplay between
genetic and environmental factors. The main mech-
anisms identified in NAFLD are insulin resistance
and increased free fatty acids in the liver. In 1998,
Day et al. proposed the “two hit” hypothesis that
describes two “hits” which lead to steatohepatitis.
The first hit is the buildup of hepatic steatosis and the
second hit is liver injury and inflammation (Day and
James 1998). Insulin resistance leads to increased
secretion of free fatty acids from adipocytes, which
leads to increased free fatty acid influx into the liver
(Peverill et al. 2014). It has been shown that in
patients with NAFLD, insulin does not suppress
adipose tissue lipolysis to the same extent that it
does in healthy individuals (Sanyal et al. 2001).

It appears that hepatocyte injury occurs in the
setting of excess free fatty acids rather that due to
simple  triglyceride  accumulation  (Peverill
etal. 2014). Several mechanisms have been proposed
as potential etiologies of fat accumulation in the liver.
There can be increased importation of free fatty acids
into the liver, decreased secretion of triglyceride-rich
lipoproteins out of the liver, and impaired free fatty
acid beta-oxidation (Musso et al. 2003).

Insulin resistance appears to not only be a marker
of NALFD but also for progression to NASH. Insu-
lin resistance is found in the majority of patients with
NASH, irrespective of obesity (Chitturi et al. 2002).
Insulin resistance has also been found in NAFLD
patients who are lean and have normal glucose tol-
erance testing (Marchesini et al. 1999). Additionally,
insulin resistance has been shown to correlate inde-
pendently with hepatic fibrosis (Ryan et al. 2005).

Presentation

Forms of Disease (NAFLD, NASH,
Cirrhosis)

According to the American Association for the
Study of Liver Disease (AASLD), nonalcoholic
fatty liver disease (NALFD) is defined as hepatic
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steatosis diagnosed by either imaging or histology
with no other causes of hepatic fat accumulation
identified such as alcohol consumption. Histolog-
ically, NAFLD can be further categorized as
nonalcoholic fatty liver (NAFL) and nonalcoholic
steatohepatitis (NASH). NAFL is defined as the
presence of hepatic steatosis with no evidence of
hepatocellular injury or fibrosis. NAFL has a low
risk of progression to cirrhosis and liver failure.
NASH is defined as the presence of hepatic
steatosis plus inflammation with hepatocyte
injury with or without fibrosis. NASH can pro-
gress to cirrhosis, liver failure, and hepatocellular
carcinoma (Chalasani et al. 2012). As NAFLD is
an umbrella term that encompasses NASH, the
two terms are often used interchangeably though
not all patients with NAFLD have NASH. All
patients with a diagnosis of NASH, however,
have NAFLD.

NASH cirrhosis is defined as the presence of
cirrhosis with current or previous histological evi-
dence of steatosis or steatohepatitis (Chalasani
et al. 2012). Additionally, there is indirect evi-
dence that patients with cryptogenic cirrhosis
(CC) may have developed cirrhosis as a progres-
sion of NASH. A higher prevalence of obesity and
diabetes mellitus was found in patients with CC
compared to those with cirrhosis secondary to
hepatitis C or primary biliary cirrhosis. This prev-
alence was found to be similar to those with
NASH. Patients with NASH, on average, were
about 10 years younger than patients with CC
suggesting that NASH may progress to cirrhosis
over the course of a decade (Caldwell et al. 1999).

Clinical Findings

Most patients with NAFLD are asymptomatic and
the disease is discovered due to abnormal trans-
aminases incidentally found on blood work. Ala-
nine aminotransferase (ALT) and aspartate
aminotransferase (AST) are typically two to five
times the upper limit of normal. To help distin-
guish NAFLD from alcoholic liver disease
(ALD), the ratio of AST to ALT can be used.
This ratio will typically be less than 1.0 in
NAFLD and greater than 2.0 in ALD (Sorbi
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et al. 1999). Heavy alcohol use should also be
excluded by history. According to the National
Institutes of Health (NIH), male patients must
consume no more than two standard drinks per
day (140 g ethanol/week) and female patients
must consume no more than one standard drink
per day (70 g ethanol/week) to be classified as
having nonalcoholic fatty liver disease
(Hu et al. 2012). Before a diagnosis of NAFLD
can be made, other causes of elevated transami-
nases must be excluded such has viral hepatitis,
autoimmune hepatitis, and hemochromatosis.
Imaging studies also play a role in the diagno-
sis of NAFLD as they can confirm the presence of
steatosis in a patient suspected of having NAFLD.
Ultrasound is typically used due to its low cost
and noninvasive nature. On ultrasound, fatty infil-
tration of the liver is identified by findings of a
diffuse increase in echogenicity of the liver. Alter-
natively computed tomography (CT) and mag-
netic resonance imaging (MRI) can also detect
hepatic steatosis and are more sensitive in quanti-
fying steatosis. No imaging modality can distin-
guish between simple steatosis and NASH. Liver
biopsy is the only modality that can distinguish
simple steatosis from NASH, however its role in
the diagnosis and management of NAFLD is
unsettled. Liver biopsy is an invasive procedure
and does have the limitation of sampling errors,
which can over- or underestimate the severity of
disease. Additionally, distinguishing NAFL and
NASH will likely not change management. Non-
invasive biomarkers for NASH and evaluation of
fibrosis are underway (Schwenzer et al. 2009).

Treatment
Weight Loss

Despite the rising prevalence of NAFLD, treat-
ment modalities remain limited. Patients without
steatohepatitis have a favorable prognosis. There-
fore, it is recommended that treatment aimed at
improving liver disease be limited to those with
NASH (Chalasani et al. 2012). The approach with
the most evidence behind its benefit is weight loss.
Gradual weight loss is optimal as rapid weight
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loss can exacerbate NASH (Andersen et al. 1991).
Weight loss first can be attempted by lifestyle
modifications, which include decreasing caloric
intake and increasing physical activity. This has
been shown to improve liver enzymes and histol-
ogy as well as improve glycemic control
(Hickman et al. 2004; Peterson et al. 2005). A
randomized controlled trial studying the effects
of weight loss in obese patients with NASH
showed that participants who achieved a weight
loss goal of greater than or equal to 7 % compared
to those who lost less than 7 % after 48 weeks of
intervention had significant improvement in
steatosis, lobular inflammation, ballooning injury,
and NASH histology severity score (Promrat
et al. 2010). A second randomized controlled
trial studying type 2 diabetics revealed that inten-
sive lifestyle intervention leading to an 8 % reduc-
tion in weight successfully reduced hepatic
steatosis measured by magnetic resonance spec-
troscopy compared to controls (Lazo et al. 2010).

Often, attempts at lifestyle modifications are
unsuccessful as patients have difficulty adhering
to the necessary diet and exercise regiments.
Orlistat is a weight loss medication that has been
shown to improve ALT levels and steatosis on
ultrasound in patients with NAFLD (Zelber-Sagi
etal. 20006). It has also been shown to reverse fatty
liver disease and improve fibrosis while decreas-
ing body weight (Hussein et al. 2007). Con-
versely, a study by Harrison et al. (2009) did not
show orlistat to enhance weight loss or improve
liver enzymes or liver histology. However,
patients who did achieve >9 % reduction in
body weight did have improved hepatic histolog-
ical changes (Harrison et al. 2009). Orlistat can be
considered in patients with NAFLD who have had
unsuccessful attempts at lifestyle modifications to
achieve weight loss.

Bariatric surgery may be of benefit to help
achieve weight loss in morbidly obese patients
with NAFLD who qualify for this surgery. There
are no randomized controlled trials investigating
bariatric surgery to treat NASH, however there are
several retrospective and prospective studies
looking at liver histology after bariatric surgery.
Overall, improvement in histopathologic features
of NAFLD has been seen in more than three
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fourths of patients postbariatric surgery
(Mummadi et al. 2008). Though bariatric surgery
may lead to improvement of NAFLD, there is not
enough data to support its use specifically for the
treatment of NASH.

Pharmacological Therapy

Pharmacological therapies that have been studied
in NALFD include vitamin E, insulin-sensitizing
agents, and lipid-lowering medications. Oxidative
stress plays a key role in the pathogenesis of
NASH, prompting the antioxidant vitamin E to
be investigated as a potential treatment modality
in NASH. The PIVENS trial, a randomized, mul-
ticenter, double-masked, placebo-controlled trial,
evaluated the effect of vitamin E and pioglitazone
versus placebo on hepatic histology in
nondiabetic patients with NASH. The primary
outcome was improvement in histological fea-
tures of nonalcoholic steatohepatitis, assessed
using a composite of standardized scores for
steatosis, lobular inflammation, hepatocellular
ballooning, and fibrosis. Vitamin E (a-tocopherol)
800 IU/day administered for 96 weeks was asso-
ciated with a significantly higher rate of improve-
ment in nonalcoholic steatohepatitis compared to
placebo (Sanyal et al. 2010). The TONIC trial,
another large multicenter randomized controlled
trial, also showed improvements in NAFLD activ-
ity score and resolution of NASH compared to
placebo, though their primary outcome of
sustained reduction of ALT was not attained
(Lavine et al. 2011). Although there are some
positive results regarding the benefit of vitamin
E in NASH, there is also some concern that vita-
min E may increase all-cause mortality, particu-
larly at higher doses (Miller et al. 2005;
Bjelakovic et al. 2007). Based on the current
available data, vitamin E should be considered in
nondiabetic patients with biopsy-proven NASH,
however it should not be used in diabetic patients
with NASH, NAFLD without liver biopsy, NASH
cirrhosis, or cryptogenic cirrhosis (Chalasani
et al. 2012).

Insulin-sensitizing agents have been investi-
gated for the treatment of NASH since insulin
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resistance is known to be a major contributor to
the pathogenesis of NASH. Studies investigating
the effect of metformin on aminotransferases and
liver histology in NASH have shown a reduction
in insulin resistance, however no significant
improvement in liver histology (Uygun
et al. 2004; Nair et al. 2004). Therefore, metfor-
min is not recommended as a specific treatment
for NASH (Chalasani et al. 2012). The thiazolidi-
nediones (pioglitazone and rosiglitazone) have
also been studied and have shown more promising
results compared to metformin. Results from the
PIVENS trial regarding pioglitazone showed
pioglitazone to reduce hepatic steatosis and lobu-
lar inflammation; however, it did not show
improvement in fibrosis score when compared to
placebo. Though pioglitazone did not achieve the
primary endpoint of this study, it did show signif-
icant improvement in the histological features of
NASH compared to placebo (Sanyal et al. 2010).
Pioglitazone can be used to treat biopsy-proven
NASH; however, it is important to note that the
long-term safety and efficacy of pioglitazone in
patients with NASH is not established (Chalasani
etal. 2012).

Patients with NAFLD are at increased risk of
cardiovascular events, making statins often indi-
cated for cardiovascular risk reduction. Therefore,
it is important to note that the use of statins in
patients with NAFLD is safe and does not place
patients at increased risk of hepatotoxicty
(Chalasani et al. 2004; Cohen et al. 2006; Lewis
et al. 2007). Randomized controlled trials evalu-
ating histological response in NASH to lipid-
lowering agents are lacking. Statins should not
be used for the primary purpose of treating
NASH; however, they can be used to treat
dyslipidemia in these patients.

Associated Conditions

Metabolic Syndrome (Diabetes,
Obesity, Hypercholesterolemia)

NAFLD is associated with insulin resistance, dia-
betes, obesity, and hyperlipidemia. These are all
the main features of the metabolic syndrome. The
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metabolic syndrome is defined as having at least
three of the following: (1) central obesity (waist
circumference >102 cm in men and >88 cm in
women), (2) fasting glucose >110 mg/dl,
(3) hypertension (>130/80 mmHg), (4) hypertri-
glyceridemia (>150 mg/dl), and (5) low high-
density lipoprotein (HDL) level (<40 mg/dl in
men and <50 mg/dl in women). The presence of
the metabolic syndrome shown to carry a high risk
of NASH among NALFD patients was associated
with a high risk of fibrosis (Marchesini
et al. 2003).

Studies involving bariatric surgery patients
show the prevalence of NAFLD to be as high as
90 % and NASH to be as high as 70 % in this
obese population. Insulin resistance was found to
be an independent predictor of NASH. Addition-
ally, NASH was found to be present in 75 % of
patients who carried the diagnosis of type II dia-
betes (Boza et al. 2005). Obese patients with
NASH have been found to have more severe
insulin resistance, more severe hypertigly-
ceridemia, and a higher prevalence of the meta-
bolic syndrome than those with simple steatosis.
This implies that insulin resistance may play an
important role in the progression of simple
steatosis to steatohepaitis and fibrosis (Gholam
et al. 2007).

The prevalence of hyperlipidemia in NAFLD
varies from 20 % to 92 %. It appears hypertrigly-
ceridemia carries a greater risk than hypercholes-
terolemia. Low HLD levels have also been
frequently observed in patients with NAFLD
(Parekh and Anamia 2007). Hypertension, also a
part of the metabolic syndrome, has also been
linked to NAFLD. A study of nondiabetic,
nonobese patients with arterial hypertension
showed the prevalence of NAFLD to be higher
in hypertensive patients compared to controls
(30.9 % versus. 12.7 %). This increased preva-
lence appears to be related to increased insulin
resistance (Donati et al. 2004).

NAFLD and Transplant

As nonalcoholic fatty liver disease continues to
escalate its importance as a major cause of
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morbidity and mortality, so, too, has its impact
been on liver transplantation. Numbers of trans-
plants performed for cryptogenic cirrhosis pre-
sumed secondary to nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis have
risen (Quillin et al. 2014), and some have
predicted a dramatic rise in the percentage of
patients in the future who will be transplanted
for nonalcoholic fatty liver disease-associated
conditions.

Since nonalcoholic steatohepatitis is seen as a
marker for associated conditions with the meta-
bolic syndrome such as cardiovascular disease,
there is particular concern about the fitness of
patients with nonalcoholic fatty liver disease to
undergo transplant. Perhaps more importantly,
significant concerns exist about these patients’
long-term morbidity and survival after transplant.
Considering that most immunosuppression regi-
mens are associated with some elements of the
metabolic syndrome, a perfect storm is feared
whereby patients already at risk for cardiovascular
and metabolic morbidity will have these risks
compounded significantly in the posttransplant
setting leading to worsening outcomes.

Along with these concerns about patients
transplanted for nonalcoholic fatty liver disease-
associated liver failure come additional concerns
regarding donor livers. If the population as a
whole is becoming heavier with higher rates of
obesity and metabolic syndrome, would it not be a
fair assumption that the donor liver pool, too, will
reflect these changes? What impact will these
global epidemiological trends have on liver
transplantation?

Recurrence after liver transplantation is also a
concern. Unless lifestyle changes and rigorous
medical monitoring are implemented, one can
assume that the metabolic changes that led to
nonalcoholic fatty liver disease will be present in
the posttransplant setting this time being magni-
fied by immunosuppression and other factors.
Indeed, many patients transplanted for other eti-
ologies may develop hepatic steatosis in allografts
as a direct result of these posttransplant factors.

In the remainder of this chapter, the impact of
pretransplant and posttransplant factors on out-
comes for orthotopic liver transplant for
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nonalcoholic fatty liver disease will be discussed.
Overall survival and outcomes will be assessed as
well as both pre- and posttransplant strategies to
mitigate the risk of recurrence. Finally, ethical
issues regarding the selection of patients with
nonalcoholic fatty liver disease for transplant
will be explored.

Transplant Statistics

Nonalcoholic steatohepatitis represents the third
most common indication for liver transplant in the
United States and is surpassed by only hepatitis C
virus and alcoholic liver disease (Charlton 2004;
Charlton et al. 2011; Khullar et al. 2014). It has
increased in frequency from accounting for 1.2 %
of liver transplants in 2001 to 9.7 % in 2009
making it the third most common indication for
liver transplantation (Fig. 1). NASH was found to
be the third most common indication for liver
transplant in the United States and is on course
to become the most common indication for liver
transplantation in the next 10-20 years (Charlton
et al. 2011). It has been predicted that end-stage
liver disease secondary to nonalcoholic fatty liver
disease will be the common indication for liver
transplantation within the next two decades
(Charlton 2004; Khullar et al. 2014).

O’leary (2014), however, looked at Scientific
Registry of Transplant Recipient data from 2012
and suggested that when extrapolated out to 2020,
nonalcoholic steatohepatitis will not surpass hep-
atitis C virus as the most common indicator.
Indeed, O’leary notes that using this methodol-
ogy, hepatocellular carcinoma will become the
most common indication for transplant in 2020
barring changes in allocation policy. While the
indication of nonalcoholic steatohepatitis has
increased many times from 2002 to 2012, crypto-
genic cirrhosis has fallen quite significantly by a
similar percentage over the same period
suggesting, perhaps, that some patients whose
indication for liver transplant was previously
listed as cryptogenic cirrhosis are now being cat-
egorized at time of listing for transplant as having
nonalcoholic steatohepatitis. It is possible that
better appreciation of the scope of the disease
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Fig. 1 Increasing frequency of NASH as an indication for
orthotopic liver transplantation. NASH is on course to
become the most common indication for liver transplanta-
tion in the coming decades and in recent years has been the

has altered listing practices rather than the disease
truly accounting for higher percentages of patients
being listed. However, Yalamanchili et al. (2010)
showed that nonalcoholic fatty liver disease is
twice as common in patients transplanted from
nonalcoholic  steatohepatitis than in those
transplanted for cryptogenic cirrhosis suggesting
that only a minority of patients with cryptogenic
cirrthosis have cirrhosis tied to nonalcoholic
steatohepatitis.

The cohort that is being listed for transplant for
nonalcoholic steatohepatitis is dramatically differ-
ent than the overall cohort of patients who are
listed. Charlton’s analysis of the Scientific Regis-
try of Transplant Recipients (2004) showed that
patients who were transplanted for nonalcoholic
steatohepatitis-associated cirrhosis were older,
had larger body mass indices, and greater preva-
lences of diabetes and hypertension than other
patients listed for liver transplantation.

These risk factors suggest that patients
transplanted for nonalcoholic steatohepatitis may
present with greater risk factors for poor graft and
patient survival after transplant. However, large-
scale examinations of patients transplanted for
NASH and cryptogenic cirrhosis were similar to
overall survival rates. In an examination of data

third most common indication for liver transplantation in
the United States (Adapted from Charlton et al. 2011)

from the Scientific Registry of Transplant Recip-
ients of patients transplanted from 2001 to 2009,
survival rates at 1 and 3 years following transplant
for NASH were 84 % and 78 %, respectively,
compared with 86 % and 79 % for CC and 87 %
and 78 % (Charlton et al. 2011) (Fig. 2).

Compounding the problem is the fact that the
rise in obesity and the metabolic syndrome that
has led to increasing numbers of patients with
end-stage liver disease due to nonalcoholic
steatohepatitis is also reflected in the general pop-
ulation. The increasing prevalence of obesity has
led to further increases in hepatic steatosis in
potential liver donors thus potentially reducing
the numbers of organs available for transplant
(Khullar et al. 2014). This concern will likely
grow in the coming years if projections of increas-
ing rates of obesity and the metabolic syndrome
come to fruition raising concerns for a dual prob-
lem- increasing numbers of patients requiring
transplant for end-stage liver disease due partly
to the metabolic syndrome and obesity facing a
diminishing pool of organs caused by a decrease
due to the same proportional rise in obesity.

As significant differences in morbidity and
mortality following orthotopic liver transplanta-
tion for nonalcoholic fatty liver disease are not
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seen, some have advocated for more rigorous
screening of liver transplant candidates with
nonalcoholic fatty liver disease-induced end-stage
liver disease. Indeed, O’leary in 2014 proposed
that the focus should be in identifying patients at
risk for posttransplant complications and treating
them. Data have shown that morbidity and mor-
tality in these patients are mostly tied to cardio-
vascular morbidity and mortality following liver
transplant and not to direct transplant-related
complications such as delayed graft function,
rejection, biliary complications, and other factors.
If controlling for the risk factors in this at-risk
population results in equal outcomes, then intense
scrutiny should be taken to identify those patients
who are most at risk for cardiovascular disease
and engage in preventative measures.

Another argument made to explain the lack of a
significant rise in patients being transplanted for
nonalcoholic fatty liver disease as an indication is
that as time on the waiting list has gone up signif-
icantly over the past decade, so have the chances
that those patients with multiple comorbid condi-
tions due to nonalcoholic fatty liver disease-
related conditions such as diabetes mellitus and
cardiovascular disease will be removed from the
waiting list due to these comorbid conditions
while waiting for transplant (O’Leary 2014). As
a result, while more patients with nonalcoholic
fatty liver disease-related end-stage liver disease
are being listed, fewer patients make it to

Months After Liver Transplantation

transplant. Longer waiting list times have in
essence “selected” the fittest patients for trans-
plants thus resulting in equivalent outcomes.

Adding to this is data showing that patients
with nonalcoholic liver disease are less likely to
be transplanted than their counterparts with other
forms of liver disease. One such study showed
that patients with nonalcoholic steatohepatitis-
induced cirrhosis were more commonly denied
listing due to comorbid conditions than patients
with hepatitis C virus-induced cirrhosis (72 %
vs. 27 %) (O’Leary et al. 2011).

If one examines patients with elements of the
metabolic syndrome with regard to posttransplant
outcomes, there are indications that some patients
have poorer outcomes than patients overall. In one
study of 37 patients with body mass indices
greater than 35 who were referred for liver trans-
plant, for example, patients with a body mass
index greater than 35 were more likely to experi-
ence weight gain, steatosis on biopsy, graft loss,
and death. Consequently, there have been series
examining pretransplant sleeve gastrectomy prior
to liver transplantation (Heimbach et al. 2013).

Obesity continues to be an active area of inter-
est with regard to posttransplant outcomes out of
concerns that obese patients will suffer from
increased morbidity and mortality following
transplant as a result of the metabolic conse-
quences of obesity. Indeed, in their landmark
guideline on selection for liver transplantation,
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the AASLD in 2005 unequivocally said that it
considered morbid obesity a contraindication to
liver transplant. It also recommended weight loss
in all patients awaiting liver transplantation with a
body mass index greater than 35 (Murray and
Carithers 2005).

Nair et al. showed that morbidly obese patients
with a body mass index greater than 40 kg/m2 had
significantly higher rates of primary graft
nonfunction and significantly increased 1 and
2 year mortality rates. Five year mortality and
morbidity rates were also significantly higher in
severely obese (body mass index between 35.1
and 40 kg/m?) and morbidly obese patients due
to increased cardiovascular mortality. Their data
also showed that 7 % of all patients undergoing
orthotopic liver transplantation are morbidly
obese (Nair et al. 2002).

Another perspective on outcomes following
liver transplant for nonalcoholic fatty liver disease
is that nonalcoholic fatty liver disease is a sys-
temic disease and that orthotopic liver transplant
only treats the hepatic complications (O’Leary
2014). Nonalcoholic fatty liver disease is felt to
be a marker for worsening complications of the
metabolic syndrome meaning that the systemic
complications of the core disease, the metabolic
syndrome, may be coexistent. One study of
patients receiving renal transplants revealed that
patients with nonalcoholic fatty liver disease had
more carotid atherosclerosis and higher propor-
tions of plaque than other patients (Mikolasevic
etal. 2014).

A major tenet of liver transplant evaluation in
all patients is that risk factors for poor outcomes
following transplant should be identified and,
when possible, be treated. As a consequence,
patients with the metabolic syndrome should be
medically optimized prior to liver transplantation
in addition to encouragement that they undergo
supervised weight loss (Khullar et al. 2014).
Blood pressure should be brought under control
and better glycemic control achieved in patients
with diabetes mellitus.

Nonalcoholic fatty liver disease does recur
after transplant in addition to appearing as a de
novo complication in patients transplanted for
other indications (Contos 2001; Patil and Yerian
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2012). Unlike in pretransplant populations where
elevated aminotransferases in the presence of
hepatic steatosis on imaging absence of evidence
of other etiologies is enough to make a diagnosis,
in posttransplant patients biopsy is necessary. This
is because the posttransplant patient has many
other reasons to have abnormal
aminotransferases.

Transplant Outcomes

They may have acute cellular rejection, recurrent
viral hepatitis, biliary complications, and other
common posttransplant complications that need
to be eliminated prior to diagnosing a
posttransplant patient with elevated aminotrans-
ferases with nonalcoholic steatohepatitis. A thor-
ough search for other causes should be executed
prior to making a diagnosis.

Studies on recurrence demonstrate great vari-
ability in recurrence rates. This is thought due to
differences in populations, biopsy timeline pro-
tocols, and differences in histological criteria
making it difficult to establish recurrence rates.
Histology is important both in differentiating
nonalcoholic  steatohepatitis  from  other
posttransplant complications and in assessing
severity. While posttransplant steatosis is rela-
tively common, steatohepatitis is less common
and steatohepatitis-induced cirrhosis even less.
Histology is thus the most reliable assessment
for recurrent disease in the transplant recipient
(Patil and Yerian 2012).

The risk factors that lead to the pretransplant
diagnosis of nonalcoholic fatty liver disease often-
times remain present in the posttransplant syn-
drome. The metabolic syndrome of obesity,
hyperlipidemia, and impaired glucose tolerance
are also accelerated in the posttransplant setting.
One major reason for this is the immunosuppres-
sion regimen itself. The most commonly used
calcineurin inhibitors, tacrolimus and cyclospor-
ine, both promote elements of the metabolic syn-
drome. While generally not used chronically, the
prednisone dose used in liver transplantation pro-
motes weight gain and hyperglycemia.
Tacrolimus is associated with the development
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of diabetes mellitus and cyclosporine with hyper-
tension and hyperlipidemia (Haddad et al. 2006;
Tueck 2003).

For many reasons extending beyond preven-
tion of the development of the metabolic syn-
drome and nonalcoholic steatohepatitis, steroid
avoidance regimens in transplant patients have
been extensively studied. Steroid-avoidant proto-
cols post transplant have shown no differences in
death, graft loss, and infection in patients who
have been on steroid-free protocols and have the
potential to reduce the diabetes mellitus and obe-
sity associated with steroids thus reducing risk
factors for nonalcoholic fatty liver disease
(Khullar et al. 2014; Segev et al. 2013).

Rates of de novo steatosis have been shown to
be 1840 % and rates of de novo nonalcoholic
steatohepatitis 9-13 % (Lim et al. 2007; Seo
et al. 2007). If the patient has a body mass index
increase post transplant of 10 % more than their
pretransplant body mass index, then they have a
higher risk of developing nonalcoholic fatty liver
disease.

These data make it clear that while
nonalcoholic fatty liver disease itself may not be
a risk factor for poor outcomes following
orthotopic liver transplant, the conditions that
are associated with the disease may put patients
at risk for poor outcomes following liver trans-
plantation. Most prominently, obesity, cardiovas-
cular disease, and diabetes mellitus may present
challenges for outcomes following liver trans-
plant. It may not be that nonalcoholic fatty liver
disease alone leads to increases in morbidity and
mortality, but this disease may increase the likeli-
hood that patients will have concurrent conditions
which may bring out cardiovascular disease
which in turn may lead to poor outcomes.

It has been mentioned earlier in this chapter
that some have suggested that the reason for rela-
tively good outcomes following liver transplanta-
tion among patients transplanted for an indication
of nonalcoholic fatty liver disease and
nonalcoholic steatohepatitis is the fact that those
patients who make it to transplant are those
patients who have been screened for cardiovascu-
lar risk and obesity beforehand and transplanted
precisely because they have been rigorously
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identified as being low risk for these conditions.
This reasoning would suggest that current meth-
odologies’ being used nationally to screen
patients for transplant has been adequate at con-
trolling for any increased risk for poor cardiovas-
cular outcomes that these patients may bring.

These survival data do not, however, take into
account worsening rates of obesity in this country
and the possibility that in the future, patients with
nonalcoholic fatty liver disease may be worse off
metabolically than patients today due to longer-
term obesity and diabetes mellitus. Furthermore,
these data do not look at very long-term outcomes.
Though survival rates may be similar at 5 and
10 years, we do not yet know what they will
look like at 20 and 25 years.

We are currently using indirect markers of the
metabolic syndrome such as obesity and insulin
resistance as surrogates for the true nature of the
disease. Perhaps soon we will be able to use
molecular markers in clinical practice to better
predict outcomes of the metabolic syndrome. In
turn, precision will improve in the ability to pre-
dict long-term morbidity and mortality among
patients with nonalcoholic fatty liver disease.

Transplant Evaluation

For now, the transplant physician must continue to
rely on current assessments of risk for poor out-
comes. Focus must be placed both on assessing
global cardiovascular risk in patients with
nonalcoholic steatohepatitis as cardiovascular dis-
ease is the predominant cause of poor outcomes
following liver transplantation. As well, it should
be appreciated that any metabolic issues prior to
transplant such as obesity, hyperlipidemia, and
diabetes mellitus will likely only be compounded
following liver transplant mostly due to the effects
of immunosuppression.

With regards to obesity, the American Associ-
ation for the Study of Liver Disease recommend
that patients with morbid obesity and a body mass
index greater than 40 should not be offered trans-
plant. Patients who have a body mass index
between 35 and 40 should be asked to lose signif-
icant amounts of weight prior to listing. Any
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overweight patient with a body mass index less
than 35 should also be encouraged to lose weight
(Murray and Carithers 2005).

The patient with nonalcoholic fatty liver dis-
ease being evaluated for transplant who has dia-
betes mellitus or hyperlipidemia should show that
they have brought their lipid levels and hemoglo-
bin A1C under good control. All patients with
nonalcoholic fatty liver disease regardless of age
or risk factors should also have rigorous cardio-
vascular stress testing with liberal use of cardiac
catheterization to assess directly for coronary
atherosclerosis.

With a population that is rapidly growing more
overweight, such tactics in selection criteria may
appear to be overly utilitarian in their approach to
obese patients. However, the ethics of liver trans-
plantation are by nature extraordinarily utilitarian
given the mismatch in numbers between organ
donors and recipients. When seen in this regard,
rigorous selection criteria simply maximize bene-
fit while minimizing risk.

One analogy that is frequently cited in ethical
discussions about selection of patients for
transplant for nonalcoholic steatohepatitis is that
of the patient with alcoholism. While alcoholism
is now seen to be a multifactorial illness based on
a complex interplay of genetics, physiology,
and behavior, patients are still not offered liver
transplant unless they have had significant
periods of abstinence from alcohol and have
passed muster with a rigorous psychosocial
evaluation that examines risk factors for
recidivism.

In much the same way, it can be argued that
patients with obesity and the metabolic syndrome
should be asked to make behavioral changes as
alcoholic patients are asked to abstain from alco-
hol. While the arguments for obesity being a
purely behavioral problem are weak, the behavior
is under some control of the patient, and this
component needs to be used in order to ensure
the best outcomes following transplant. Signifi-
cant weight loss will reduce risk factors prior to
liver transplant as well as reducing the chances of
recidivism post transplant thus minimizing the
inevitable worsening of metabolic risk factors
that occurs following liver transplant.

L. Connor and S.A. Fink

Conclusion

Nonalcoholic fatty liver disease which includes
the subset of patients with nonalcoholic
steatohepatitis is a common condition associated
with the metabolic syndrome of obesity, insulin
resistance, and hyperlipidemia that can lead to
cirrhosis and end-stage liver disease. The preva-
lence and morbidity from this condition is only
expected to grow as the metabolic risk factors for
nonalcoholic fatty liver disease such as obesity
and diabetes mellitus continue to grow in the US
population. With this come predictions that the
future will see growing numbers of patients
undergoing liver transplant with an indication of
nonalcoholic steatohepatitis.

As nonalcoholic steatohepatitis is also seen as
a risk factor for other diseases, in particular car-
diovascular disease, concern has arisen regarding
risk factors for poor outcomes following liver
transplantation. While overall morbidity and mor-
tality do not seem to be significantly different
among patients transplanted for nonalcoholic
steatohepatitis when compared with other indica-
tions, this may be a result of rigorous screening of
candidates for risk factors for cardiovascular dis-
ease and nonlisting of morbidly obese candidates
in most cases. Such rigorous selection criteria
should continue unless transplant programs are
better able to directly identify those candidates at
risk for morbidity and mortality from the meta-
bolic syndrome.
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Abstract

Fulminant hepatic failure (FHF) is a condition
resulting in rapid deterioration of liver function
often followed by a cascade of fatal conse-
quences. This rare syndrome is incited by a
catastrophic insult to the liver. The causes of
FHF can be classified into six general catego-
ries: viral infections, drugs and toxins, and
cardiovascular, metabolic, miscellaneous, and
indeterminate causes. FHF can result in sudden
onset of hepatic encephalopathy,
coagulopathy, jaundice, and multisystem
organ failure. An improvement in the morbid-
ity and mortality associated with FHF has been
seen over the last several years with an
advanced understanding of the mechanisms
of injury, early initiation of intensive medical
therapy, and the use of orthotopic liver trans-
plant. This chapter will review the topic of FHF
with a focus on the etiologies and clinical
management.

Keywords

Acute liver failure ¢ Acute liver injury e
Hepatic failure <+ Acetaminophen-induced
liver injury e« Liver support systems e
Multisystem organ failure

Introduction

Fulminant hepatic failure (FHF), also known as
acute liver failure, is a rare condition resulting in
rapid deterioration of liver function often
followed by a cascade of devastating conse-
quences. The syndrome is incited by a cata-
strophic insult to the liver in an otherwise
healthy individual. This liver injury can result in
sudden onset of hepatic encephalopathy, often in
association with coagulopathy, jaundice, and
multisystem organ failure. FHF is a true medical
emergency and carries a very high mortality rate.
An improvement in the morbidity and mortality
outcomes associated with FHF has not been seen
until recently with advanced understanding, inten-
sive medical therapy, and monitoring and the use
of orthotopic liver transplant (Ostapowicz

D.L. Halegoua-De Marzio and D.A. Sass

et al. 2002). The goal of this chapter is to review
the topic of FHF with a focus on the etiologies and
clinical management. Particular attention will be
paid to the critical care management, the role of
liver transplantation, and experimental therapies.

Definitions

The term “fulminant hepatic failure” was first
introduced more than 30 years ago by Trey
et al. to describe the onset of altered mental status
within 8 weeks of initial symptoms in an individ-
ual with no previous history of liver disease (Sass
and Shakil 2003; Polson and Lee 2005). Based on
this, the most widely accepted definition includes
evidence of coagulation abnormality, usually an
INR >1.5, any degree of mental alteration in a
patient without preexisting cirrhosis, and illness
duration of <26 weeks (O’Grady et al. 1989; Sass
and Shakil 2003). Patients with Wilson disease,
vertically acquired hepatitis B infection (HBV), or
autoimmune hepatitis may be included despite the
possibility of cirrhosis if their disease has been
recognized for <26 weeks.

Various modifications to the original use of the
term have occurred. It has been suggested that the
term “fulminant hepatic failure” be reserved for
cases in which encephalopathy develops within
2 weeks of the onset of jaundice and that
“subfulminant hepatic failure” be applied to
cases in which encephalopathy develops beyond
2 weeks. Other terms signifying length of illness
such as hyperacute (<1 week), acute (§—28 days),
and subacute (29 days to 12 weeks) have been
proposed (Hoofnagle et al. 1995; Sass and Shakil
2005). This classification reflects differences in
survival rate for these groups with the best prog-
nosis begin in the hyperacute group, possibly
because most of these are due to acetaminophen
toxicity (Ostapowicz et al. 2002).

Epidemiology
The actual incidence of FHF has never been fully

established. The International Classification of
Diseases, Ninth Revision (ICD-9), has no specific
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billing code for FHF which has limited the use of
databases to derive an estimate (Hoofnagle
etal. 1995; Lee etal. 2008). However, it is thought
that FHF affects about 2,000 patients annually, as
determined by evaluation of reports from liver
transplant centers, population surveillance pro-
grams, and various counties (Lee et al. 2008).
Additionally, based on a FHF workshop in 1995,
it is thought that FHF represents 6 % of liver-
related deaths and accounts for ~7 % of liver
transplants (Lee et al. 2008).

Etiology

The etiology of FHF can result from a wide vari-
ety of causes and is often one of the best predictors
of prognosis (Ostapowicz et al. 2002). Addition-
ally, the etiology of FHF varies depending on
patient demographics, geographic location, and
timing of the event. The causes of FHF can be
classified into six general categories: viral infec-
tions, drugs and toxins, and cardiovascular, meta-
bolic, miscellaneous, and indeterminate causes
(Polson and Lee 2005). In a historical series
from the 1980s, viral hepatitis (predominately
hepatitis B) was the most common etiology in
the United States (USA); however, more recent
data from the US Acute Liver Failure Study
Group has identified acetaminophen (46 %), inde-
terminate (15 %), and idiosyncratic drug reactions
(12 %) as the most frequent causes (Lee
et al. 2008; Navarro 2009; Lee 2012).

Causes of FHF

A. Viral

HAV, HBV + HDV, HEV, HSV, CMV, EBV, HVZ,
adenovirus, hemorrhagic fever viruses

B. Drugs and toxins

Examples: Acetaminophen, CCly, yellow phosphorus,
Amanita phalloides, sulfonamides, tetracycline, herbal
remedies, halothane, INH, rifampicin, valproic acid,
NSAIDs, disulfiram

C. Vascular

Right heart failure, Budd-Chiari syndrome, veno-
occlusive disease, shock liver (ischemic hepatitis), heat
stroke

(continued)
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D. Metabolic

Acute fatty liver of pregnancy, Wilson disease, Reye’s
syndrome, galactosemia, hereditary fructose intolerance,
tyrosinemia

E. Miscellaneous

Malignant infiltration (liver metastases, lymphoma),
autoimmune hepatitis, sepsis

F. Indeterminate

Includes primary graft nonfunction in liver-transplanted
patients

Abbreviations: HAV hepatitis A virus, HBV hepatitis B
virus, HDV hepatitis D virus, HEV hepatitis E virus, HSV
herpes simplex virus, CMV cytomegalovirus, EBV Epstein-
Barr virus, HVZ herpes varicella zoster virus, CCI, carbon
tetrachloride, INH isoniazid, NSAIDs nonsteroidal anti-
inflammatory drugs

Viral Hepatitis

Several viruses have been associated with FHF,
particularly hepatitis A, B, C, D, and E. In
addition, acute liver failure can be seen with
herpes simplex virus, varicella zoster virus,
Epstein-Barr virus, adenovirus, and cytomega-
lovirus (Lee et al. 2008; Lee 2008). Hepatitis
serological testing should be done for identifi-
cation of acute viral infection even when
another possible etiology is identified. Acute
viral hepatitis causes hepatic failure in ~1 %
of cases of hepatitis A and B. FHF due to acute
hepatitis C infection remains controversial and
at most is very uncommon and occurs in <1 %
of patients (Farci et al. 1996; Schiodt
et al. 2003).

Overall during the past decade, viral hepati-
tis has become an infrequent cause of FHF in
the USA, currently making up about ~10 % of
cases (hepatitis B ~7 % and hepatitis A 3 %)
(Ostapowicz et al. 2002). The role of nucleos(t)
ide analogues in the management of FHF due
to hepatitis B in the absence of immunosup-
pression is debated. Although several articles
have suggested, based on case reports or his-
torical controls, that nucleoside analogues are
of value, a recent controlled trial by Seremba
et al. (2007) has disputed this thought
(Reshef et al. 2000; Teo et al. 2001; Tillmann
et al. 2006; Kumar et al. 2007b; Liaw
et al 2012).
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Hepatitis B carriers undergoing immunosup-
pressive or cancer chemotherapy may experience
reactivation of hepatitis B virus (HBV) replica-
tion, and this can lead to FHF. Prophylactic
antiviral therapy is recommended for HBV car-
riers at the onset of cancer chemotherapy or for a
finite course of immunosuppressive therapy
(Liaw et al 2012). A high viral load at baseline is
the most important risk factor for HBV
reactivation.

In an endemic area such as Russia, Pakistan,
Mexico, or India, hepatitis E remains an important
cause of hepatic failure, particularly in the context
of pregnancy (Jayanthi and Udayakumar 2008).
The overall case fatality rate for hepatitis E is
0.5-3 % with mortality rate rising to 15-25 % in
pregnant women (CDC 1987). Moreover, vertical
transmission of hepatitis E from women with
acute infection results in FHF in more than half
of neonates. Certain hepatitis E genotypes have
also been associated with more severe disease.
Fortunately, HEV has not been an important
cause of fulminant hepatitis in healthy individuals
in the USA. From recent studies in the USA, it has
been noted that infections with HEV can lead to
hepatic decompensation in patients with
preexisting liver disease and recipients of solid
organ transplants and cause the development of
infection (Hamid et al 2002; Kumar et al. 2007a;
Kamar et al. 2008; Khuroo and Khuroo 2008).
Therefore, pathogens like HEV should be consid-
ered early in the workup as potential viral syn-
dromes in FHF and transplant recipients.

Herpes viruses, Epstein-Barr virus, varicella
zoster virus, and others occasionally cause FHF
usually in the setting of immunosuppression. Preg-
nancy has been implicated previously as increasing
the risk that herpes virus infection will have a
fulminant course (Peters et al. 2000). Obtaining a
liver biopsy can be helpful in making a diagnosis in
these cases. Treatment should be initiated with
acyclovir in suspected or documented cases.

Acetaminophen-Related Injury

No prescription drug is known to have caused as
many deaths and near-fatal episodes as
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acetaminophen. Over the past two decades, the
number of cases reported in the USA has
increased as a percentage of the number of overall
cases of FHF. While this may reflect a decline in
the incidence of viral hepatitis A and B, it proba-
bly represents an increase in the number of cases
as well. Acetaminophen overdose is the number
one cause of FHF in the USA, Great Britain, and
most of Europe, accounting for nearly 50 % of all
cases of US acute liver injury. Fortunately, the
prognosis for acetaminophen-induced liver failure
is somewhat better than for most other causes but
still carries 30 % mortality, making it linked to
more deaths in the US Acute Liver Failure Regis-
try than any other etiology (Ritt et al. 1969; Lee
2008). Liver injury due to acetaminophen is gen-
erally more commonly seen after unintentional
than intentional overdose (Wolf et al. 2012).

The development of liver failure from acet-
aminophen is dose dependent; hepatic failure is
more likely with ingested dosages >150
mg/kg. Various risk factors increase the probabil-
ity of acute liver damage even at therapeutic doses
of acetaminophen. These factors include: alco-
holic abuse, malnutrition, and concurrent use of
narcotic analgesics compounded with acetamino-
phen. Liver damage from acetaminophen leads to
a characteristic pattern of pericentral necrosis due
to cytochrome P450-mediated oxidative metabo-
lism of acetaminophen to the highly reactive,
intermediate metabolite, N-acetyl-p-benzoqui-
none imine (NAPQI) (Moyer et al. 2011). Accu-
mulation of NAPQI leads to cell death and
hepatocellular necrosis. N-Acetylcysteine (NAC)
is established as a treatment for acetaminophen-
induced hepatotoxicity (Heard and Green 2012).
NAC acts by replenishing glutathione that is
depleted and detoxifies NAPQI. In addition,
excessive NAC also provides substrates for
hepatic ATP synthesis, thus supporting mitochon-
drial energy metabolism. The latter pathway may
be particularly important in delayed administra-
tion of NAC. The administration of NAC should
be given as early as possible but still may be of
value 48 h or more after ingestion (Harrison
et al 1990). Allergic reactions may be treated
with antihistamines or epinephrine (Vale and
Proudfoot 1995).
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Establishing the diagnosis of acetaminophen
poisoning is often easy if a clear history can be
obtained. Obstacles that often delay the correct
diagnosis include failure of the first medical con-
tact to not elicit the correct history, the patient’s
altered mentation at the time of interview, cover-
ing up detail by the patient because of embarrass-
ment, and simply ignorance of any risk involved
from an over-the-counter preparation. The parent
compound, acetaminophen, can readily be mea-
sured by several different methods, and these tests
are available in most hospital laboratories.
Despite this, acetaminophen levels are often
undetectable at the time of presentation with
liver failure due to delay in presentation. A char-
acteristic pattern of very high enzyme elevations
is observed in most cases in association with a low
bilirubin, the classic hyperacute injury pattern
which can suggest acetaminophen as the etiology
(Lee 2008).

Drug Reactions

Unlike FHF due to acetaminophen, which is dose
related, FHF due to idiosyncratic drug reactions
(known as drug-induced liver injury [DILI]) is
dose independent. DILI usually occurs within six
months of drug initiation (O’Grady et al. 1993).
Idiosyncratic drug reaction results in ~12 %
of FHF cases (Lee 2012). Drugs commonly
implicated in cases of DILI include antibiotics,
nonsteroidal anti-inflammatory drugs, and anti-
convulsants. Herbal medications and dietary sup-
plements have also been associated with acute
liver failure. Idiosyncratic drug reactions are
likely the result of a specific alteration (genetic
polymorphisms) in the metabolizing enzymes
leading to a toxic by-product. The reaction is
further enhanced by the patient’s own innate
immune response (Kaplowitz 2002,2005;
Navarro and Senior 2006; Chang and Schiano
2007). In general, DILI cases evolve with a sub-
acute course with lower aminotransferase levels
than acetaminophen and much higher bilirubin.
There are a few exceptions, particularly the quin-
olone antibiotics such as ciprofloxacin (Fuchs
et al. 1994; Clay et al. 2006). Establishing the
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diagnosis is equally, if not more, difficult with
DILI in comparison to acetaminophen. Unfortu-
nately, DILI-induced FHF cases carry a much
poorer prognosis with less than 30 % spontaneous
survival as compared with >65 % spontaneous
survival following acetaminophen-induced FHF.

Cardiovascular Causes

Hypoperfusion of the liver can result in ischemic
hepatitis and FHF in extreme cases.
Hypoperfusion can result from systemic hypoten-
sion due to cardiac dysfunction, sepsis, Budd-
Chiari syndrome (hepatic vein thrombosis),
veno-occlusive  disease, or the use of
vasoconstricting drugs such as cocaine or meth-
amphetamine. Documented hypotension is not
always found. Simultaneous onset of renal dys-
function and muscle necrosis may be noted
(Kisloff and Schaffer 1976; Hoffman et al. 1990;
Silva et al. 1991; Taylor et al. 2012). Aminotrans-
ferase levels will be markedly elevated and
respond rapidly to stabilization of the circulatory
problem. Cardiovascular support is the treatment
of choice in this setting.

The Budd-Chiari syndrome (acute hepatic
venous outflow tract obstruction) is an uncommon
cause of FHF accounting for about 1 % of cases
(Menon et al. 2004; DeLeve et al. 2009). Right
upper quadrant pain, hepatomegaly, and fluid
retention characterize the initial clinical picture
and may help distinguish this syndrome from
other forms of FHF in which the liver parenchyma
is collapsed and not tender. Therapeutic strategies
have included anticoagulation, use of transjugular
intrahepatic portocaval shunting, or transplanta-
tion (Kuo et al. 1996; Shrestha et al. 1997; Ryu
et al. 1999). The ability to manage the cause of
ischemia will determine the outcome for these
patients as transplantation is rarely needed (Taylor
etal. 2012).

Metabolic Causes

Metabolic disorders like Wilson disease (WD),
HELLP (hemolysis, elevated liver enzymes, low
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platelets) syndrome, acute fatty liver of pregnancy,
Reye’s syndrome, galactosemia, hereditary fructose
intolerance, and tyrosinemia may also cause FHF.

WD accounts for 6-12 % of all patients with
FHF who are referred for emergency liver transplan-
tation. FHF due to WD occurs predominantly in
young women at a ratio of about 4:1 (EASL
2012). Diagnostic tests for WD should include ceru-
loplasmin, serum and urinary copper levels, total
bilirubin/alkaline phosphatase ratio, slit lamp exam-
ination for Kayser-Fleischer rings, and quantitative
hepatic copper levels obtained by liver biopsy when
possible (Roberts and Schilsky 2008). High biliru-
bin (>20 mg/dL) and low alkaline phosphatase
levels (including undetectable levels) due to pro-
found hemolytic anemia help with its recognition.
Liver transplantation is the only effective option for
those with WD who present with FHF. One-year
survival following liver transplantation ranges from
79 % to 87 %, with good long-term survival (Rob-
erts and Schilsky 2008).

When a pregnant woman presents with FHF,
some specific etiologies must be considered. The
hepatic damage of HELLP syndrome is proposed to
result from disordered placentation, leading to
either the circulation of antiangiogenic factors and
endothelial dysfunction, or cytokine production
causing the characteristic periportal hemorrhage
and fibrin deposition (Sanchez-Bueno et al. 2012).
Acute fatty liver of pregnancy is a sudden cata-
strophic illness occurring most frequently in the
third trimester, when mitochondrial dysfunction
due to maternal and fetal fatty acid fB-oxidation
defects resulting in microvesicular fatty acid accu-
mulation in hepatocytes (Song et al. 2012). There is
an overlap of these two clinical syndromes, and
they play a major role in the pathogenesis of pre-
eclampsia and proteinuria. Early recognition of
these syndromes and prompt delivery of care are
critical in achieving good outcomes. Failure to
recover from the illness should prompt urgent list-
ing for liver transplantation (Bacq 2011).

Miscellaneous Causes

Some rare causes of FHF include heat shock,
protracted seizures, amatoxin-containing mushroom
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poisoning, autoimmune hepatitis, and malignant
infiltration (Broussard et al. 2001; Chavez-Tapia
et al. 2007, Garcin et al. 2008; Magdalan
et al. 2010).

Amatoxins are found in a variety of poisonous
mushrooms (e.g., Amanita phalloides, Amanita
virosa, and Galerina autumnalis) and are respon-
sible for more than 90 % of fatalities caused by
mushroom poisoning worldwide. The onset of
signs and symptoms >6 h after mushroom con-
sumption should increase suspicion for amatoxin-
containing mushroom poisoning. The natural his-
tory of amatoxin poisoning has been grouped into
three phases: gastrointestinal phase (vomiting and
diarrhea), latency phase, and FHF phase (48-72 h
after ingestion). In addition to urgent evaluation
for liver transplant, therapy with amatoxin uptake
inhibitor therapy such as intravenous silibinin or
continuous infusion of penicillin G with oral
silymarin  should be started (Broussard
et al. 2001; Magdalan et al. 2010).

FHF occurs in a small fraction of autoimmune
hepatitis patients. The clinical picture is in the
form of a subacute presentation, with intermediate
elevation of enzyme levels and high bilirubin
concentrations. Presence of autoantibodies and a
compatible picture on biopsy help to confirm the
diagnosis. Some cases of autoimmune hepatitis
may respond well to steroid therapy, and others
may still require transplantation (Chavez-Tapia
et al. 2007).

The most common forms of malignant infiltra-
tion implicated in FHF are lymphoma, breast can-
cer, and melanoma (Dellon et al. 2006). It must be
remembered that this is an extremely rare cause of
FHF. Diagnosis should be made by imaging and
biopsy, and treatment appropriate for the underly-
ing malignant condition is indicated.

Indeterminate Causes

About 15-20 % of FHF occurs without a cause
being determined. These cases can include
unrecognized  idiosyncratic  drug  toxicity,
non-A—E  viral hepatitis, and possibly
unrecognized metabolic and genetic diseases.
The reasons for this misdiagnosis may include
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failure to obtain an adequate history, failure to
perform the definitive diagnostic tests, or simply
due to some other rare diagnoses. About 20 % of
FHF of indeterminate cause is related to obscure
acetaminophen toxicity as found through detec-
tion of acetaminophen-protein adducts, the
by-products of the toxic reaction (Khandelwal
etal. 2011).

Clinical Features and Management

As described previously in this chapter, the
causes of FHF are variable; however, they all
share the common mechanism of acute hepato-
cyte death and its resulting sequel. In most
cases, FHF will result in multisystem organ
failure with the development of coma. The
general management of a patient with FHF

Diagnosis of FHF

l
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includes ensuring the patient is being cared
for in an intensive care setting at a center
with an active liver transplantation program,
monitoring for worsening liver failure, treating
complications, and providing nutritional sup-
port (Fig. 1) (O’Grady et al. 1993). The mor-
tality rate of FHF is as high as 40-50 %,
depending on the cause and therapeutic man-
agement (Wang et al. 2013). In this section the
various complications of FHF and their man-
agement will be reviewed.

Encephalopathy and Cerebral Edema

Cerebral edema presents clinically as hepatic
encephalopathy and may vary from subtle
changes in affect, insomnia, and difficulty with
concentration (stage 1) to deep coma (stage 4)

¢ Acetaminophen: history, blood level,
Treat with NAC

¢ Drug induced: history, consider
NAC or steroids

| Determine etiology |

!

Consider transjugular liver biopsy
if cause unclear

l

—

Assess severity/Admit to ICU
for stage 2 or more encephalopathy Transfer from Community Setting
«— .
) to Liver Transplant Center
Evaluate for Liver Transplant
(unless contraindicated)
A 4
Critical management including:
ICP monitoring (if needed) Recovery likely or contraindication
Infection surveillance to transplant: ongoing intensive care
(consider prophylactic antibiotics) E— Vs.
Hemodynamics/Renal failure treatment Recovery unlikely-
Monitor coagulopathy proceed with liver transplant
Metabolic Concerns (nutrition)

« Viral- check serologies

¢ Autoimmune- consider steroids

* Wilson’s- check ceruloplasmin, 24hr
urine copper, ophtho exam for KF
rings

* Mushroom poisoning- history and
Amanita levels, treatment
pencillin and silibinin

v

Fig. 1 Algorithm for management of FHF. Abbreviations: FHF fulminant hepatic failure, /CP intracranial pressure, KF

Kayser-Fleischer
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Table 1 Stages of hepatic encephalopathy

EEG

Usually
normal

Tremor
Slight

Stage | Mental status

1 Euphoria;
occasionally
depression;
fluctuant mild
confusion;
slowness of
mentation and
affect; untidy;
slurred speech;
disorder in sleep
rhythm

1I Accentuation of
stage [;
drowsiness;
inappropriate
behavior; able to
maintain
sphincter control

Abnormal;
generalized
slowing

Present
(easily
elicited)

Always
abnormal

Usually
present if
patient can
cooperate

1 Sleeps most of
the time but is
arousable;
speech is
incoherent;
confusion is
marked

v Not arousable;
may or may not
respond to
painful stimuli

Adapted from Sass and Shakil (2003) and Trey and David-
son (1970)

Usually
absent

Always
abnormal

(Ede and Williams 1986; Hoofnagle et al. 1995).
Cerebral edema is a common neurologic compo-
nent of FHF with the vast majority of cases
progressing to stage 4 (Table 1) (Ede and Williams
1986). Cerebral edema leading to intracranial
hypertension (ICH) is one of the major causes of
morbidity and mortality in patients with FHF,
accounting for the cause of death in the majority
of patients due to brain herniation (Gazzard
et al. 1975; Ede and Williams 1986; Pathikonda
and Munoz 2010). The pathogenesis of cerebral
edema and ICH in FHF appears to be multifacto-
rial. Ammonia is converted in brain white matter
to active glutamine, which osmotically causes
cerebral edema (Bjerring et al. 2009). Other fac-
tors such as impaired cerebral blood flow,
impaired autoregulation, systemic inflammatory
response, and ischemic injury have also been
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proposed as a mechanism for the formation of
cerebral edema.

Basic interventions for the management of
cerebral edema should be applied universally in
patients with high-grade hepatic encephalopa-
thy. These interventions include elevation of
the head of the bed to 30°, maintenance of a
neutral neck position, endotracheal intubation,
minimizing painful stimuli, and control of arte-
rial hypertension (Frontera and Kalb 2011;
Wang et al. 2013). Propofol is a reasonable
choice for sedation because it may protect from
worsening ICH. Intracranial pressure (ICP)
monitoring by placement of epidural, subdural,
or parenchymal catheter should be considered in
FHF patients with high-grade hepatic encepha-
lopathy, in centers with expertise in ICP moni-
toring, as well as in patients awaiting liver
transplantation (Lidofsky et al. 1992). ICP mon-
itoring can detect elevations in ICP to direct
interventions, which may preserve brain perfu-
sion and prevent cranial herniation. Generally,
the goal of therapy in FHF is to maintain ICP less
than 20 mmHg and cerebral perfusion pressure
(CPP) more than 60 mmHg. CPP less than
40 mmHg for more than 2 h indicates reduced
neurological blood flow to maintain intact brain
function and could lead to poor posttrans-
plantation prognosis (Hoofnagle et al. 1995).
There are also several tools available for indirect
measurement of cerebral blood flow, including
jugular bulb catheter, transcranial Doppler, and
xenon-enhanced computed tomography
(Sundaram and Shaikh 2011). Factors that
increase ICP need to be avoided and include
hypercapnia, hyponatremia, frequent move-
ments, neck vein compression, fluid overload,
fever, hypoxia, coughing, sneezing, seizures,
and endotracheal suctioning.

In patients with persistently elevated ICP,
osmotic therapy with mannitol can be considered.
Mannitol reduces ICP by osmotically drawing
water from the brain parenchyma into the intra-
vascular space (Larsen and Bjerring 2011). Hypo-
thermia, although controversial, is thought to have
some benefit in reducing ICP as it lowers brain
energy metabolism, reduces arterial ammonia
concentration and extraction of ammonia by the
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brain, and reverses systemic inflammatory reac-
tions therefore reducing cerebral edema (Jalan
et al. 1999). In addition to its neurological effect,
studies have shown that hypothermia results in
significant improvement of cardiovascular hemo-
dynamics, as manifested by increased mean arte-
rial pressure (MAP) and systemic vascular
resistance, and reduction in noradrenaline require-
ments (Jalan et al. 1999; Vaquero and Blei 2004).
Potential hazards include cardiac arrhythmias,
infection, and bleeding complications (Stravitz
and Larsen 2009). Therapeutic hypothermia
(cooling to a core temperature of 34-35 °C) is
probably well tolerated and effective, but random-
ized, controlled trials are needed to confirm the
benefits of hypothermia before it is recommended
routinely. Additionally, there may be challenges
with the re-warming of patients.

Cardiovascular Dysfunction

FHF is characterized by a hyperdynamic circula-
tion with high cardiac output, low mean arterial
pressure (MAP), and low systemic vascular resis-
tance (Siniscalchi et al. 2010). Due to poor oral
intake, transudation of fluid into the extravascular
space, and possibly gastrointestinal bleeding,
most patients are volume depleted and require
initial fluid resuscitation. The initial treatment of
hypotension should involve intravenous infusion
of normal saline and a volume challenge is
recommended (Stravitz and Kramer 2009;
Stravitz and Larsen 2009; Siniscalchi et al. 2010;
Lee et al. 2011). With progressive renal failure
and pulmonary edema, a Swan-Ganz catheter
may be required to guide further management.
The MAP should be maintained in a narrow
range to achieve a CPP of 60-80 mmHg to pre-
vent cerebral hypoperfusion and further cerebral
hyperemia. =~ Noradrenaline, = with  fewer
B-adrenergic side effects, could increase hepatic
blood flow in parallel with minimizing tachycar-
dia and is often the preferred vasopressor (Stravitz
and Kramer 2009). Patients with uncorrectable
hypotension after volume repletion and vasopres-
sor administration should be evaluated for adrenal
insufficiency, which occurs frequently in the
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setting of liver failure (O’Beirne et al. 2007).
Adrenal insufficiency can be corrected with stress
doses of corticosteroids.

Renal Failure

The incidence of acute renal failure in FHF is as
high as 50-70 %. Direct drug nephrotoxicity,
hepatorenal syndrome, and acute tubular necrosis
due to ischemia from hypotension are among the
most important associated disease entities (Bihari
et al. 1986). Management includes avoidance of
nephrotoxic agents, treatment of infection, main-
tenance of adequate renal perfusion, and renal
replacement therapy. Early targeted volume
replacement and vasoactive agent administration
are essential to avoid arterial hypotension and
ensure adequate renal perfusion. Worsening
renal failure needs to be addressed with renal
replacement therapy. Continuous renal replace-
ment therapy is recommended, as most patients
with FHF tolerate intermittent hemodialysis
poorly because of circulatory instability, precipi-
tous fluid shifts, and a rise in ICP (Davenport
etal. 1993).

Coagulopathy

The liver plays a central role in the synthesis of the
majority of coagulation factors and many inhibi-
tors (Pereira et al. 1996). The principal hemato-
logic abnormalities seen in FHF include platelet
dysfunction and reduced levels of anticoagulant
proteins (protein C/S or antithrombin III) and
procoagulation factors (I, V, VIL, IX, and X) due
to failure of synthesis and consumption (Pereira
et al. 1996). This causes a prolongation in the
prothrombin time, as well as a tendency to
develop thrombotic events such as disseminated
intravascular coagulation (Langley and Williams
1992).

Bleeding generally occurs from superficial
mucosal lesions, especially gastric erosions.
Administration of proton pump inhibitors can
decrease the risk of gastric mucosal bleeding. In
general, infusion of fresh frozen plasma is



238

indicated only for control of active bleeding or
during invasive procedures. Cryoprecipitate is
recommended in patients who have significant
hypofibrinogenemia (<1 g/L). Platelet transfu-
sion is indicated only to aid in controlling active
bleeding or during invasive procedures if the
count is <50 x 10°/L or prophylactically if
<20 x 10°/L (Munoz et al. 2009). Finally, vita-
min K (5-10 mg subcutaneously) should be con-
sidered in all patients with FHF, because its
deficiency can occur in >25 % of patients.

Metabolic Abnormalities

Metabolic abnormalities in FHF include hypogly-
cemia, lactic acidosis, and electrolyte derange-
ments. Patients are prone to develop
hypoglycemia because hepatocyte necrosis causes
glycogen depletion and defective glycogenolysis
and gluconeogenesis. Rapid development of
hypoglycemia can confound hepatic encephalop-
athy and contribute to poor ICP control
(Schneeweiss et al. 1993). Serum phosphate,
potassium, and magnesium are frequently low,
requiring repeated supplementation. Owing to
the hypercatabolic state of FHF, nutrition is vital
and enteral feedings should be initiated early. If
enteral feeding is contraindicated, parenteral
nutrition may be considered on a case-by-case
basis (Montejo Gonzalez et al. 2011).

Infections and Sepsis

Infections, particularly bacterial respiratory and
urinary tract, develop in as many as 80 % of
patients with FHF (Wyke et al. 1982; Sass and
Shakil 2005). FHF patients have enhanced sus-
ceptibility to infection because of the presence of
indwelling lines and catheters, dysfunction of
monocytes, impaired complement system, and
impaired neutrophil and Kupffer cell function
(Leber et al. 2012). Infectious organisms are
mainly Gram-negative enteric bacilli, Gram-
positive cocci, and Candida species (Rolando
et al. 1996). In addition to infection inhibiting
hepatic regeneration, it is associated with
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progression of hepatic encephalopathy and
renal failure, reduces successful rate of liver trans-
plantation, and increases mortality in FHF
(Rolando et al. 1996). One must have a high
index of suspicion for infection and obtain
surveillance cultures in addition to chest radio-
graphs if there is any unexpected deterioration in
the patient’s status. Empirical antibiotics should
be considered wupon presentation (Leber
et al. 2012).

Role of Liver Transplantation

Liver transplantation (OLT) remains the only
definitive treatment for patients with FHF and
irreversible liver injury (Starzl et al. 1982). Before
the use of OLT in the 1960s, approximately 15 %
of patients with FHF survived. With continued
surgical refinement and better immunosuppres-
sive agents, OLT for FHF offers about a 65 %
survival but has been reported as high as 80 %
(Ascher et al. 1993; Sass and Shakil 2005). In
light of this, rapid evaluation for transfer to a
transplantation center and consideration for liver
transplantation are mandatory before contraindi-
cations develop. All patients meeting criteria for
OLT may be listed as United Network for Organ
Sharing Status 1 A immediately upon arrival to the
transplant center. Contraindications to OLT
include: extrahepatic malignancy, uncontrolled
extrahepatic sepsis, multisystem organ failure,
irreversible brain damage, and unresponsive cere-
bral edema with a sustained elevation of ICP (>50
mmHg) and a decrease in CPP (<40 mmHg) (Sass
and Shakil 2005).

The key factors affecting post-OLT survival are
the severity of the pretransplantation illness of the
recipient and the quality of the graft used (Bernal
and Wendon 2004; Barshes et al. 2006). The more
severe the encephalopathy at the time of surgery
or severity of multisystem organ failure, the less
likely that the surgery will be successful. Several
risk factors have been associated with a decreased
likelihood of patient survival after OLT, including
history of life support, recipient age >50 years
old, recipient BMI > =30 kg/m?, and serum cre-
atinine >2.0 mg/dL (Schiodt et al. 1999; Farmer
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et al. 2003). The additional risk to post-OLT
patient survival posed by each of these risk factors
was additive in terms of etiology; acetaminophen
toxicity tends to have a more favorable outcome
than do viral hepatitis or drug reactions (Farmer
et al. 2003). The main causes of death in the
posttransplantation period are sepsis and
multiorgan failure (Farmer et al. 2003).

Role of Experimental Therapies
and Liver Support Systems

Due to the low incidence and high mortality of
FHF, few therapies have been evaluated in a con-
trolled study. Besides the few etiologies of FHF
with immediate and specific treatment [i.e., acet-
aminophen (NAC), HSV (acyclovir), Amanita
(silibinin)], most other liver-focused therapies
have proven ineffective. In this section, the two
therapies which have shown the most promise,
NAC and liver replacement therapy, will be
reviewed.

Use of N-Acetylcysteine

It is well studied and known that NAC when given
within the first 24 h after acetaminophen overdose
can prevent or minimize liver damage (Hamlyn
et al. 1978; Prescott and Critchley 1983). Promis-
ing research has found that treatment with NAC
may benefit patients with other forms of acute
liver failure, by improving systemic hemodynam-
ics, tissue oxygen delivery, and other favorable
effects on the acutely injured liver (Harrison
et al. 1991; Walsh et al. 1998; Rank et al. 2000).
The US Acute Liver Failure Study Group
reported the result of their experience with intra-
venous NAC in 2009 to treat acute liver failure
due to etiologies other than acetaminophen. In this
prospective, double-blind trial, patients with acute
liver failure (nonacetaminophen), at 24 medical
centers across the USA between 1998 and 2006,
were randomized to receive NAC or placebo infu-
sion for 72 h (Lee et al. 2009). Acute liver failure
caused by DILI (n = 45) represented the single
largest group among 173 patients who were
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randomized. Although the overall survival at
3 weeks was not significantly different between
the groups, the transplant-free survival was sig-
nificantly better among those patients randomized
to NAC (40 vs. 27 %, P = 0.043). The benefits of
transplant-free survival were confined to the
114 patients with coma grades I-II who received
NAC (52 % compared with 30 % for placebo;
1-sided P = 0.010), while those with coma
grades III-IV receiving NAC had a 9 %
transplant-free survival versus 22 % in the pla-
cebo group (1-sided P = 0.912). When the over-
all and transplant-free survival of the four largest
etiologic groups was considered, patients with
DILI and hepatitis B virus (HBV) showed
improved outcome in comparison with the ATH
and indeterminate groups. In the DILI patients,
transplant-free survival was 58 % for those receiv-
ing NAC compared with 27 % for those receiving
placebo (Lee et al. 2009). This study suggests that
therapy with intravenous NAC should be consid-
ered in patients with early stage acute liver failure
due to or thought to possibly be due to idiosyn-
cratic DILI. Nausea and vomiting were the symp-
toms more frequent during treatment with NAC.
Along with its excellent safety profile, NAC is
easy to administer, does not require intensive
care monitoring, and can be given in community
hospitals.

Liver Support Systems

Extracorporeal supportive devices have been
studied and developed to replace the liver function
in FHF patients. Unfortunately, the complexity of
liver metabolic, synthetic, detoxifying, and excre-
tory functions makes the development of extra-
corporeal hepatic support extremely difficult.
Currently available liver support systems are com-
prised of nonbiological (detoxification) systems
and bioartificial systems. The most c